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Abstract

Accurate assessment aphfracture riskis very important to prevent hip fracture and to
monitor the effect of a treatmem.subjectspecific QCTFbased finite element model was
corstructedto assess hip fracture risk thecritical locations of femuduringthe single

leg stance and th&ideways fall. The aim of this study was to imprake prediction of

hip fracture riskby introducinga more proper failurecriterion to more accurately
describebone failure mechanism. Hip fracture risidex was defined usingthe strain
energy criterionwhich is able to integrally consider information such as stresses, strains
and material properties in bone failude was found thatthe femoral neck and the
intertrochanteric region have higher fracture risk than other part of the femur, probably
owing to the larger content of cancellous bone in these regions. The study results also
suggested that women are more prone to hip frattiare men. The effects of different
parameters such as age, body height, weight, and BMI on hip fracture risk were also
investigated in this study. The findings in this study have a good agreement with those
clinical observations reported in the literatufdie main contributiongrom this study
include (1) introducing an algorithnfor hip fracture risk assessment at the critical
locations of femur usingthe strain energy criterion and Q@3Jasedfinite element
modelng, (2) theoretically more reasonable ohtion of hip fracture risk index based on

the strain energy criterion, an8) @ semiautomatic finite element analysis and automatic

calculation of hip fracture risk index at the critical locations of femur usifgpuse



developed computer codeshe proposedhip fracture riskindex based on the strain
energy criterionwill be a promising tool for more accurassessment of hip fracture
risk. However, experimental validation should be conducted before its clinical

applications
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Chapter 1

Introduction

1.1  Background and Motivation

A major causeof suffering disability, and death irthe elderlyis hip and other
osteoporotic fracture€steoporosis is a skeletal disealsterminedby low bonemass

and micrearchitectural deterioratiofFigure 1-1) with anincreag in the possibility of

bone fracturd1]. Osteoporosis is often known assfi | e nt di sease0 becas
occurs withoutany symptom[2]. Many factors, in addition to low bone minedansity

(BMD), independentlyontribute to the risk of osteoporotic fractuaed in particular for

hip fracture,including body mass indeXBMI), age, history of maternalih fracture,

body weight, height, poor health, previous hyperthyroidism, poor depth perception,
tachycardia, previous fracture, benzodiazepine logecalcium intake, reduced sunlight
exposure, early menopause, smoking, alcohol consumgtimphysical ativity levels

[3,4]. Previous hip fracturencreasesherisk of secondip fracturetwo to tenfolds[5].
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Figure 1-1. Bone mass in normal and osteoporotic condit[@hgcourtesy of Osteoporosis Canada)

Osteoporotidracturesare more common than heartaalt, stroke, and breast cancer
in CanadgFigure1-2). At least one in three women and one in five mey experience
an osteoporotic fracture durirtgeir lifetime [6]. The statistical studies show that hip
fractures are increasing dramaticatythe elderly Ninety percent of hip fracturesccur
in individuals older than 70 years of ap&8]. The estimation of total number of hip
fracturesin men and women in 1990 was 338,000 and 917,000 respectively over the
world [9]. the number of hip fractures is estimated to 2.6 million by the year 2025, and
4.5 million by the year 2050 over the wofR]. About 25,000 hip fracturesere reported

in Canada in 199[].
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Figure 1-2. Annual incidence of common diseases in Carjéfécourtesy of Osteoporosis Canada)

Osteoporotic fracturealso causehigh economic costs for thieealthcare systems
worldwide. Treatmentcosts of all osteoporotic fractures have been estimatéeé %20
billion in the USA and about $30 billion in theuropean Uniomper yearf1]. The annual
costto the Canadian healthcare systBmtreating osteoporosis and tkerresponding
fractures was over $2.3 billion as of 2010. This ae#it increaseto $3.9 billion if a
proportion of Canadianare assumed to living in loaggrm care facilities because of
osteoporosi§6]. By the increasing trend in hip fractures because of the aging of the
population, the worldwide annual costef hip fractures in the year 205Mave been
estimated tdoe $1315 billion [10]. Hip fracturereduces the quality of life dramatically

so that itcan result inreduction or loss of mobilitydisfigurement, lowered sedsteem

anddecreased independer{&.
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Hip fractureleads toan up to 20% chance of death, a 25% chance of long term
disability, and less than a 50% chance of full recojéd}. Reduced bone strength and
falling are usually the main causes of hip fractitig fractureis the most common
serious injury associated withe fall of an eldrly person.Falls are the main etiological
factor in over 9% of hip fractures[12]. Sideways falls, in contrast to forward or
backward falls, increase the risk of hip fractuRésk of Hp fracture in the elderly is six
times greater dung the sidewaysfalls thanthe forward or backward falls, and 30 times
greater if thdalli relatedimpact force is directly appliesh the hip regiori13].

Therefore, due to hip fracture prevalence among the e]degly medical care costs,
and theassociatedocial problemship fracture risk shoulthe assesseir osteoporsis
patientsto prevent fractureThe goal inthe assessment bfp fracture riskis to identify
whois at arisk of osteoporotic hip fracturand to put the patient in a programpt@vent

future fractures.

1.2 Literature Review

1.2.1  AvailableMethods for Hip Fracture Risk Assessment

Bone mineal densitycaptured by DuaEnergy Xray Absorptiomety (DXA) is now a
well-established practice in clinical ceed for screeningosteoporosis. This method
evaluates the bone mineral densities at several critical locations of the patient and
compares them with thosé healthy youn@gduls. DXA is the most widely used method

for measuring BMD due to its low dosage of radiation, high precision, staiileatah,
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and short scan timéess than 2 minutes for the spine, hip or forearm, and less than 3
minutes for theotal body[14]. DXA employstwo different Xray energies to determine

bone mineral contenBMC). With the preselectedrea, aeal bone mineral density

(aBMD) (J A1) can be derived via BMC divided by tlea of aregion ofinterest

(ROI) onlumbar spine, hip, forearm, or even whole botlye aBMD of an individual is

then compared to the references a proper population database, and the result is
commonly expressed as -3core and ZAcore. The T-scae indicates the difference

bet ween the patientds BMD and the mean pe
adults. The operational range off-score for diagnosing osteoporosis has been
recommended by the/orld Health OrganizatioWHO). T-score abovel (T-score>1)

indicates normal bone density (low fracture risSklscore from-2.5 to-1 (-2.5<T-score<

1) indicates low bone mass (intermedidtacture risk)and Fscore lower thar2.5 (T-

score<2.5) indicates the presence of osteoporosis (high fracture[fiSk)However, the

limitation of using ¥score lies in subjects with or without himactures may have the

same BMD value$l6]. Z-s cor e, an indicat oaBMDb witmphar i ng
mean \alue derived fronthe same age, sex, and ethnicitysasnetimes used in assessing

hip fracture risk[17]. It can be usegbarticularly in situations whemse of T-scoreis
inappropriateto assess fracture risk. High proportion tbe elderly are classified as
osteoporotic according the WHOcriteria, even the BMD is normal for their ag€18];

it means Tscore is not a proper fracture risk evaluatothae elderly. This deficiency

does notappearin-@c or e measurement since tthtleat pati e

of t he p awiih enatthédsageldoavever,&Z-scoremay be confusing since it
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obscures age as a risk factor in assessing osteopd#jsi& DXA image camot provide
any information about thedistribution of mineral along the projection pathg, it is
inappropriate tde used to draw conclusions abousuis mineralization or porosif20].
T-scorescannot be usefbr children and young adulf21], astheir bone density has not
yet reacled the peak valueOn the other hand, the WHO definition of high risk of
fracture (T-score<2.5) only covers avery small percentage of thactual highrisk
patients while the majority of actual fracture cases recorded by clinic occurred-with T
score abovehe thresholdTherefore their accuracy in assessing individual fractures is
limited.

