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Annotation

Multiple assumptions about model’s geometry, mechanical proper-
ties and physiological parameters are adopted when using biome-
chanical models in clinical studies. The aim of this thesis is to
assess how a patient-specific hip joint modelling could affect predic-
tion of biomechanical parameters. The studied parameters ranged
from geometrical parameters through hip joint reaction forces pre-
diction to joint contact stress estimation. It was shown that the
input geometrical parameters obtained from planar radiographs are
influenced by the patient’s obesity and X-ray device considerably.
The musculoskeletal model of hip joint loading was validated against
experimental data for a single patient. However, scaling the mus-
culoskeletal model to individual patients by a standard procedure
based on single pelvic bone dimension underestimates the range
of hip joint reaction force. It was shown that change in individual
muscle capacity to generate the force influences the hip muscle force
distribution but not the hip joint reaction force. Simple model of
hip contact geometry could predict the overall stress distribution
but not the absolute values of contact stress peaks. To conclude,
patient specific modelling could provide more reliable results for
given patients if accurate input parameters and scaling procedures
are adopted correctly. When considering limitations of generic mod-
els described in this study, these models could be used to predict
general trends in clinical studies.
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Anotace

Pro použití biomechanických modelů v klinických studiích jsou při-
jímány zjednodušující předpoklady o geometrii daného modelu, jeho
mechanických vlastnostech a fyziologických parametrech. Cílem
této disertační práce je stanovit, jak jsou biomechanické parametry
ovlivněny, je-li matematický model kyčelního kloubu přizpůsoben
na míru danému pacientovi. V klinických studiích byly zkoumány
geometrické parametry, určeny reakční síly v kyčelním kloubu a kon-
taktní tlaky v kloubu jak ve zjednodušených modelech, tak i v mod-
elech upravených podle konkrétního pacienta. V rámci této práce
bylo ukázáno, že rozměry odečtené z rentgenových snímků jsou
značně ovlivněny použitým RTG přístrojem i obezitou pacienta.
Nesprávně určené rozměry kostí pacienta vedou k nepřesnostem v
určení reakční síly v kyčelním kloubu. Další chyba ve stanovení
reakční síly může být vnesena zjednodušeným škálováním obecného
svalově-kosterního modelu. Správně určená velikost a směr reakční
síly a přesná geometrie kyčelního kloubu jsou důležité pro určení
velikosti kontaktního tlaku. Zjednodušený model kyčelního kloubu
dokáže předpovídat celkové rozložení kontaktního tlaku v kyčelním
kloubu, nicméně nedokáže předpovědět jeho lokální maxima. Na
závěr lze říci, že jsou-li použity přesné vstupní parametry a model je
správně naškálován, tak modelováním uzpůsobeným na míru daného
pacienta je možné dosáhnout spolehlivějších výsledků. Pomocí zje-
dnodušeného modelu je možné předpovídat celkové trendy biome-
chanických parametrů v rámci klinických studií, jsou-li respektována
jednotlivá omezení modelu.
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CHAPTER 1
Introduction

Musculoskeletal models are used to predict muscle and joint reac-
tion forces in order to analyse complex biomechanical problems, such
as the functional outcome after surgery [42]. Furthermore, muscu-
loskeletal models have been used to model the effects of a stroke
[26], spinal cord injuries [40] and sport injuries [33].

The biomechanical modelling have mostly been used to under-
stand mechanical principles of the human body. The qualitative
rather than quantitative informations were obtained and the model
were frequently built on data from various cadaveric studies. These
models, although built on data of specific patients, are more inter-
ested in trends that can be reliably predicted across a population.

Patient-specific modeling is the development of computational
models of human pathophysiology that are individualized to patient-
specific data [38]. Patient-specific biomechanical modelling is gain-
ing more attention because of its potential to improve diagnosis,
optimize clinical treatment by predicting outcomes of therapies and
surgical interventions, and design of surgical training platforms.

Most current medical diagnostic practices lead to rough esti-
mates of outcomes for a particular treatment plan, and treatments
and their outcomes usually find their basis in the results of clinical
trials. However, these results might not apply directly to individual
patients because they are based on averages [38]. Although largely
unexplored, biomechanical models have potential of investigating
predictive if-then scenarios such as post-operative functional out-
comes after virtual interventions in individual patients [24]. The
efficacy of computational models to predict whether or not a med-
ical intervention will be successful often depends on subtle factors
operating at the level of unique individuals.

However, the ability to predict such behaviour is hampered by
significant levels of variability that are present in all aspects of hu-
man biomechanics, including dimensions and material properties
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[51], stature [17], function [48], and pathological conditions [22]. In
addition to variability between the patients, the models adopt mul-
tiple assumptions and estimation regarding definition of body seg-
ments dimensions and inertial properties [16], muscle action phys-
iology [10], prediction of muscle, tendon and joint forces [29] or
constitutive equations of soft and hard tissue [52].

With current imaging modalities, a geometry of a tissue or or-
gan is relatively easy to obtain. Assigning material properties to
these geometries is more uncertain. Theoretically, we may create
a patient-specific musculoskeletal model for each patient if medi-
cal image data are available. However, whole-body CT (computed
tomography) or MRI (magnetic resonance imaging) scans are time-
demanding and CT presents a high radiation exposure for patients.
Even, if these data would be available, Correa et al., 2011 reported
that processing time of single MRI-based model exceeds 10 hours,
with the majority of this time insensitive to computing power [14].

An alternative to create patient-specific model is adaptation of
generic models to given patient. Scaled-generic models are cre-
ated by scaling body-segment anthropometry, joint geometry, and
muscle-tendon attachment sites in the model to corresponding pa-
rameters in individual subjects. Such scaling requires measurements
of patients geometry often estimated on basis of few characteristic
dimensions. The accuracy of scaling methods in generic models
remains largely untested. Therefore we would like to address rela-
tionship between accuracy of input data and methods to the results
of musculoskeletal models. To deal with the variability of all param-
eters representing musculoskeletal model is out of the scope of this
thesis. Therefore we focus on methods of scaling geometrical pa-
rameters and on methods how these parameters are obtained. The
main source of data within our studies are anteroposterior (AP) ra-
diographs, as these are available in clinical archives and present a
radiographic exams are typically performed in clinics for most of the
patients.

