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Application and evaluation of
biomechanical models and scores for
the planning of total hip arthroplasty

Jorg Eschweiler"z, Lorenz Fieten', Jasmin DeII’Anna', Koroush Kabir3,
Sascha Gravius®, Markus Tingart® and Klaus Radermacher’

Abstract

Intimate knowledge of the biomechanics of a given individual hip joint provides a potential advantage during the planning
of total hip arthroplasty, and would thus have a positive influence over the outcome of such an intervention. In current
clinical practise, the surgical planning is based solely on the status of the individual hip and its radiographic appearance.
However, additional information could be gathered from the radiography to be used as input data for biomechanical
models aimed at calculating the resultant force Fr within the hip joint.

An investigation of the biomechanical models by Pauwels, Debrunner and Igli¢ was performed, where the magnitude
of Fr calculated by the models showed a favourable comparison to the in-vivo data from instrumented prostheses by
Bergmann. The Blumentritt model returned abnormally high results. The computational results showed large variations
for Fr orientation, which tends to depend more on the model used than on patient-specific parameters.

Furthermore, a discrepancy was found between the data gathered from instrumented prostheses and the Standing
Human Model within the ‘AnyBody Modeling System™’ software by AnyBody Tech. Additionally, the variations in inter-
rater and intra-rater errors made while localizing radiographic landmarks were analysed with respect to their influence

on Babisch-Layher-Blumentritt (BLB)-scoring using the Blumentritt hip model.
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Introduction

The hip joint is one of the largest weight-bearing struc-
tures in the human body. Abnormal and repetitive
loading of the hip makes it susceptible to a variety of
disorders, such as osteoarthritis." Apart from genetic
disposition, mechanical loading conditions have been
accepted as the primary factor.! Quantifying the rele-
vant biomechanical parameters of the hip joint is cru-
cial for wunderstanding this medical condition.
Advanced familiarity of hip biomechanics is of great
value to health care professionals involved in the field,
and aids in understanding hip conditions and treat-
ments options, such as total hip arthroplasty (THA).?
THA is a widely used method to treat patients with
degenerative hip osteoarthritis.®> In 2010 more than
213,600 primary hip replacement and 36,500 revision
hip replacement surgeries were performed in Germany.*
It is recommended that the biomechanical conditions
are considered during computer-assisted orthopedic

surgery in order to achieve more desirable long-term
results.>®

Different biomechanical models can be implemented
as clinical aids to evaluate the hip joint of the patient
prior to, and post surgery. In current clinical practice
the surgical planning is based solely on the status of the
individual hip and its radiographic appearance. This
radiographic information can additionally be used to
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identify relevant anatomical landmarks as input data
for biomechanical models. These models estimate the
resultant hip joint force Fy as one of the major biome-
chanical parameters. However, the incorrect detection
of anatomical landmarks may lead to erroneous results
of the related simulation and analysis. Information
derived from biomechanical in-vivo studies are needed
and used to validate the underlying models, the devel-
opment of surgical simulation, and the planning tools
for THA. The simulation and planning tools are used
to optimize the resulting hip joint loading, to prevent
the progression of hip dysplasia, and to increase the
longevity of the artificial joint. Personalized modelling,
biomechanical simulation and load analysis of
implants, and their individual boundary conditions
have been advocated.’

The aim of this article is to compare different
approaches towards modelling and analysis of the hip
joint resultant force Fr using the biomechanical models
described in the literature, and to point out the prob-
lems related to landmark identification based on a sen-
sitivity analysis of these approaches related to incorrect
landmark determination.

Hip joint biomechanics

Determination of the hip joint resultant force
Fr — overview

Knowledge about Fy is of particular interest for a vari-
ety of reasons:

(a) the importance of understanding the possible rela-
tionships between hip mechanics and degenerative
joint diseases;’

(b) the planning and design of surgical procedures
and implants;’

(c) the simulation and evaluation of the potential
outcome;

(d) obtaining clues about the pathogenesis of disease.®

Although direct measurement of Fr with instrumen-
ted prostheses has been demonstrated by Bergmann et
al.,>!% this approach only provides post-operative
information of joint forces acting on the implant, and it
can only be used as a reference framework for implant
design and basic research. In today’s clinical routine,
detailed patient-specific information of the in-vivo
forces and their distribution is not available.'' The only
way for the surgeon to consider these forces in the
framework of individual treatment planning is by the
use of simplified models and estimates.