Fracture RiskAssessment TofFRAX®) isatooltoeval uat e an individ
probabilityin the next 10 yearsadopted by th&/HO in 2008[22]. The FRAX® model
has been developed from studying populathased cohorts in Europe, North America,
Asia and Australia. It has be@stablishedas a tool to identify and treat patients with a
high risk of bone fracturedlot dl risk factors argroperlyconsidered in FRAX andthe
actual risk may be considerably underestimated. The main limitations of the FRAX
include:it is a statiical model andracture risk is not consistent within 10 years with
some of the treatment resu[&3]. FRAX® alsodoes not take into account faliduced
impact force that is critically important in the hip fiae@ risk assessmefi4,29.

Hip Structual (or Strength)Analysis (HSA) programsare nav commercially
available and are used to automatically assess the geometric and structural parameters of
the femur. The HSA program measures not only the BMD offéhsur but also the

structural geometry of crosections traversing the femur at specifocdtions[26].



Introduction 7

Although, DXA scanners havdigh precision for measuring BMD, but they were not
designed to measugeometry[27]. Small changes in femymositionhavea large effect
on the projected dimensionef the geometry Accuracy in measuring structural
parameters of paired images using HSA is worse than conventional BMD due to
posiioning inconsistencg28]. HSA is not able to distinguish mineralization contributed
by different bones, for exampleancellousand cortical bone, and it thusneasures
avaage tissue mineralization which is sometimasleading27].

By integrating an imaging technolog such as DXAor Quantitative Computed
Tomography QCT) anda nhumerical method such #ése Finite Element Method (FEM),
acate@ry of more reliable tools faissedsg hip fracture riskhavebeen developed29i
40]. These methods alsado not have the aforementioned limitatiod$he FEM is a
computationaimethodthat can be usetb studythe mechanicaaspectof hip fracture.
Imagé based finite element analyses eaare accuratelypredictfracture riskof femur.
DXA- and QCTFbased finiteelement (FERnalyses aréthetwo commoty usedmethods
for in-vivo assessment of hip fracture rishk. DXA-based FE analysia two-dimensional
(2-D) FE modelof the femuris constructedrom thep at i e nDX& smade.i Ip
assessment of hip fracture risk usm@XA-based FE model, theealworld boundary
and loading conditions cannot laecurately consideredAlthough DXAbased FE
models are D, they are preferred in clinidsecauseahe radiation dosage used in the
DXA scanning is much lower than that of the QCT scannidigereaghe purpose is to
accurately determine the actual stresses/strainthe bonefor precise fracture risk

assessmengll components in the FE model, i.e. the geometry, the material properties,
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and the loading and boundary conditions, must be faithful to thevardd scenaio. In
contrast to planar DXA scan which is widely utilized, QCT scan provide information on
threedimensional (3-D) geometry and volumetric bone mineratlensity (vBMD)

(@ A1) of thecancellous and cortical bone sotthafaithful FE model of the bone can
be generatedTherefore, a subjedpeific QCT-basedFE model, whichis a 3D FE
model andmore faithfully represestthe realworld object, can provide more accurate

assessment of hip fracture risk

1.2.2 Bone Failure @teria

Hip fractureunder a stanceforce or impact force induced in sideways faié usually
measued by one of thewo indices: Factor obafety (FOSpr Fracture Risk Index (FRI
FOS less than onar FRI more than one indicaté®nefailure. For apredse assessment
of hip fracturerisk, FOS or FRI should be calculated accurately. For this purpose,
parameters that arequiredin FOS and FRtalculation shoulde calculatedaccurately.
One componentequiredin accurate assessmenttop fracture riskis a proper failure
criterion based on bone failure mechanemadmicrostructure. A number ofR and 3D
FE models havbeendeveloped in the literature to asshgsfracture risk

Testi et al[29] evaluated hip fracture risk using eD2FE model derived from DXA
imageof a surrogate femui hey validated thir evaluationin-vitro using a replica of the
human femur and then the predicted results were compasthirgauge measurements
and to a 3 FE model, with good agreement being observdtky consideredthe

maximum principle strain criterion to assésp fracture risk.Luo et al.[30] calculated
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the averaged FRI aberatio between the effective stress (or von Mises stiadsced
by theapplied forces and the allowable stress (or yield stress) of theokenanROIl. In
their definition FRI waglefined based otihnevon Mises stress failure criterion. Keyak et
al. [41] assessed FOS to prediemur fracture load under two loading conditionsne
representinghe loading in astance phaseonfigurationand the othersimulatingthe
impact in a sidewaysfall configuration Their study was based on[B8 FE model
generated from CT data tie patient. They calculated FOS usitige von Mises stress
failure criterion Lotz et al.[42,43 usedthe von Mises stres$ailure criterion for the
cortical bone andhe crushingcracking stress criterion fdhe trabecular boneln the
study byOta et al.[44] the hip fracture riskwas assessedsing the principle stress
criterion.

In the previous studief29,30,4144] different failure criteria were considered for the
hip fractue risk assessmentiowever, ©ioosing a proper failure criterion to calculate
FRI and FOS ishallenging Lotz et al [42] and Schileo et alf45 investigated the
possibility of applyinghe strainbased criteria and compared their performance thigh
stressbased ones. According tihe study of Lotz et al[42], the von Mises strain
criterion improvedthe hip fracture risk predictioncomparedto the von Mises stress
criterion. Stileo et al.[45] appliedthe maximum principle strainthe von Mises stress,
andthemaximum principle stress criia and compared the results witte experimental
findings underthe samestance loading. Their study proved that the principal strain
criterion prediced fracture risk better than the two stréxssed criteria and its prediction

was consistent with thex@erimental findingsAlthough Schileo et al[45 compared



Introduction 10

different failure criteria undethe stance loadingthey did not investigattheir accuracy
duringthe sideways fallln the study reported bigeyak and Rosg46], the performance

of nine stressand strairbased failurecriteria in assessment of hip fractursk was
investigated. Theyevaluated the distortion energthe Hoffman and a straibased
Hoffman analogthe maximum normal stresthe maximum normal strairthe maximum
shear strainthe maximum shear stresthe CoulombMohr, andthe modified Mohr
failure theories using CT-based FE model dahe femur. Two loathg configurations,
one simulating the singleleg stance andthe othersimulating the fall status were
considered in their study. The results of their study suggest that the distortion energy and
the maximum shear stressiteriamay be the most accurate for identifying the fracture
location undethestance loadingr theimpactin a fall.