The object of the study is the hip joint. Hip joint is one of
the largest joints in the body with relatively simple ball and joint
geometry. Many biomechanical studies on hip joints and their re-
placements require detailed knowledge of the loads acting in this
joint. Therefore multiple methods have been developed to study
hip joint load and hip joint contact stress distribution. The thesis
shows applicability of selected method in the patient-sepcific anal-
ysis of the hip joint.
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CHAPTER 2
Aims

The complexity of current patient-specific models is a reason of their
rare used in the clinical practice. Therefore, multiple assumptions
about model’s geometry, mechanical properties and physiological
parameters are adopted when using biomechanical models in clinical
studies. Within the current study, we would like to specify how
the assumptions used in model constructions influence their results.
The principal aim of this thesis is to assess how a patient-specific
hip joint modelling affects prediction of biomechanical parameters
in comparison to generic models.

The specific aims of the thesis are:

1. Verify hypothesis that the magnification of radiographs de-
pends on the workplace where it is taken.

2. Test the hypothesis that obesity type affects hip radiographic
magnification and quantify the relationship between patient
body habitus and radiographic magnification.

3. Quantify the effect of isotropic and anisotropic scaling on the
hip joint reaction force assessment.

4. Validate the generic musculoskeletal model of the lower limb
by comparison of predicted hip joint reaction force to experi-
mental data.

5. Determine the effect of maximum isometric force change in
individual muscle and muscle group to hip muscle force and
to hip joint reaction force prediction.

6. Determine the effect of patient-specific hip joint geometry on
hip contact stress distribution.

3



CHAPTER 3
Methods

3.1 Hip imaging – body measurements for
scaling

It is essential to know accurate dimension of bone geometry for
biomechanical analysis. The radiographic images are mostly used
to determine bone dimensions however, they are subjected to errors
in dimensions and shapes. Magnitude of errors are influenced by
various factors: e.g. X-ray machine construction (mutual distances
between photosensitive plate–table–X-ray source), horizontal shift
from the centre of an X-ray beam, and patients’ body habitus and
position, namely the distance between an object and a table (Fig-
ure 3.1). Accurate knowledge of the radiographic magnification is
fundamental for orthopaedic surgeons when planning the surgery,
e.g. total hip arthroplasty. Accurate planning can reduce postop-
erative complications and help to preserve hip joint biomechanics.
This clinical study was aimed to determine the influence of different
X-ray machine (radiological workplace) and patients’ body habitus
on the radiographic magnification.

3.1.1 Influence of workplace
The dataset included 337 AP radiographs (Table 3.1) gathered at
five orthopaedic departments and five different radiological devices
in the Czech Republic.

3.1.2 Influence of obesity
The study included 303 patients, 125 male and 178 female.

The radiographic magnification M differs at each clinic because
of different radiological equipment and image handling. To compare
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(a) A and B are various positions
of hip joint over the table, (A vs.
B) various radiological setups [57].

(b) Radiographic magnification in A a
normal and B an obese patient. Owing
to the higher position of the hip above
the table in the obese patient B, the im-
age size of the femoral head is larger than
in a normal patient A [58].

Figure 3.1: Schematic diagram showing radiological magnification.
Table 3.1: Clinics and patients included in the study [57].

Institution Total Male Female
A Department of Radiology, Hospital

Jablonec nad Nisou
52 22 30

B Department of Orthopaedics, Second
Faculty of Medicine, Charles University
in Prague and Teaching Hospital Motol

59 23 36

C Department of Orthopaedics, Hospital
in Pelhřimov

108 44 64

D Department of Orthopaedics, First
Faculty of Medicine, Charles University
in Prague and Teaching Hospital Motol

43 20 23

E Department of Orthopaedics, Faculty
of Medicine and Dentistry, Teaching
Hospital, Palacký University Olomouc

75 24 51

the global effect of obesity on change in radiographic magnification,
the data from each clinic were normalized relative to zero median.
Difference from median (∆M) was used in further analysis. Analysis
of original data for each clinic is provided as well.
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3.2 Influence of scaling to the reaction
force

The knowledge of hip joint reaction force is important for under-
standing joint injuries, diseases development, and accurate testing
and development of hip joint implants. Nowadays, the hip joint
reaction force is calculated from musculoskeletal models which are
rarely adjusted to particular patient. The generic musculoskeletal
model is scaled just by one or two parameters mostly. This section
is focused on the influence of scaling method to the variability and
magnitude of hip joint reaction force.

3.2.1 Patient-specific data
250 radiograms of adult human hips were obtained from the archive
of the Department of Orthopaedic Surgery and the Department
of Traumatology, Ljubljana University Medical Centre, Ljubljana,
Slovenia. 356 hips were included in the study.

The hip joint center (HJC) was chosen at the center of the cir-
cle fitting the bony surface of the femoral head. The geometry of
an individual hip was described by the following parameters (Fig-
ure 3.2): interhip separation l (the distance between the left and
right HJC), iliac height H (the vertical distance between the most
superior point on the ilium and HJC), iliac width C (the horizon-
tal distance between the most lateral point on the ilium and HJC)
and the coordinates of the effective muscle insertion point on the
greater trochanter in the femoral coordinate system (Ty and Tz,
respectively).

3.2.2 Scaled musculoskeletal model
Reference musculoskeletal model was scaled to individual one using
patient-specific data from anteroposterior radiograms. Three types
of model scaling were defined, Figure 3.2: Type A – anisotropic scal-
ing, the pelvis and femur are scaled separately and anisotropically.
Type B – isotropic scaling, the distances are scaled by pelvic width
W = l + 2 · C. Type C – isotropic scaling, the distances are scaled
by the interhip separation l.

One-legged stance representing midstance phase of walking is
taken as a representative body position for hip joint force calcula-
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Figure 3.2: Scaling methods: A – anisotropic scaling by: interhip separa-
tion l, height of the ilium H, width of the ilium C and inferior and lateral
position of grater trochanter Ty and Tz , respectively. B — isotropic scal-
ing by the width of the pelvis W = l+ 2 ·C and C – isotropic scaling by
the interhip separation l [56].

tion, Figure 3.3. Complete process of hip joint force estimation is
demonstrated in Figure 3.3. The hip joint reaction force is calcu-
lated relative to the body weight FR/BW.

Figure 3.3: Hip joint force estimation workflow with three different scal-
ing methods [63]. Equlibrium equations are defined in Iglič et al., 2002
[28].
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3.3 Validation of calculated hip joint re-
action force to in vivo measurements

The basic method of model verification is comparison to the exper-
imental data. In this study, the hip joint reaction force was calcu-
lated by musculoskeletal model using inverse dynamic optimization.
Data from telemetric hip prosthesis of Bergmann et al., 2001 [7] are
taken as a gold standard of experimental estimation of hip joint re-
action force. So, the calculated results were compared to these data,
the influence of scaling to the hip joint reaction force was study.

3.4 Contribution of musculoskeletal model
characteristics to hip muscle and force
prediction

In addition to the bone geometry variability described above, an in-
terpatient variability in muscle parameters can be observed. Namely,
a physiological cross-sectional area of the muscle PCSA, maximal
isometric force Fmax, pennetation angle Θ can be given as exam-
ples. The musculoskeletal models usually scale muscle origin and
insertion together with bone geometry but parameters mentioned
above stay fixed. The aim of this study was to show how a change
of maximal isometric force Fmax of a separate muscle or separate
muscle group affects a magnitude of hip joint reaction force and
muscle force distribution.

The muscle activation and joint loading was estimated using
OpenSim software [19] (version 3.1, Standford USA). Within this
study, a generic muscle model with 23 degree of freedom and 92
muscle-tendon actuators was adopted [20], (Figure 3.4). Follow-
ing muscle-tendon actuators were evaluated: m. gluteus maximus
(1 segment, glut max), m. gluteus medius (3 segments, glut med
1-3), m. gluteus minimus (3 segments, glut min 1-3), m. piriformis
(piri), m. sartorius (sar) and m. tensor fascie latae (tfl).

The maximum force during the walking cycle in normal gait is
reported in the first segment of gluteus medius (glut med 1) and
this muscle actuator was chosen for local strengthening. Muscle
strengthening was imposed by two ways. First, the maximum iso-
metric force in single muscle-tendon actuator (glut med 1) was dou-
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(a) (b)

Figure 3.4: Generic muscle model, 92 muscle-tendon actuators [20], (a)
Anterior, (b) Lateral.

bled to study the effect of localized strengthening. Second, all mus-
cle actuators corresponding to principal muscle abductors gluteus
medius and minimus (6 actuators) were strengthened by doubling
their respective maximum isometric force.

3.5 Contact stress calculation

Beside the hip joint reaction force estimation, the contact stress
distribution may predict the joint development. The knowledge of
contact stress distribution could be used to identify potentially risky
hips and predict their prospective treatment. Together with loading
force, the knowledge of weight-bearing area geometry is needed to
calculate hip stress. The aim of this part is to determine how the
patient-specific geometry of weight-bearing areas affects the estima-
tion of contact stress distribution.

3.5.1 Geometry
For hip contact stress distribution determination, the geometric
model of cartilage was required. Two approaches were considered.
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Firstly a semiautomatic segmentation where borders of cartilage
should be detected by a computer algorithm. The first step for
semiautomatic edge detection was the determination of image re-
gion where the whole hip joint cartilage is displayed Figure 3.5. All
image processing was scripted in Matlab ver. R2009b, The Math-
Wroks Inc., USA [34] and GUI was created. Secondly a manual
segmentation where border of bone should be identified manually.

(a) (b)

Figure 3.5: GUI: (a) After edges detection, two diameters of demanded
circle are selected. (b) 1 circle is detected. Circle detected at center (130
126) with radius 34, represented in the original DICOM image.

Patients’ data

Two patient-specific models based on CT and MRI images were
created within this study. The boundary of bones (femur and pelvis)
were manually segmented from (a) transversal CT images of a female
cadaver of the Visible Human Project [3]; (b) in vivo taken MRI
male images. The Delaunay triangulation [1, 43] was done in angular
spherical coordinates, Figure 3.6.

3.5.2 Numerical model

Mathematical model assumptions

Mathematical model for contact stress calculation was derived within
this study. Following assumptions were taken into account to sim-
plify the problem.

10



(a) Triangulation based on CT
images.

(b) Triangulation based on MRI
images.

Figure 3.6: 3D triangulation of femoral head surface [61].

• The space between acetabulum and femoral head is filled by
cartilage. The places where a cartilage thickness is higher than
4 mm were excluded from the model, because they were not
physiological. From anatomical point of view it may corre-
spond to region of a ligament or fossa acetabuli.

• Smooth, well lubricated surfaces with negligible friction are
considered, i.e. normal stresses are acting at the cartilage
surface.

• Cartilage was considered to be linearly elastic [13].

Contact stress model formulation

General contact stress model was formulated as follows. Let FR be
a known resultant hip reaction force, i.e. a loading force within this
model. Let a surface of weight bearing area of femoral head A be
divided into the triangular elements. Each element Ai transfers a
force FRi (Eq. 3.1), where n is a number of elements and i is an
index of element. It follows that

FR =

n∑
i=1

FRi A =

n∑
i=1

Ai. (3.1)

The model is depicted on the Figure 3.7. Centre of fitted sphere
is denoted as O. Ti is a center of area of element Ai on femoral head
surface and ni is a normal vector to the element Ai. Ati is a nearest
point on an acetabular surface to the Ti in ni direction. Since it
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is assumed that the space between femoral head and acetabulum
is filled by a cartilage, the distance between points Ti and Ati is a
cartilage thickness hi, (Eq. 3.2).

Figure 3.7: Cartilage model scheme.∣∣∣(−−−→TiAti

)∣∣∣ = hi
−−−→
TiAti = hi · ni (3.2)

If the hip joint is loaded by force FR, the femoral head moves
towards an acetabular cup. Let δ be displacement of femoral head.
All points of femoral head area displaced by δ, if femoral head is
considered as rigid, Figure 3.7. A change of cartilage thickness ∆h is
depended on directions of normal vector n and displacement vector δ
forming an angle ψ. It is apparent (Figure 3.7) that cosψ = ∆h/ |δ|
and since the scalar product of vectors equals to product of their
magnitudes and cosine of their angle, it follows that

∆hi = |δ| · cosψ = |δ| · |n|
=1
· cosψ = δ · n. (3.3)

The strain ε of cartilage can be expressed

εi =
∆hi
hi

=
δ · ni

hi
. (3.4)

Elastic cartilage behaviour is assumed [13], i.e. the Hooke‘s law
σ = ε · E can be expressed pi = εi · E where the hip joint contact
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stress is denoted as p, the strain as ε and Young‘s modulus as E.
The contact stress for each element can be formulated with Eq. 3.4
as follows

pi =
δ · ni

hi
· E. (3.5)

The contact can bear compressive loading only, i.e. the elements
where δ·ni > 0 only were considered in further calculations. Let k =
1, 2, . . . , N where N is a number of elements transmitting pressure.