The femur consistsof inhomogeneous (porous) cancellol®ne and nearly
homogenous corticdbone so, their failure mechanism is totally different due to their
different microstructurel-ailure mechanism of the canloels bone is mostly in the form
of buckling, and the failure of denser cancellous bone and the cortical bone is mostly
characterized biocal cracking[32,47. Although stressand strairbased failure criteria
are accuratefor ductile materials such as metal, they may notabeuratefor bones
becausdoneis classifiedasa brittle material[48]. The ultimate strain of metals mguch
larger than that of boseTherefore, bone isonsideredas abrittle materialrather thara
ductile one The tensile strength of bomés smaller thantheir compressive strength,
which suggests that bone should be classified as one of the brittle ma#sjialB3ue to

this property of borg energieselatedto distortion and volume change should be taken
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into account in failure analysis. Therefotiee maximum distortion energy cetion that
only considersghe energy of distortiomaynotbe accuratéor bone failure analysis. The
total strain energywhich is a combination ofthe energy due to element distortiotY |
andthe energy due to change of element volué)(should be taken into accouint
bone failure analysis. Strain energy is a product of the stress and strain tensors, so it can
be amore completaepreserdtive of both the force and deformation intensiti¢82].
Mirzaie et al.[32,49 predicted failure strength and failure patterns of human proximal
femur and human vertebrasingthe strain energgriterion with a QCTFbased FE model.
Their predictions of the failure loads @rfailure locations were ia good agreement with
the experimental findings-he drain energycriterionis widely used in fracture analysis
of engineering materials. It is usually used in crack probl¢ats52], composite
laminates[53,54, bone cement analys[85], and other engineering fields. Therefore,
computaton of hip FRI overan ROI based orthe strain energy criteriotheoretically
should bemore accuratefor assessing hip fracture risko the best of our knowledge,
there are currently no published studies thatthsestrain energy criteriofor the hip
fracturerisk assessment¥We definedthe hip fracture risk index ovean ROI usingthe
strain energy criterion. The aim of this study is to improve hip fracturessgéssmerty

usingthestrain energy criterion.

1.3  Objective of the Reported Research

The djective of thisdissertationis to improvethe predictionof hip fracture riskby

developing a fracture risk index based on the strain energy crité8msed on the
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discussions in Section 1.2, we define the hip fracture risk index using the strain energy
criterion that is the most appropriate failure criterion according to bone failure
mechanismin total, sixty clinical caseq30 females and 30 male#cluding 120 right

and left femurs were obtained from theéWinnipeg Health Science Ceatfor this
investigation.For each clinical case, two finite element models for respegtikiel right

and | eft f emur were construct edadingeandng t he
boundaryconditions for the singkeg stance anthe sideways fall configurationvere

simulated; fracture risk indices at the critical regions on the femur were obtained using

the new FRI definition. It is expected thaenhew fracture riskindexbased on the strain

energy criteriorcan predict botlthefracture risk level anthe potentid fracture locatios

more preciselyhan other failure criteria.

1.4 Outline of the Thesis

This thesis is organized as follows:

Chapter 2 - In this chapterfirst the basi@anatomy of the hip will be illustrate&econd

femur structure physiologyandmaterial properties will be introducetihen, hp fracture
types and failure mechanism will beviewed. Finally, the general finite element
procedure fohip fractureanalysiswill be presented

Chapter 3 - In this chapter, the procedure of constructn@CT-based finite element
model and finite element analysis of femur will be explained step by step. The definition
of a new hip fracture risk index will be introduced, which is based on the-seotien

strain energy.
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Chapter 4 - In this chapter, udication results will be provided and explained to validate

the inhouse developed computer codes. Convergence tests will be presented. Stress and
strain patterns in the femur will be presented and discussed. Hip fracture risk at the three
critical crosssections on femur for the 60 clinical cases will be calculated and hip
fracture variations will be discussed. Finally, the effects of anthropometric parameters on
hip fracture risk will be investigated.

Chapter 5 - In this chapter, major conclusiorad contributions from this reported
research will be summarized. Future research will be presented to remove the limitations

in the current research.
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Chapter 2

Theoetical Background

2.1  Basic Anatomy of the Hip

The human hip is ballandsocket joint as shown inFigure 2-1, cable of triaxial
articulation. The ball bearing is the femoral head, located at the proximal end of the
femur, and the socket bearing is the acetabulum, located at the three pelvi§3gbnes
The stabilityin the hipis maintaine by the deep socketthe acetabulumand it is
increasedy thestrong joint capsuland its surrounding muscles and ligamg¢b#g.

The hip joint isalsoone of the largest joints in the body and is a major weighating
joint. Forces actingon the hip during walking can Heve timesof theper sonds bod
weight. A healthy hip can suppdsbdyweight and allow mion without pain.Disease
or injuries will significantly influence ongait and place abnormal stress on thejdiipt.

To seriously damage the hi@ great forceis neededbecause of the strorand large
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muscles of the thighs that support apibtect the hip. Osteparthritis inflammatory
arthritis, and bonefragility due toosteoporosis in the elderly can leadtte damage of

the hip joint[57].

Pelvis

Labrum

Femoral Head

Acetabulum

Femur

Figure 2-1. Anatomy of the hip joinf58] (courtesy of Valeo Health Clinic)
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2.2 Femur Bone

2.2.1  Structure and Physiology

Bone is a dynamic living organ constituting the skelsi@tem together with other
connective tissues such as ligaments, tendons, and cartiBagess support and @ect
the various organs of thebody, store minerals enable mobility, and also
produceredandwhite bloodcells Boneis made ofmineral(70%), organic matrix22%y,
and water(8%) [59]. This kind of compositiomakes the bonestiff but tough,so that
the skeletonis alle to maintain the shape of the bof§0]. Generally the hardness,
elasticity, and viscoelasticity of bone are respectively related tamiheral, organic
matrix, andwater.

Bonesareclassfied according to their shape into long (e.g. humerus and femur), short
(e.g. wrist bone), flat (e.g. cranial bones), irregular (e.g. vertebra), and sesamoid bone
(e.g. patella)61]. Mechanical functions of bone depend on its shape. Long bones, for
example femur, act as a stiff lever to transmit muscle genef@tegs over joints. On the
other hand, the function of flat bes, for example skull bones, is to protect the internal
organ such athebrain[62].

Anatomically, femur is divided into a number of sectionsamely diaphysis,
epiphyses, metaphyses, articular cartilage, periosteum, medullary cavity, and endosteum.
The structure offemuris shown inFigure 2-2. Different parts ofthe humarfemur are

also described irFigure 2-3. The long bonesuch as the femuare mostly made of


http://en.wikipedia.org/wiki/Mineral
http://en.wikipedia.org/wiki/Red_blood_cell
http://en.wikipedia.org/wiki/White_blood_cell
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cortical (or compacdt bone and trabeculgior cancellous bone. In adult humarthe
cortical boneconstitutesapproximately 80% of total skeletal mass ahd trabecular
boneconstituteshe remaining 2&. Spongytrabecular bone can be found in the inner
parts of bonesnd densecortical bone forms the oett layer of all bonesHgure 2-2).

Cortical bonemainly can be found in the diaphysishich surrounds the medullary cavity

[60,63.

Articular cartilage

Proximal —
epiphysis

Metaphysis — Spongy bone
Epiphyseal line
| Red bone marrow

_— Endosteum

7'— Compact bone

——— Medullary cavity

Diphysis —— )‘x{ ———————— Yellow bone marrow il
%—'— Periosteum %

Nutrient artery

Metaphysis —

‘1
Distal [
epiphysis \

—-7— Articular cartilage

Figure 2-2. Anatomic structure of the human fenj@d] (courtesy of Wikipedia).
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Greater Neck

trochanter

Head

Lesser trochanter Intertrochanteric crest

Intertrochanteric line

Shaft

Medial condyle Lateral condyle

Lateral epicondyle Medial epicondyle

Patellar surface
Anterior view Posterior view

Figure 2-3. Different parts of the human femur.

2.2.2  Material Properties

Materials can be categorized into two groups based on their mechanical behavior in
response to the direction of applied force: isotropic and anisotropic material. Isotropic
material has identical mechanical behavior in all directions while anisotropic material has
different behavior in different directions. Thereis a structuranechanical function
relationship in bone. Bone is built of a structural basic building block called mineralized
collagen fibril[69]. In bones that have parali@bered structure such as long benthe
mineralized collagen fibrils are aligned in the direction parallel to the axis of long.bone

This longitudinal orientation of the mineralized fibrils creates the highly anisotropic
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material behavior. It was reporteldat the parallefibered bone like the long bosdas
higher modulus in the direction parallel to the axis of bone than the one in the direction
perpendicular to the axif62,65,6¢. Due to this property of long bones, they are
classified as an anisotropic material.

Because of porous structure of trabecular bone, its mechanical properties such as
elastic modulus can vary from one location to another at macrostructure[6&Vel
Different degrees of porosity of the trabecular bone make different degrelensify.

The mechanical properties of bone are dependent on its dggditypue to variation of
density in the trabecular bone, the mechanical properties also vary through the trabecular
bone. Therefore, bone is also categorized as an inhomogeneous material.

Whereas there imot enough information on anisotropic properties of bone, it is
typically considered isotropic in finite element analyses. Anisotropic long bones can
often be considered as orthotropic material. To construct anisotropic/orthotropic FE
models, the bone dsity and the directions of the orthotropic axes are requirbd.
effects of anisotropic and isotropic material projesrssigmenton subjecispecific FE
analysis weranvestigated irthe literature[69,7(Q. It was reportedthatinhomogeneous
orthotropicmaterial properés assignment is very important for the FE anislgg small
bone specimens, Wa in global FE analys of long bones such as themur, anisotropy
is less dominantand aninhomogeneoussotropic material modetan beused[69]. The
resultsof another study70] showed that thre is no significancalifference between
acquired results frorrsotropic and orthotropimaterial properés assignmentsf femur

under tvwo loading conditions (doubleg standing and singleg standing).
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There are two ways to assign material properties into a bone FE model: homogeneous
and inhomogeneous. Homogenous material properties assignment is simpler and takes
less time. But due tmhomogeneous property of bone, considering homogenous material
properties is unrealistic and reduces the accuracy of stdgectfic FE analysis. In
homogenous material properties assignment, constant densities are considered for both
the trabecular anthe cortical boneThereforec onst ant Youngoéstomodul i
both the trabecular and the cortical bodde homogenous assignment of material
properties is also called twoaterial mode[33]. While in inhomogeneous assignment,
mechanical properties are assigned according to bone den&ifsed on above

discussionsfemur is considered as an inhomogeneous isotropic material in this study.

2.3  Age-Related Bon Loss and Osteoporosis

Osteoporosis is a common health problem in the elderly, charactdy a systemic loss

of bone mass, strength, and the deterioration of microarchitecture, which increases the
possibility of fragility fractures Figure2-4B) [71]. Bonemineraldensitycan be assessed

with DXA, and osteoporosis is defined byf'escore of less thatR.5, i.e. more than 5
standarddeviations below the average of a young addB]. Multiple factors are
involved in the development of osteoporosis. Disruption in bone modeling and
remodeling is obviouslythe main causeof osteoporosis. Adult bone normally is
continuously going through bone formation and resorption processes. Bone loss occurs
when either bone resorption is too fast or bone formation is too slow, the worst scenario

is the combination of the above two agge®hus, osteoporosis occurs only when the rate
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of bone resorption (destruction) exceeds the rate of bone formation (construction).
Resorption and formation processes are conducted by the specializedesanéng
cells, osteoclasts, and befegming cels, osteoblastdgure2-4C).

Osteoporosiss categorized to thprimary and secondaryorm. Primary osteoporosis
the mast common formis due to the typical agelatedboneloss. It isfurther classified
as typel and tyfe Secondary osteoporossstheresultof other diseases aonditions
that predispose to bonkss and is classified as typeTypel or postmenopausal
osteoporosis occurs in 5% to 20% of womét?]. The incidenceof osteoporosis
in womenis eight times higher than that in migt8]. Typel osteoporosis is characterized
by increased bone resorptigine to osteoclastic activitylype2 or senile osteoporosis
occurs in women omen more than 70 years of age and usually is assooate
decreased bone formatiolm. type2 osteoporosisnasses inrabecularand cortical bone
are gradually lost, primarily leading to increasefdacture risk of hip, long bone, and
vertebralfractures.Type3 or secondary osteoporosis occurs equally in men and women
and at any ag¢74]. Approximately40% of the totahumberof osteoporotic fractures
observed in cliniare related tgsecondary osteoporogiss)].

Aging contributes tdone loss in women and mgrg]. Normally by aging, the BMD
decreases, which contributes to osteopistd@here is a rapid loss of the trabecular bone
in women associated taenopauseBut, there isa lesdoss of the cortical bone in women
following the menopausésenerally bone loss in men ig$sthan in womenhowever,

there is a very similampattern of slow, ageelated bone losim menaspresent in women

[77].


http://www.medscape.com/viewarticle/410461_3
http://www.medscape.com/viewarticle/410461_3
http://www.medscape.com/viewarticle/410461_3
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2.4  Hip Fracture

2.4.1  Hip Fracture Types

Fracturemay occuranywhere from the articular cartilage of the hip jamthe femur
shaft [78]. Hip fractures are generally classified intdracapsular (femoral neck and
head) and extracapsular (intertrochanteric and subtrochantgipciracturesare further
assortednto three types based onretlanatomical locations: femoral ne@k cervica),
intertrochanteric, and subtrochanteric fractures as showigure 2-5 [79]. The femoral
neck fractures take place at the femoral nesgiion between therochanters and the
femoral head.The intertrochanteric fractures occur the areabetween the greater
trochanter and the lesser trochant®ubtrochanteric fractures occur below the lesser
trochanter.