Let FR(δ) be a hip joint reaction force FR depending on dis-
placement δ. Using Eq. 3.5, the force can be expressed as

FR(δ) =

N∑
k=1

Ak · pk =

N∑
k=1

Ak · pk · nk

N∑
k=1

Ak
δ · nk

hk
· E · nk. (3.6)

Eq. 3.6 is nonlinear as the weight-bearing surface A depends on
the choice of femoral head displacement δ. The system of equations
was solved by Matlab [34] by function fsolve [2], the trust-region
dogleg solving algorithm was used. A solution of this system of
equations is a vector of displacement δ (δx, δy, δz). When δ is known,
the contact stress pk can be obtained from Eq. 3.5 for each element.

3.5.3 Verification model
For numerical model verification the simplified model, for which an
analytical solution is possible to obtain after Iglič et al., 2002 [28]
was considered.
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CHAPTER 4
Results

4.1 Hip imaging – body measurements for
scaling

4.1.1 Influence of workplace
The aim of this study was to find out if the geometric data taken
from plain antero-posterio hip radiographs from various workplaces
are homogenous. Two sources of variation were tested: the first is
the variation due to radiographic setup at a given workplace and
the second is the variation between those workplaces.

Table 4.1: Radiographic magnification gotten at 5 workplaces [66, 57].

Clinic Mean ± SD Range
A 118.6 % ± 1.7 % (113.8 % — 121.4 %)
B 116.2 % ± 1.8 % (112.5 % — 122.2 %)
C 119.9 % ± 2.4 % (113.7 % — 125.8 %)
D 118.5 % ± 2.1 % (113.5 % — 124.3 %)
E 124.2 % ± 2.2 % (119.6 % — 130.2 %)

The magnification of external marker measured at clinic A (111.5 %
± 0.5 %) and B (109.9 % ± 0.5 %) exhibits almost constant value
with low variation between radiographs measured at the same clinic.
It confirms identical radiological setup used for all patients at given
workplace. Table 4.1 shows radiographic magnifications obtained at
five different workplaces. There is a significant effect of the choice
of clinic on radiographic magnification (F(4,332)=132, p ≤ 0.001),
Figure 4.1. Post-hoc comparisons indicates significantly different
radiographic magnification between all hospitals (p < 0.002) except
for difference in magnification between clinics A and D (p = 0.99).
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Figure 4.1: Boxplot of radiographic magnification. Hip radiographic
magnification measured from radiographs of patients after total hip re-
placement at five hospitals [66, 57].

4.1.2 Influence of obesity
Patient-specific body parameters influence accuracy of measured
biomechanical parameters in addition to radiographic setup. At-
tention should be paid to patient body habitus, as radiographic
magnification should be expected to be higher in obese patients and
conversely, less magnification would be expected in thin patients.
The aim of this study was to quantify this relationship.

The cohorts from different clinics are comparable in patients’
mass, height, BMI, and BSA (t-test, p ≥ 0.2). Figures 4.3, 4.4, and
4.5 shows dependence betweenm, BMI, BSA (after Livingston, 2001
[32]) and change in radiographic magnification. Table 4.2 shows
correlation coefficients between parameters describing body habitus
and radiographic magnification. BSA calculated after Livingston,
2001 [32] exhibits best relationship to radiographic magnification
for patients from all hospitals. Therefore this definition of BSA was
considered in futher study. The lowest correlation was observed
for PI and since PI is mostly not used in clinical practice, the PI
was not futher considered. There is obvious difference in magnifica-
tion between the workplaces. To make aggregate data comparable,
radiographic magnification for each workplace was normalized by
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median. The change in radiographic magnification ∆M is consid-
ered futher. One-way between subject ANOVA was conducted to
compare the effect of obesity type on the hip radiographic magni-
fication for patients classified from normal weight to class-II obe-
sity. Obesity has a significant effect on radiographic magnification
(F(3,290)=19.24, p < 0.001). Post-hoc comparison using Tukey’s
HSD test indicated that the mean change in radiographic magnifi-
cation is not significantly different between overweight and class-I
obese patients (p = 0.117, Figure 4.2). The difference between nor-
mal weight and overweight patients is on the border of significance
(p = 0.031, Figure 4.2).

Figure 4.2: Boxplot interaction between hip radiographic magnification
and obesity [67, 58]. The vertical axis shows the difference from me-
dian magnification determined at each hospital ∆M . The horizontal axis
shows the obesity category classified by BMI (p reported from Tukey’s
post-hoc test).

The higher the mass, BMI or BSA, the higher the radiographic
magnification (mass: r = 0.443, 95% confidence interval 0.348 –
0.529, BMI: r = 0.450, 95% confidence interval 0.355 — 0.535, BSA:
r = 0.443, 95% confidence interval 0.347 — 0.529). Linear regres-
sion analysis demonstrates that for every 17 kg increase in patients’
mass (Figure 4.3), 5 kg/m2 increase in the BMI (Figure 4.4) or for
every 0.27 m2 in the BSA (Figure 4.5) there is a 1 percent increase
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in the hip radiographic magnification. Correlation between the pa-
tients’ mass, BMI, BSA and radiographic magnification is more ob-
vious in females than in males (Tables 4.3 and 4.2), this difference
in correlation coefficients is statistically significant (Williams’s test
p equals 0.008, 0.046, 0.002 for mass, BMI and BSA). 1 percent in-
crease in the hip radiographic magnification corresponds to increase
in patients’ mass, BMI and BSA for 19 kg, 7 kg/m2, and 0.29 m2

in males, respectively and 12 kg, 4 kg/m2, and 0.19 m2 in females,
respectively.