Not only doesthe location of the fracturg/pes difer, but also the etiology. Was
reported that women with the intertrochanteric fracture have significantly lower BMD
than those with the femoral neck fract{i8€i 82]. Women with intertrochanteric fracture
have low BMD especially due to large trabecular bone loss. On the other hand, the
femoral neck fracturenay notmainly attribute to bone loss and low BMDbut may be
related to external causes suchsmewaysfall [83]. Femoral neck and intertrochanteric
fractures are often éhresult of falls from standingeightand impact ontdhe greater
trochanter, particularly fathe elderly patientsThe sibtrochanteric fractures, dhe other

hand, are typically the result of high energy impacts such as motor vehicle acaitnts
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falls from a heighf84]. According toclinical observatiog hip fracturesat the femoral

neck and théntertrochantericegion are more common than the subtrochanteric fractures

[85i 89].

Figure 2-4. Osteoporosis at a gland&) fragility fractures of wrist, vertebrae, and hip; (B)
comparison obsteoporotic boneandnormal bone; (C) boreesobing osteoclasts and bef@ming
osteoblasts: (1) morpholo@y osteoclast(2) tartrateresistant acidic phosphatase staining of
multinucleated osteoclasts; (@prphology ofosteoblasts(4) alkaline phosphatase staining of
osteoblast§7]].
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Subcapital neck Transoervical neck Intertrochanteric Subtrochanteric
fracture fracture fracture fracture

Figure 2-5. Three main types of hip fractures: the femoral neck (or cervical) fractures (subcapital and
transcervical fractures), the intertrochanteric fractures, and the subtrochanteric ff@€juiasurtesy
of Advanced Orthopedic Specialists).

2.4.2  Mechanics of Hig-racture

Two major factorsontributingthe highincidenceof hip fractursin the elderlyareage
related osteoporosis aratcidenal falling [91]. Falling plays a more dominant role in
causing hip fracture than low BMD, so that falling was responsibl@74r hip fractures
[12]. However,only about5% offalls in the elderlyresulted irhip fracture[92].

In the normal walking, the greatest stresses occur in the subcapitalttandhid-
femoral neck regiom[93]. Within these regionsthe maximum compressivetresses
occur inthe inferior surfacend smaller magnitude tensile stresses ouctie superior
surfaceof the femoral neckFigure 2-6a) [93]. Conversely, dring the sidewaysfall, the
greaest compressive stresses and strains occur in the superior femoral neck while the
lower tensilestresgs appear athe inferior region(Figure 2-6b) [93,94. The maximum
magnitude of stresses during a sideways fall is approximately four times greater than
those in the normal walkinf@3]. Due to the high compressive stress in the superior
region of the émoral neck duringhe sideways fall, fracture usually initiates from this

region[95,949. It was found that bone loss in the elderly mainly occurs at the superior
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aspect of the femoral ne¢R7], and this same region has been obsetoebe a site of
fracture initiation during exivo experiments undethe sideways fall loadingfollowed
by failure in the inferior aspect tiie femoral neck or the medial intertrochanteric region
[34]. This fragility can beexplained by noting that the superior femoral neck only
experiencesgow tensile stresses durimggularstandng and walking; according to the
Wo | fL&w) Bone in this region tends to weaken over time if alternative loading is not
regularlyexperienced. During a sideways fall impact to the greater trochanter, however,
the same area tseavily loaded in compressidFigure 2-6b). The weakened structure is
often unable to suppottte sudden increased load, leading to higlesssibility of fracture
[98]. This strongly suggests that the superior region afol@l neck has the highest
fracture risk andvould be more prone to failure than the infemiegionand would thus
constitutea relatively weak region in tHemoral structure durinthe sidewaydall.

The mechanism leath to fracture initiation in the uperior region offemoral neck
undercompressiorduring the sideways fallis still a topic of argument Mayhewet al.
[96] suggestd thatlocal buckling of the thinning cortical shell mdye an important
factor offracturesbecaisethis area of the neck often becomes thinner with age. Turner
[98], howeverdisagreed to the occurrencestifell bucklingin the femoral neck, as it is
filled with the trabecular bone and marromaking it a far morecomplex and also
strongerstructure than an empty shdlractureshave been observed to initiate in areas
that are subjected to compression dutihg sideways fallwherethe cortical bone is
thinner[34], a finding that potentially supports tHaucklinghypothesis as the mechanism

leading to hip fracture.
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1 1 [[] Compressive Stress

D Tensile Stress

Figure 2-6. Stress distributions in the femoral neck region during (a) the normal gait and (b) the
sideways fall. During the normal gait, the greatest compressive stress occurs in the inferior region
while during the sideways fall, the superior region receives ttaegtecompressive strgsgl].

2.5  Finite Element Analysis of Hip Fracture

The finite element method, an advancemimputational method fostructural stress
analysis was introduced to orthopedic mechanics in 1972 tassesstresses in human
boneg[99]. Since then, this method has been applied increasingfpifore analyses of
bones boneprosthesis structureandbonefixation devicesThe use of FE modiag to
specifically investigate hip fracture risk of the intact femur started in the early &990s
the investigation by Lotzt al.[42,43. They used data from QCT images to create
models of the femur and load them in bthle singleleg stance ad the sidewaysall

configuration
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The aim of FE analyseswas to assesdones under physiological loading to find
relationships between load carrying functions and morpholodppés and to optimize
designs of fixation techniques of implats0(. From a biomechanét viewpoint, an
appro&h that is able tgrovide complex geometries and to accurately represent the
heterogeneous distribution of material properties may proaabeirateassessmenof
bone strength, compared to the BNbAsed methods. In this regard, therarigncreasing
interest in the use dinite element methodb assess bone biomechanical beha\or.
the FE analyses different commercially available software such as ANSYS and
ABAQUS or inhouse computer codes developed using MATLAB, a@d etc. are
usually usedSince 1972, thdinite elementmethod, along witlthe newly developed
digital imaging techniques, has been actively usesl&duatebone strength and &tudy
osteoporosis. Generally, the implementethgebasedFE models can be dividedto
two categoris, i.e., threalimensional (QCIbased) and twdimensional (DXAbased),
which are described itle following.

A number ofDXA-basedFE modebk weredevelopedor subjectspecificassessment
of hip fracture risf29i 31]. The general procedute construct a DXAbased FE model
is first to extractthe2-D geometry ofemur from the DXA image using image processing
programs. The obtained geometry is meshed and the inhomogeneous material properties
are assigned. The load and boundargonditions are then applied to tbenstructd FE
modelto obtainthe strain and stress distributsoiVhereaghe DXA is a 2D image, the
overlapped part of the fesral headwith the pelvis is usedo calculatethe fracture risk

while theBMD of the femoral head is overestimated from the DXA image. It means that
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the actual fracture risk is higher than what is calculated by the-bas&d FE models.