Figure 4.3: The correlation between patients’ mass and change in hip
radiographic magnification ∆M .
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Table 4.2: Comparison of correlation coefficients r for mass (orange), BMI (blue), PI (gray) and BSA (green). Colour
denotes statistically significant r (higher then treshold r) at the level α = 0.05, β = 0.90 for given sample sizes. The
best r of all BSA methods for each hospital is printed in bold.
Total α = 0.05 BSA
Number β = 0.90 m BMI PI Du Bois Mosteller Haycock Shuter Livingston Tikuisis
A 52 0.4310 0.6187 0.5416 0.4322 0.5773 0.6000 0.6080 0.5845 0.6268 0.6073
B 59 0.4070 0.4336 0.4257 0.3464 0.3818 0.4064 0.4156 0.3895 0.4396 0.4172
C 63 0.3950 0.4088 0.4029 0.3531 0.3623 0.3830 0.3906 0.3688 0.4095 0.3817
D 54 0.4240 0.3465 0.4227 0.4217 0.2655 0.2933 0.3048 0.2737 0.3392 0.3146
E 75 0.3640 0.5649 0.5649 0.5029 0.4328 0.4727 0.4881 0.4449 0.5302 0.4950
Male α = 0.05 BSA
Number β = 0.90 m BMI PI Du Bois Mosteller Haycock Shuter Livingston Tikuisis
A 22 0.6260 0.4639 0.2198 0.0842 0.5548 0.5307 0.5178 0.5488 0.4667 0.5452
B 23 0.6150 0.3865 0.3224 0.2404 0.3463 0.3680 0.3753 0.3532 0.3898 0.3570
C 28 0.5670 0.4004 0.3528 0.3028 0.4104 0.4119 0.4114 0.4113 0.4064 0.4119
D 28 0.5670 0.2362 0.2186 0.1969 0.2178 0.2240 0.2259 0.2198 0.2294 0.2208
E 24 0.6040 0.3018 0.3018 0.2544 0.2450 0.2687 0.2777 0.2523 0.3017 0.2567
Female α = 0.05 BSA
Number β = 0.90 m BMI PI Du Bois Mosteller Haycock Shuter Livingston Tikuisis
A 30 0.5500 0.6546 0.6033 0.5429 0.5716 0.6107 0.6244 0.5839 0.6565 0.6015
B 36 0.5090 0.5540 0.4877 0.4081 0.5406 0.5532 0.5562 0.5452 0.5577 0.5509
C 35 0.5150 0.4096 0.4619 0.4599 0.3307 0.3622 0.3741 0.3404 0.4063 0.3545
D 26 0.5850 0.7673 0.7013 0.6259 0.7318 0.7422 0.7455 0.7351 0.7496 0.7394
E 51 0.4350 0.6299 0.6299 0.5401 0.6979 0.7045 0.7056 0.7004 0.7032 0.7033
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Figure 4.4: The correlation between patients’ BMI and change in hip
radiographic magnification ∆M [67, 58].

Table 4.3: Pearson correlation coefficient between the patients’ parame-
ter and the change in radiographic magnification ∆M [67, 58]. All corre-
lations are statistically significant (p < 0.001).

Parameter Male Female Total
m 0.351 0.592 0.443
BMI 0.352 0.539 0.450
BSA (Livingston) 0.300 0.587 0.443

4.2 Influence of scaling to the reaction
force

After the patient-specific geometrical parameters are measured ei-
ther from external measurements or from medical images, the mus-
culoskeletal model is adapted for each patient. Reducing morpho-
logical differences between the patient and the model is likely to
improve the model accuracy. This study is intended to determine
to what extend more accurate scaling will influence prediction of im-
measurable hip joint contact forces. Three methods of scaling were
tested: (A) anisotropic scaling based on individual size of pelvis and
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Figure 4.5: The correlation between patients’ BSA and change in hip
radiographic magnification ∆M .

proximal femur measured by five parameters, (B) isotropic scaling
by pelvic width, and (C) isotropic scaling by interhip distance. The
relationship between measured geometrical parameters were exam-
ined as well.

Anisotropic scaling A yields considerably higher variance in hip
joint reaction force than isotropic scaling B or C where the vari-
ance in hip joint reactions force is minute (Figure 4.6). Anisotropic
scaling A predicts lower average hip load than isotropic scaling B
and C that is statistically significant (paired t-test, p < 0.001). The
peak difference between the hip joint reaction force obtained by
anisotropic scaling A and by isotropic scaling B in some patients
surpassed 1×BW . Isotropic scaling assumes that bones have mutu-
ally proportional dimensions between patients.

Although the hips with larger interhip separation l have signif-
icantly (r = 0.42, p = 0.001) larger iliac height H, no correlation
was found between the interhip separation l and the iliac width C
(r = 0.05, p = 0.05) nor lateral coordinate of greater trochanter Tz
(r = −0.01, p = 0.05), Table 4.4.
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Table 4.4: Presents reference values, average values, standard deviations
and coefficients of correlations r between different geometrical parame-
ters [56]. Statistically significant correlations are marked by * for p < 0.05
(treshold r = 0.1895), ** for p < 0.01 (treshold r = 0.255) and *** for
p < 0.001 (treshold R = 0.327), α = β in all cases.

Par. Ref. Mean StDev r
[mm] [mm] [mm] l H C Tz Ty

l 172 201.8 17.7 1.000
∗∗∗

0.429 0.094 0.033
∗∗

0.296

H 58 152.4 11.4 1.000
∗∗

0.295
∗

0.204 0.056

C 45 58.8 10.1 1.000
∗∗

0.311 -0.189
Tz 51 61.0 7.7 1.000 -0.120
Ty -23 -10.8 6.2 1.000

Figure 4.6: Ranges of calculated hip joint reaction force for A –
anisotropic scaling, B – isotropic scaling by the pelvic width, C – isotropic
scaling by the interhip separation [56].

4.3 Comparison of calculated hip joint re-
action force to in vivo measurements

Validation is a major concern for biomechanical models. Only few
in-vivo measurements exist for hip joint reaction force, the primary
date are provided from measurements using implanted instrumented
endoprosthesis [7]. This section was intended to study, if the data
predicted by the biomechanical model could be compared to experi-
mental measurements. The hypothesis was tested whether the type
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of scaling could improve accuracy of the method.
The influence of type of scaling to the hip joint reaction forces

was observed within the study of one patient from HIP98 data. An
OpenSim musculoskeletal model was scaled nonuniformly (NS), uni-
formly by body height (BH) and uniformly by body height, except
of pelvis, that was scaled nonuniformly (BHP). A comparison of
measured [7] and calculated hip joint reaction forces during normal
walking is shown in Figure 4.7. The model predicted the time-course
of the hip joint reaction force qualitatively, but it provided consider-
ably higher values then measured. The maximal values of hip joint
reaction forces and the relative difference between the calculated
forces against the maximal measured force is shown in Table 4.5.
The scaling has little effect to the calculated hip joint force.

Table 4.5: Maximum hip joint reaction forces Fmax [N]. MD – measured
data; NS – nonuniform scaling; BH – uniform scaling (body height); BHP
– uniform scaling (body height), nonuniform scaling (pelvis). Difference
[%] between experimental data and calculated forces [64, 65].

MD NS BH BHP
2479 N 3313 N 3172 N 3381 N

33.6 % 27.9 % 36.4 %

Figure 4.7: Hip joint reaction forces during walk – results from differently
scaled models compared with measured data [7]. MD – measured data;
NS – nonuniform scaling; BH – uniform scaling (body height); BHP –
uniform scaling (body height), nonuniform scaling (pelvis) [64, 65].
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4.4 Contribution of musculoskeletal model
characteristics to hip muscle and force
prediction

Although the muscle attachment points could be scaled to match hip
geometry, the scaling of soft tissue parameters is mostly neglected
or implemented by simple linear scaling procedure in biomechanical
model. Within this study, we would like to examine, how the change
in PCSA of individual muscle unit (localized strengthening of sin-
gle unit of gluteus medius) or in individual muscle group (global
strengthening of hip abductors) influences joint and muscle forces
predicted by the model.

Localized strengthening of one muscle actuator (glut med 1)
overloads this muscle for 29 %, while decreases activity of almost
all other hip abductors, Figure 4.8.

Figure 4.8: Localized strengthening of glut med 1 [55].

4.5 Contact stress calculation

4.5.1 Hip geometry determined by semiautomatic
segmentation

Semiautomatic segmentation method for hip cartilage detection was
implanted within this study. An example of well detected cartilage
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borders represents Figure 4.9. In contrast, an example of semiauto-
matic segmentation failure is demonstrated in the Figure 4.10.

Figure 4.9: Hip joint cartilage segmentation [62]. Example of directional
derivatives along radial direction from the center of the circle. The radial
line is set off on the image on the right side. The original values of pixels
are represented by a blue line, the first derivative by a green line and the
second derivative by an orange line [62].

Figure 4.10: Hip joint cartilage segmentation, automated segmentation
detects cartilage at anatomically excluded region.

4.5.2 Contact stress model verification
The aim of the model contact stress model verification is to show
that computational implementation of the mathematical model and
its associated solution is correct. The verification consists of com-
parison to the benchmark problem of contact between two hemi-
spheres separated by cartilage layer (Section 3.5.3), where analyti-
cal solution was derived. The numerical model corresponds well to
analytical model, Figure 4.11.
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Figure 4.11: Comparison of contact stresses calculated by numerical and
analytical model [60, 61].

4.5.3 Effect of patient-specific hip surface on con-
tact stress estimation

The hip joint contact stress distribution is influenced by the load-
ing force, material properties of hip tissues and by geometry of the
contact surfaces. The geometry of contact surfaces is mostly simpli-
fied to simple spherical shell. This study was intended to test how
the individual joint geometry influences contact stress distribution
in hip joint. The stress distribution was estimated in static loading
position and during walking.

(a) (b)

Figure 4.12: Static analysis – one-legged stance [59]. (a) CT model
(subject-specific) [60, 61]. (b) Difference ∆p = pCT − pradiograph.

In static loading position, the hip loading force FR with mag-
nitude 2000 N (2.5 body weight for 80 kg man) lies in the frontal
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plane and it is inclined for an angle 5 degrees medially from the ver-
tical axis [28]. Figure 4.12(a) shows projection of hip contact stress
to transversal plane, Figure 4.12(b) shows the difference in contact
stress distribution between subject-specific model (Figure 4.12(a))
and sphere model based on radiogram. The difference in the peak
stress pmax, the average contact area A and the mean stress p at
weight-bearing surface (surface of non-zero contact stress) are given
in Table 4.6.

Table 4.6: Contact stresses in the hip joint, static analysis [59].

Parameter Radiograph CT
pmax [MPa] 1.7 3.6
p [MPa] 0.67 0.77
A

[
mm2

]
2784 2274

Although the peak contact stress is greatly influenced by indi-
vidual geometry, the difference in the mean stress and the contact
area are considerably lower. Figure 4.13 presents a distribution of
magnitude of differences in contact stress between the radiographic
(spherical) model and CT (patient-specific) model weight-bearing
area. For given analysis, the stress was evaluated at the center of
area of each element in the radiographic model. Most of the ele-
ments have error in contact stress estimation lower than 0.5 MPa.

Similar results have been observed when analysing hip joint con-
tact stress distribution during walking. Loading force during one
step of walking was taken from Bergmann, et al [7].

Figure 4.13: Differences in contact stress |∆p| [59].
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CHAPTER 5
Discussion

5.1 Hip imaging – body measurements for
scaling

5.1.1 Influence of workplace
A crucial step in total hip estimating dimensions from radiographs
is scaling the template to the magnification of radiograph. The
templates are mostly provided prescaled to 20% [4], but the actual
magnification is known to vary among patients. The magnification
of hip radiograph depends on mutual position of X-ray source, pa-
tient and detector plane [25] that might depend on construction
of particular X-ray device. This study was intended to estimate,
if there is a significant variation of magnification between clinical
workplaces.

An external marker at a fixed height over the table was used
to ensure repeatability of measurements. Almost constant magni-
fication of the external marker shows that the position of X-ray
source, table and detector is identical for all patients [39] as is also
required by radiological standards [18]. Lower magnification of ex-
ternal marker observed in present study is a result of placing the
marker below the coronal plane of the hip as was also observed
by Archibeck et al., 2016 [4]. Certain variation in external marker
magnification could be caused by different lateral shift [49].

The magnification of radiographs observed in this study is within
range obtained in previous studies. Based on our results (Fig-
ure 4.1), we may conclude that differences between studies could
also be caused by a difference in radiological magnification among
clinical workplaces. The range of observed magnification shows that
there are other effects that may influence the radiographic mag-
nification, e.g. distance between the femoral head and the table
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(Figure 3.1(a)). These effects could be related to individual body
geometry that causes vertical shift [8] or lateral shift of the hip in
the projected beam [49].