The other issue in estimating the overall fracture risk is that a high stress is generated on
the shaft due to the applied boundary conditionghendistal end of théemur. These
stresses are used in predicting fracture risk, but they are not rebkstarsethe
boundary conditions are not properly appléed cannot faithfully simulate thengile-leg

stance and the sidewaf@l configuration.The mentioned limitations should be removed

to improve the DXAbased FE models. Although DXBased FE models a&D, they

are preferred in clinicbecausdhe radiation dosage used in the DXA scannsgqiuch

lower than thatised inthe QCT scanning.

DXA scanning technique has certain limitations, namely;[x @ject is projected
onto a 2D plane and the depth information is lost, but @@T scanning techniquioes
not have tkse limitations For the omplex geometry of bonesa QCTbased finite
element modelwhich isa 3D model,is principally more precisein estimatingstrength
and fracture riskOver the past 20 years, a number of sukgeetcific QCTFbased FE
models of human femur have been depetbto evaluate bone strength, stress, strain,
failure load, fracture location,and fracture riskduring the singleleg stance andhe
sideways fal[32i 4Q].

3-D FE model of bone is generated directly from QCT image and then material
properties are assigned based on CT numberg usiage processing programs such as
Mimics (Materialise, Leuven, Belgium Loading and boundary conditions, simulating
the singleleg stance orthe sideways fall configuratignare then applied to the

constructed  FE model using commercially availableftsvare such as ANSYS and
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ABAQUS or in-housedevelopedcomputer codesOne group of the-B® FE models are
constructed directly from voxels of QCT scans. The main advantage ofbhased FE
models is that they can be generated extremely fast. Howevel, elexeentscreate
jagged edges due to protruding vertices of the cubes at the suesudéng in errors in
the computed local stresses and strathgh-resolution peripheraDCT (HRpQCT) is a
newly developedn-vivo clinical imaging modality. It caassess the-B microstructure
of trabecularand cortical bone and is suitable as an input for microstructural finite
element analysis to evaluate bone mechanical propgtids103].

Therefore, in this research, Q@ased FE model was established to assess hip
fracture risk using the strain energy criterion. In the next chapter, construction of the

required QCTbased FE model will be explained in detalil.
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Chapter 3

Assessmentof Hip Fracture Risk using

QCT-based Finite Element Model

The proposed methodology for assessment of hip fractureatisie threecritical cross
sections of femur usinghe strain energy criteriometermined from QC-based finite
element modeis shown inFigure 3-1. The procedure is explained in detail the

following.

3.1 QCT-based Finite Element Model

3.1.1 QCT-Scan of Femur

The purpose of this study to accuratéy asses hip fracture riskso a 3-D finite element

model ofsubjecd s f e mequired to achieve.ifThe 3-D model can beconstruced
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fromthesubjecd s f e mur s@XCT slidesreaggoducedusingmultiple scanners
with a set ofproper acquisition and reconstruction paramet@rsample set of QCT
images are shown iRigure 3-2. Slice thicknes®f 1mm is commonly used. The scanned
QCT imagesare storedin the format of Digital Imaging and Communications in
Medicine (DICOM) which can be usefbr the construction ofa 3-D FE model.A proper
segmentatioms done teseparatehe femurfor constructinghe 3-D model. Each voxeh
the QCTscanhas an intensity (or grey scale) that is expressetbassfield Unit (HU)

whichis correlated to bone densit¥04,103.

! CT Scans .| Applying loading/boundary i‘ Computing strain energy over
\L . | conditions i’ the critical cross-sections
{ | Image processing | ‘l, ! \L :
and segmentation Finite element analysis Computing the maximum :
J, ¢ i allowable strain energy over
i Constructing the critical cross-sections
| 3D model Finding the critical :
i ‘L cross-sections | J’
, : Computing Fracture Risk
Measuring neck- | | | oo I Index (FRI) of the critical
shaft angle Finite Element cross-sections
;l, Apalysis | 2 ————
Generating finite |
element mesh ' Fracture Risk Index
J( ' Calculation
Assigning material |
properties
Finite Element Model
Construction

Figure 3-1. The proposed methodology for calculating hip fracture risk index using the strain energy
criterion.
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3.1.2 Generation of Finite Element Mesh

In the first step, the geomeatal modelof the femur is generated fronclinical QCT
images using Mimics Materialise, Leuven, BelgiumQCT images (in DICOM format)

are importedto Mimics for segmentationHigure 3-2) andconstruction of3-D geometric

model ofthe femur Figure 3-3). With the 3-D geometricmodel,a FE meshs generated
usingthe 3-matic modulen Mimics (Figure 3-4). The 4nodelinear tetrahedral element
SOLID72 in ANSYS was used in this studySOLID72is well develogd to simulate
irregular and complex geometric modelsuch asthose produced from various
CAD/CAM systems. The elemeihtasfour nodeswith six degrees of freedom at each
node: translations in the nodal x, y, and z directions and rotations about the nodal x, v,
and z directions. The element also has stress stiffer@pgbility[106. The geometry,

node bcations, and the coordinate system for this element are shdwgune3-5.

To investigate model convergence, FE models with different maximum element edge
lengthswere created. For each FE model, displacement was calculated under the same
loading and boundary coniins. The maximum element eddength that produced

converged finite element solutions was obtained and used in all the rest FE simulations


http://mostreal.sk/html/elem_55/chapter4/ES4-72.htm
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@ (b)

(©

Figure 3-2. QCT image of femur (in DICOM format) imported to Mimics in the three viewing planes:
(a) coronal plane, (b) transverse plane, and (c) sagittal plane.
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Figure 3-3. 3-D model generated from QCT image.

Figure 3-4. A 3-D finite element model.
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Figure 3-5. SOLID72, a 3D 4-node linear tetrahedral structural solid elenj&ag.

3.1.3 Assignment of Material Properties

To construct amore faithful FE model, bone material propertiesre considered

inhomogeneous andotropicin this study Information onthe inhomogeneous isotropic

mechanical properties dfie bone can be derived frothe CT data using a mathematical

relationship betweenthe CT numbes and the mechanical properties of bone. The

following empirical equation wassedto determindooneash densit (” ) according to

theHU numbe{38,107:

" T p @Yo Qoa oP
Equation (3.2and Equation (3.3)derived by Kellef108, wererespectivelyusedto

assignY o u nrgodwus(O) andthe yield stresg,, ) according to the bone ash density:

0O pmoft® 00O o}

., pped D0 oD
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A constant o i wascodsderefdl 109,41D To assign material
properties, elements are grouped into several discrete material bins Mismgs
(Materialise, Leuven, Belgium)which are used toapproximatey representthe
continuous distribtion of theinhomogeneus bone mechanical properti@® determine
the maximum numbeof materialbins convergence study was performétbdelswith
different material binswere created for convergence study. For each FE model,
displacement was calculatathder the same loading and boundary conditidrise
maximumnumber of material bins thgenerated converged finite element solutivas

obtaired Figure3-6 displays the inhomogeneous distributionkafne density

1.5661
Ilzsoo
1.0629

0.8617

IG,7275
| §0.5598

0.4256

d0.3249

g 0.1908

0.coo1

Figure 3-6. Inhomogeneous distribution of bodensity(g/cn?).
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3.1.4 Loading andBoundary Conditions

For a precise assessment of hip fracture risk during the deggktance and the sideways
fall, loading and boundary conditions simulating the shiggestance and the sideways
fall configurationare required in the FE modélo simuate the singleleg stance statue,
2.5 times othepati ent 6s body weight was applied
head[97] and femur was fixedt thedistalend[37,4] (seeFigure3-7a):

O &0 U o8

where 0 is thes u b j éady @weight in Newton (N) To simulate sideways fall
configuration the distal end of femur were completely fixed and the surface of femoral
head were fixed in théoading direction Eigure 3-7b) [39,4Q. The peak impact force
duringthe sidewaydall on the greater trochantean be estimated based thie previous
studieson the kinematics and dynamics of the falls from the stantigight[97,11].