5.1.2 Influence of obesity
Subcutaneous fat in obese patients increases the distance between
the hip joint and the table during pelvis AP projection (Figure 3.1(b)).
Therefore, the hip radiograph magnification should be considerably
higher in obese patients. The present clinical study of 303 patients
after total hip arthroplasty confirmed this assumption.

Similar results have been observed in the previous studies. Archi-
beck et al., 2016 [4] showed that BMI accounted for a significant
amount of variability in the measured magnification both for in
internal and external marker. Boese et al., 2015 [8] and The et
al., 2007 [50] observed weak correlation between hip radiographic
magnification and BMI. Study using a double marker method by
King et al., 2009 [30] also showed a weak correlation between BMI
and magnification. The weak correlation observed in previous stud-
ies, could be explained by factors others than obesity that influence
magnification. These effects are shown as data scattering in Fig-
ure 4.4 and may be attributed to inter-individual variation between
the patients. The data presented within this study are based on
cohort taken from homogenous population in the Czech Republic
where 95 % of the population are Caucasians. It has been shown
that body habitus also depends on race [21] and we may expect a
weaker correlation in a non homogenous population. The observed
correlation is also affected by the range of studied BMI, e.g. no
difference could be found when comparing magnification in normal
and overweight patients (Figure 4.2).

The secondary aim of the study was to quantify to what extent
obesity affects patient’s radiographic magnification. Patients’ mass,
BMI and BSA are approximately at the same level of significance
when predicting hip radiographic magnification (Table 4.3). Cal-
culation of BSA is not straightforward, and discrepancies between
the most of the known BSA formulae can reach 0.5 m2 for nor-
mal patient [41]. Therefore we do not recommend using BSA for
magnification error estimation.

The clinically tolerable margin of magnification error depends on
the steps between implant sizes. Franken et al., 2010 [23] showed,
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that to template exactly for a specific implant size, the magnification
error should be less than 2 per cent for the ABG-II implant series.
Our study shows that the change in radiographic magnification for
class-I obese and class-II obese with respect to normal-weight pa-
tients is outside the limit proposed by Franken et al., 2010 [23]. The
fixed magnification estimation could be improved by considering the
patient’s BMI. Firstly, the baseline radiographic magnification for
normal patients should be estimated at given workplace. Size of
the implanted femoral head could be used as the internal marker.
The radiographs taken from an archive allows to create a cohort
with equivalent representation for both genders. Secondly, 1 per
cent should be added for each obesity category to the mean magni-
fication estimated for normal-weight patients. This straightforward
method may increase the accuracy of hip pre-operative hip templat-
ing, particularly for obese patients.

5.2 Influence of scaling to the reaction
force

This study analyses the effects of anisotropic and isotropic scaling
methods on calculated hip joint reaction forces subject to patient-
specific geometry. Geometrical parameters were obtained from stan-
dard AP radiographs while the force was calculated by a three di-
mensional musculoskeletal model of one-legged stance. It was found
that including patient-specific geometry in more detail considerably
affects the hip joint reaction force.

The hip joint reaction force computed by using isotropically
scaled models (type B and C, Figure 3.2) is nearly insensitive to
the changes in input geometrical parameters in one-legged stance.
Isotropic scaling modifies the lever arm of the body weight by in-
creasing or decreasing the interhip separation, however, the iliac
width and trochanter position are changed in the same proportion
[28]. The change in torque of gravitational forces is compensated by
the change in muscle moment arms. Therefore, the level of hip joint
force in one-legged stance depends on geometry of reference model
mostly, if isotropic scaling of both pelvic and femur by the same
scaling factor is adopted. As the same reference model was used
in all patients, variation in hip joint force is negligible for isotropic
scaling.
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Isotropic hip scaling (B and C) yields a higher average magni-
tude of hip joint reaction force than anisotropic scaling A. However,
this could be an effect of reference muscle geometry. A reference
muscle model derived from the Visible Human Project [3] has lower
muscle moment arms than average values of the population consid-
ered (Table 4.4) and thus it predicts greater hip force.

As shown in Table 4.4, the overall size of pelvic bone is not di-
rectly correlated to the positions of bone prominences serving as
muscle attachment points. Hence, scaling based on overall bone
size does not accurately predict muscle moment arms and position
of the center of rotation as also shown in previous studies [14, 31].
Including the inter-individual variations in pelvic and proximal fe-
mur dimensions in anisotropic scaling increases range of predicted
hip joint force significantly.

5.3 Validation of calculated hip joint re-
action force to in vivo measurements

Within this study, a generic muscle model of the lower leg provided
as a part of the OpenSim software package was compared to data
obtained from implanted instrumented endoprosthesis.

Our results indicate that the mathematical model gives consid-
erably higher hip joint forces than ones obtained from experimental
measurements. Several factors could be identified that influence ac-
curacy of measured method: from improper kinematics a kinetics
imported into mechanical model to musculoskeletal model geome-
try and functional characteristics. The first source of error could
be improper kinematics imported into model caused by inaccurate
marker positions defined in OpenSim and HIP98 data. It has been
shown, that change in kinematic affects the hip joint load consider-
ably [12, 53].

The second reason for hip joint force overestimation predicted
by mathematical model has been may be oversimplified geometry of
the musculoskeletal model adopted in the OpenSim generic model.
The model included 92 muscle actuators only. The muscle actuators
may not be suitable to generate desired moments [35]. By increasing
the number of the muscles, the muscle force would be decreased as
more muscles will have favourable moment arms. This was shown
by Modenese et al., 2011 who used a muscle model with 38 muscles
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divided in 163 actuators. By adopting more accurate joint gemetry,
the average relative variability of the experimental hip joint reaction
force derived from HIP98 data does not exceed 8 % for both level
walking and stair climbing [36].

5.4 Contribution of musculoskeletal model
characteristics to hip muscle and force
prediction

Within the present study, muscle-actuated dynamic simulations was
used to determine how individual muscle strength influences the
muscle forces distribution during gait. Musculoskeletal simulation
was adopted because it provides controlled environment elucidating
cause and effect relationship and also because important variables,
such as muscle forces, are generally not measurable [44].

Strengthening of individual muscle unit increases its load bear-
ing considerably. Strengthened muscle becomes overloaded while
the activity of other abductors is decreased in comparison to refer-
ence state. Local muscle strengthening could be dangerous for hip
stability as the underloaded muscles may atrophy while the over-
loaded muscle hypertrophy and hip imbalance may develop.