The impact force durinthe sideways fall acting on the greater trochafegure 3-7b) is

given by[97,111:

0 R o)

o — -
pXm

whereQis thebodyheight of the subject in centimeter (cm).
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L

<

Figure 3-7. Application of loading and boundary conditions duringtk@singleleg stance and (b)
thesideways fall.

3.2  Finite Element Analysis using ANSYS

A finite element model of femur witthe assigned material propertiesitput from
Mimics was imported to ANSYS for finite element analysisoading and boundary
conditions on the greater trochanter, the femoral head, andisted end of femur,
simulating tke singleleg stance and the sideways fadinfiguration were applied tdhe
nodeslocated on the respective boundariEgyure 3-7a and Figure 3-7b). All loading

and boundary conditions were applied using ANSYS Parametric Design Language
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(APDL) codes After importing the QCTbased FE model and applyitige loading and
boundary conditiondjnite element analysis was performed and finite element solutions
were obtainedin all the analysisthe nodal dsplacementsvon Mises stress and strain,
tensile and copressive stregswereobtainedfor each sbject.

After solving the FE model of each subject, stress and stistinbutiors at the three
critical crosssections of femur were obtained. APDL codes were written in order to
extract the boundary of the tlerecritical crosssections, the nodal displacements, the
coordinates of nodes from the FE model,
corresponding nodes, and nodes connectivity. The results extracted by the APDL codes

were used in next steps to @alate FRIlatthe three critical crossections of femur.

3.3 Detection of the Three Critical CreSections on

the Femur

The smallest femoraheck crosssection (SFN CS), thentertrochanteric crossection
(IntT CS), and the subtrochanteric creextion (8bT CS)arethe three critical cross
sections a the femur that usually have the highest fracture rigkgy(re 3-8). To
determine the smallest femoral neck crssstion and the intedchanteric crossection,
neckshaft anglds neededThe neckshaft angle ighe angle between the femoral neck
axis andthe femoral shaft axis. This angle traditionally is measured on conventional
radiography images, or usingl2imagesprojeced from CT/MRIscans Although these

methods are popular, but thaye based on over simplification thfe real 3D anatomy
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and maylead to large errorand inaccurate resulfd12 114. In this stidy, the neck
shaft angle wsmeasured using a3 measurement technique based on fitting functions.
In this technique, the shapes of particular partsheffemur are approximated using
geometric entities such as circlgylinder, sphere, anetc., which are weltfitted to the
actual anatomyand the geometrical relationships between these entitiesbtamedto

estimateheneckshaft angle

Figure 3-8. Three critical crossections of femurtthe smallest femoral neck crasgction (AA), the
intertrochanteric crossection (BB), andthe subtrochanteric crossection (CC).

First, a spheres fitted to the femoral heggFigure 3-9a) to obtain the position of the
j o i centr@ sfrotation, which is also the femorhaéad centreThen, the femoral neck
axis and the femoral shaft axase identified by applying theffit ruled surface directian
function on the femoral neck and shafEigure 3-9b and Figure 3-9c) [115. All fitting
functions were applied using ti8matic module in Mimics. Te neckshaft angle was

alsomeasuredby the 3-maticmodule of Mimicg(Figure3-10).
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With the femoralneckshaft angle, the intertrochanteric cregstion and the smallest
femoral neck crossection were found using in-house computercodes. The
intertrochanteric crossectionis chosen the crossection that hathe largestarea in the
intertrochantericregion The smallest femoral neck cressctionis chosenthe cross
section with thesmallestarea in the neck regiofil16 118. By using APDL codes,
perpendicular planes on the femoral neck axis were determined anaréasnof planes
wereobtained. The planes with teenallestandlargestareas were chosen respectively as
the smallest fewral neck crossection and the intertrochanteric creegtion. The
subtrochanteric crossectionis consideredfive centimeterbelow the lesser trochanter

(Figure3-8) [79].

(@) (b) ©)

Figure 3-9. Fitting functions: (a) fit sphere function on the femoral head, (b) fit ruled surface direction
function on the femoral neck, and (c) fit ruleatface direction function on the femoral shaft.
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Figure 3-10. Neckshaft angle measured thefitting functionsin the 3-matic module of Mmics.

3.4  Hip Fracture Risk Index at the Three Critical Cross

Sections

3.4.1  Femur Failure Criteriobasedon CrossSection Strain Energy

Based on the previous discussiontbabone failure mechanis@nd microstructurghe
strain energy criterion isheoretically thebest failure criterion br hip fracture risk
assessment herefore, hip fracture risk indexas defined based dhis criterionin this
study The criterion requiresthe determination of the strain energy associated with
changes in shpe and volume of the materfdl19. According to this criterion, a femoral
crosssection will not crack as long as the strain eneénguced by external forces would
not exceed the ultimate strain energy that the eseston is able to sustain until bone

yielding. The strain energ{/V) stored at a crossectionis given by
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~
v

Y Q6 oD
where"Yis the $rain energydensity. The strain energy densigythe scalaproduct of the

stressvector (, ) and the straiwvector ¢):

The drain energyof a crosssectionat theyielding point (YY) is given by

Y Y'QO oq)
where'Y is the $rain energydensity at the yielding point
Y =, - od

where,, and- arerespectively theield stress anthe yield strain ofthe bone Thus,

based ontte strain energy dgrion, the femoral crossectionwill not crackif Y 7Y .

3.4.2  Strain Energy at the Three Critical Creg3sctions

The drain energyat the three critical crossections of femur induced by the applied
forces was computed using-ouse developed MATLAB codes and tbata extracted

by APDL codes from the obtained finite element solutions. The plane boundaries of the
three critical crossections, extracted from the finite element mesh, were imported to
MATALB to generate a -D mesh for calculating the cresection gtain energyFigure

3-11 shows the generated triangle elements over the smallest femoral neekettiss,

the intertrochanteric crosection, andhe subtrochanteric crosgction.
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Figure 3-11. Generagdtriangle elements over (a) the smallest femoral neck-sesson, (b) the
intertrochanteric crossection, and (c) the subtrochantemiosssection.

The strain energy at the three critical cresstions induced by the applied forces is

the sum of strain energy in all the triangle elements, i.e.

~ ~

Y Y op T

where'Y is the strain energy in an elemeexifiduced by the applied forces andis the
number of triangle elements created over the concerned-swossrs. Gaussian
integration method wassed to calculate the strain energy in an elen@ntntegration
points in each triangle elementere determinedising inrhouse MATLAB codesBy

using Gaussian integration methtitg drain energy of Element inducedby the applied

forces iscalculatedas

Y Y'QO W IsY op p

where™Y is the strain energydensity of a triangle elemeng)( Y is the strain energy
density at the integration points of in Elementw is the weight at the integration

points; 95 is determinant othe Jacobean matrinf the triangleelement and ¢ is the
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number of integration points over the triangle element (integration donTdia)strain

energy density at amtegration point("Q2 was determined from the finite element

solutions obtained by the3 QCT-based FE model, i:e.

~ p
Y -, - o
c P C

where ,, O - and - 0 Q. The strain energy density at each integration point

can beexpressed by the finite element solus@s
~ p. .o .o
Y E Q o O o 0Q op o

where 'Q is the displacememnectorconsisting of displacements at the element nodes of
the tetrahedral element wiee the integration point is locatednpatrix 0 is the
derivatives of shape functios the tetrahedral elemergnd O is the material propeyy

matrix of the tetrahedral element

p’ 7 7 M T T[l,]
I”; p ' 7 M M .
1l ’ p n n nl’l
. p >
, @ h m - ' m om
O ; N C I oP T
P SN p -
nonom - ' T
| C 1
Ll TN oo p ,n
Jt c U
wherePoi s s o ns@anstanfat mM@)and Youngdés modthdbane i s f |

densityobtained fromEquation (3.2)For each i ntegration point

calculatedaccording tothe bonedensity at the point which is the density of the

tetrahedral element where the integration point is located
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3.4.3 The Maximum Allowable Strain Energy of the Three Ciritical

CrossSections

The maximum allowablstrain energyof the three critical crossections of femur was
also computed using 4house MATLAB codes and the data extracted by APDL codes
from the obtained finite element solutionkhe maximum allowable strain energy (or the
yield strain energy) of the three critical cressctions is the sum of the yield strain

energy in all the triangle elements

~ ~
g g

Y Y od v

where'Y is the yield strain energy in Elememandd is the number of triangle elements
created over the concerned crgsstiors. The Gaussian integration method was also
used to calculate the maximum allowable strain energy in each triangle element. The

maximum allowable strain energy thatriangle &ement(e) can sustain is giveryb

Y Y'QO w Y oP @

where"Y is theyield strain energy densiip a triangle elemenfe); ¢ is the number of
integration points over the trigle element (integration domain); afd is the yield

strain energy densitgtanintegration poin{’Qandis calculated as
x p ”
Y =, - = o
c ® X

where, andO are respectivelthey i el d st r ess aattheintegrationg 6 s

point. Both of them ardéunctiors of bonedensiy, which is the density of the tetrahedral
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element where the integration point is locatasl,given inEquation (3.2)and Equation

(3.3).

3.4.4  Hip Fracture Risk Index at the Three Critical Cr&&tions

Hip fracture risk indexat the three criticakrosssectionsis defined as the ratio dhe
strain energynduced bythe applied forcego the maximumallowable strain energgf

the femur over the concernerbsssectiors:

5
s o Y
wheres is the fracture risk index atne ofthe three critical crossectons of femur

based onhe strain energy criterion; antY and 5 are respectively obtaineftom

Equation (3.10andEquation (3.15)

3.5 Enrollment of Clinical Cases

Information d 60 clinical caseq30 females and 30 males), includ@€T image, height
body weight, andage, was acquired from the Winnipdgealth Science Centrén an
anonymous wayindera human research ethics appro&thtistical informatiorof the
clinical casess listed inTable3-1. The age scop@f the subjectsis between50 and &
years(average of 65 yeargndtheir heights and body weights arespectivelyin range
of 149193.2centimeters and 51-726.6 kilogramsFor each casé3MI was calculated.
A QCT-based FE model was constructed for each subject; loading and boundary

conditions simulating the singleg stance and theideways fallconfiguration were
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separately applied to the FE model; FE analysis was thdarmped for each subject.

Based on the previously described methodology, FRIs were calculated at the three critical

crosssections of femur for each subject.

Table 3-1. Statistical information of the 60Qikical cases.

Age (years) Height (cm) Body weight(kg) BMI (kg/m?)
Range 50-82 149193.2 51.7126.6 18.8343.36
Average 65 169.86 81.94 28.36
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Chapter 4

Results and Discussions

4.1  Verification of InHouse Computer Codes

To verify the proposed methodology for calculating the Rl usingthe crosssection
strain energycriterion, FRI at the fixedend crosssectionof a cantilever beamF{gure
4-1) was computed using thimethodology The obtained FRI vas compared withthat
computed usinghe von Mises stress criterionA cantileverbeam with the geometric
dimensions shown ifrigure4-1 was considered aralvertical force (F) was applied on
its free end.The beam is made d@tainless Steel (ASTM-441) with the following
mechanical propertse

O ¢mod &

0 T P

oCmy O
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Figure 4-1. A cantilever beants geometric dimensionandtheapplied force.

FRI at the fixed-end crosssection was consideed for the comparison. riangle
elementswere generatedver the crosssectionusingin-houseMATLAB codes Figure
4-2). The crosssectionstrain energyinduced by the applied forcand the maximum
allowable strain energy(or the yield strain energy)pf the fixed crossection were
computedusing the irhouse MATLAB codes.The FRI basedon the strain energy
criterion & ) was defined as the ratio ¢fie strain energy othe fixedend cross
sectionto its maximum allowablestrain energyEquation (3.18)

The maximum vonMises stresg, ) of the fixedend crosssection induced by the
applied forcewasobtained using ANSY $Figure4-3). The FRI based orthevon Mises
stress criterior(s ) was defined as the ratio dfe maximum vonMises stres®f the

fixed-endcrosssectionto its maximum allowable stress (or yield stress)
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Thestrain energynduced by the applied forcthe maximum allowablstrain energy
andthe FRI at the fixed-end crosssection usinghe strain energy criterion are shown in
Table4-1. Table4-1 alsoshowsthe maximum vonMises stressnduced bythe applied
force, theyield stress (which is the yield stress of the material used)the FRI at the
fixed-end crosssectionbased on th@on Mises stresscriterion. Thee is no significant
difference betweerthe FRIs computedising these two criteriaT@ble 4-1), which
indicates the validity ofthe proposed methodologgnd inhouse computer codds
calculation ofFRIs at the three critical cresgctions of femuusingthe strain energy
criterion In this regard, an experimental sgt is needed to draw a strong conclusion on
the accuracy of the proposetethodologyhowever establishing an experimental sgt

will be considered in future development.

Table 4-1. Comparison ofRlIs at the fixeeendcrosssection othecantilever beam computed using
thestrain energy anthevon Mises stress criteria.

Strain energy criterion von Mises stress criterion
Y(J) Y@ - , 00w, DO0O -
755.16 606.32 1.24 377.62 320 1.18
Relative error (Y%petween 508

- and-























































































































