Presented study indicates that complex strengthening is more
favourable. This statement, well established empirically, has im-
portant biomechanical consequences. It is shown that the global
strengthening distributes force between more muscle and it dynam-
ically stabilizes the hip. It was shown, that muscle fatigue is related
to mechanical stress in muscles [15]. Redistribution of muscle force
between the muscles decreases the mechanical stress and thus im-
proves muscle performance [27]. For this model the average relative
variability of the experimental hip joint reaction force resultant de-
rived from HIP98 data does not exceed 8 % for both level walking
and stair climbing [36].

5.5 Contact stress calculation

The first step in calculation of the patient-specific stress is the eval-
uation of hip geometry. Within this study, an algorithm for semi-
automatic segmentation of articular cartilage was developed and
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tested. Two-dimensional segmentation proved to be stable for most
of the cartilage regions and three-dimensional cartilage model could
be created using described method. This approach is applicable to
both MRI and CT images.

It was shown in Figure 4.12(a) that the mathematical simula-
tion may provide a nonuniform and nonsymmetrical contact stress
distribution if inhomogeneities in the cartilage geometry are con-
sidered. The stress distribution varies slowly over the most of the
load-bearing surface while singular stress peaks can reach more than
twice the value of stress obtained at the majority of the load-bearing
surface. The reason, why the experiments did not show the uniform
stress distribution in addition to the stress peaks could be a limited
range of the pressure sensors, especially in the measurements using
the pressure sensitive film that provides the spatial contact stress
analysis [6]. For example, Sparks et al., 2005 [47] measured the hip
contact stress with the pressure sensitive film adjusted to the pres-
sure in the range of 2.4-9.6 MPa. These measurements cannot reveal
the overall stress distribution because the corresponding values of
stress would be below the sensitivity of the pressure film and the film
can measure only the stress peaks. The more accurate instrumented
hemiarthroplasty [11] or in vitro pressure transducers [9] give the
values of the contact stress at particular points of the articular sur-
face with a limited spatial resolution. However, these measurements
show that the regions of high stress are relatively small [37] and that
stress at the rest of the articular surface is rather low which is in
accordance with our simulations.

However, also other results confirm the main conclusion of the
study, that the mathematical model assuming uniform cartilage
thickness may provide a realistic assessment of the hip contact stress
distribution. For example, if the stress 5 MPa frequently measured
experimetally will be acting in the whole load-bearing area, the car-
tilage deformations will be 50 % according to Eq. 3.5. However, the
measurements of the cartilage deformation in a cadaver hip showed
changes in cartilage thickness on the order of 10 % and 20 % under
load 1.2 and 2.5 BW, respectively [5]. Taking into account mechan-
ical properties of the cartilage [46, 45], the measured deformation
roughly corresponds to the contact stress 2 MPa, the same stress
level as the value of stress at the stress pole (p0).
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CHAPTER 6
Conclusion

The application of simple generic biomechanical models for predic-
tion of patient-specific hip joint loading is questionable. There-
fore, influence of several simplifying assumptions to the results from
musculoskeletal models was evaluated within this study. We com-
pared the effect of generic and patient-specific inputs to the pre-
dicted biomechanical status of the hip. Namely, we have studied
the accuracy of geometrical parameters measured from plane radio-
graphs, the effect of musculoskeletal model geometry and muscle
units properties to the hip joint force and contact stress prediction,
and validation against experimental data.

Within clinical study was determined that both the workplace
and obesity influence hip radiographic magnification. Our study
supplements previous studies by showing that magnification of hip
radiographs depends not only on marker and patient-specific fac-
tors, but also on clinical workplace. It indicates potential limits in
generalizability of results of studies dealing with preoperative plan-
ning accuracy to other institutions [66, 57]. We may conclude that
quantitative results on hip radiographic magnification for templat-
ing, such as optimal value of fixed magnification, cannot be simply
transferred from one workplace to another [66, 57].

This study futher shows that obese patients have significantly
greater magnification of hip digital radiographs and it should be con-
sidered during hip templating. If the magnification marker method
is not applicable, BMI could be used to estimate the increase in hip
radiographic magnification due to obesity. Based on our results we
recommend that 1 per cent is added to the radiographic magnifica-
tion estimated for normal-weight patients for each subsequent BMI
obesity [67, 58]. To account for gender difference, the 0.7 % and
1.2 % for male and female is added, respectively [67, 58].

To effect of isotropic and anisotropic scaling on the hip joint re-
action force was assessed in the clinical study. It was shown that
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scaling based on gross bone dimension (isotropic scaling) does not
scale muscle moment arms accurately and does not predict hip load
accurately. Hip joint force estimated by isotropic scaling depends
mostly on reference musculoskeletal geometry. To improve estima-
tion of the hip joint reaction force in an individual, determination
of more hip and pelvic geometrical parameters should be included
in the scaling method (anisotropic scaling) [56]. The difference be-
tween isotropic and anisotropic scaling may be as high as patient’s
body weight[56].

The hip joint reaction force was predicted by musculoskeletal
model [54] and compared to experimental data to provide model
validation. Our results shows that the calculated hip joint reac-
tion force is qualitatively comparable with experimental data. How-
ever, the magnitude of hip joint reaction force was overestimated by
roughly 30 percent [64, 65]. This is likely to be caused by insufficient
number of muscles in the model or inaccurate scaling of patient-
specific geometry and thus obtaining of smaller moment arms of
muscles.

We have also obtained that musculoskeletal model characteris-
tics (maximal isometric muscle force) influence the hip muscle force
distribution but the hip joint reaction force prediction [55]. The
strengthening of individual muscle overloads this muscle and causes
muscle imbalance.

Contact stress distribution in the hip joint was assessed by math-
ematical model [60, 61]. Patient-specific hip contact model was
created from CT and MRI data. This study shows that geometri-
cally simplified and patient-specific models are comparable in overall
stress distribution but patient-specific model predicts much higher
value of peak contact stress [59].

We may conclude that assumptions used in generic biomechani-
cal models influence their results in patient-specific studies consid-
erably. The prediction of biomechanical parameters could be im-
proved, if the geometry and properties of the model are adopted for
given patient properly. This study indicates potential limits that
should be considered when generic models are used in the clinical
practice.
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