Different approaches can be used to estimate these
forces. In biomechanics, inverse dynamics are tradition-
ally understood as the process of computing forces and
moments in anatomical joints based on motion analy-
sis, in combination with measured ground reaction
forces. This is based on a theoretical biomechanical
model including more or less personalized kinematics

and kinetics of the relevant anatomy.>>!*'¢ Although
motion data can be routinely acquired in a motion
laboratory, the integration of this information into sur-
gical planning, for example of THA, is not yet estab-
lished within the clinical routine. The necessity of an
individual adaptation of the underlying biomechanical
model, based for example on segmented MRI data as a
prerequisite of a valid inverse dynamic calculation
of joint reaction forces, might be a hindering factor.
At present, valid information for complex three-
dimensional (3D) modelling is almost impossible to
acquire for personalized surgery planning in a clinical
routine. However, simplified biomechanical models
based on two-dimensional (2D) or 3D image informa-
tion have been proposed in literature and are partially
used within the clinic, for example in reposition osteo-
tomies or in THA.

The earliest biomechanical hip model was estab-
lished by Friedrich Pauwels in 1935."72! Using
anterior—posterior (a.p.) X-ray images, information of
the proximal femur, the pelvis, body weight (BW), and
force of the gluteal abductor muscles (Fy;) were used to
construct an individualized biomechanical model and
hence to calculate Fg. Although the related anatomical
structures, such as the lever arm of the abductor mus-
cles are reduced from 3D to 2D information, this
approach provided a pragmatic and clinically feasible
approach towards an estimation of Fr and for example
the analysis of the influence of surgical measures
changing the lever length of forces around the hip joint.
Other groups also followed this basic approach or
developed their own models.**>’ Using such mathe-
matical models, different intraoperative measures
resulting in different joint kinematics can be simulated
by varying single or multiple parameters, such as the
neck—shaft relationship, while keeping all other para-
meters constant.*® Furthermore, one could study many
subjects at relatively low cost.*®

Simplified biomechanical hip joint models

Model according to Pauwels. In Pauwels’'” single-legged
stance model (Figure 1), he assumed that Fy acting on
the femoral head is created by the partial BW
(Fgs = total BW minus the weight-bearing leg) and the
force of the abductor muscles (Fy;) inserting at the
greater trochanter. Fr directly acts through the centre
of rotation of the hip joint (HRC), which corresponds
approximately to the centre of the femoral head.
Pauwels pointed out that a normal hip equilibrium is
achieved when BW is balanced by the force of the
abductors. Fgs acting through its lever arm ds is in
equilibrium with the force Fy; acting through their
lever arm dy

Fgy-ds = Fuy -dy (1)

The direction of Fg is along a straight line that joins the
centre of rotation of the femoral head and the intersecting
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ER (law of cosine):

Fp= JFMZ + Fze? — 2+ Fy - Fgs - cosb

F1 = Muscle force

HRC = Hip joint rotation center E F
F 5= reduced bodyweight K M

! Fgr =Resulting joint force
| dg=-L distance Gsto HRC
dy =L distance Mto HRC

(0] (law of sine):
i _E&
sind sinf sinA

o B
— 6 =arcsin| —-sind
Fr

Figure |. Simple mathematical model of the hip joint resultant force Fr and orientation (according to Pauwels'”).

points of the lines of action of Fy; and Fgs (Figure 1).
Pauwels’ model focuses on the single-legged stance.

However, questions about Pauwels’ model arise with
its simplicity and the lack of data on anatomical 3D
structures. The magnitude of Fy basically depends on
Fwm, the partial BW Fgs, and the respective lever arm
lengths. For a normal human body in a certain static
single leg standing posture, the partial BW, acting
through the lever arm ds, should be definite. But, the
abductor muscle force, acting through their lever arm
dw, 1s not fixed. Pauwels” model does not define a spe-
cific position for the line of action of the abductor mus-
cle and is limited to 2D projections of a 3D anatomic
situation.

Model according to Debrunner. Debrunner®® developed a
modified model to calculate the force Fr of the
human hip joint. He adopted the basic idea of
Pauwels’ model. In his single-legged stance model, he
also assumed that the resultant force Fy acting on the
head of the supporting femur is created by the partial
BW Fgs p and the force of the abductor muscle
FM_D~

In contrast to Pauwels, Debrunner proposed a differ-
ent approach towards modelling the origin point of the
abductor muscle (see Fy; p in Figure 2) and the compu-
tation of the partial BW.? However, both approaches
are very similar.

Model according to Blumentritt. Blumentritt analysed the
mechanical loading of the hip joint based on a more
detailed coxometric study, so that the generic biome-
chanical model could be adapted to the individual.?>*
The calculation of the magnitude and direction of the
hip joint resultant force Fy is based on the biomechani-
cal model outlined in Figure 3.

The model is based on the angle and length measure-
ments in a planar two-legged stance a.p. X-ray image of
the hip. The equilibrium moment of the model is estab-
lished by the pelvi-trochanteric muscle group (Fp), the
spino-crural muscle group (Fsp), and the partial BW
(Fgs), with an additional dynamic (acceleration) force
(F o) that is proportional to Fgs.

Note that this represents an inconsistency with natu-
ral gait. In a standing X-ray, pelvic orientation and
position of the hip centre of rotation are different from
the single-leg stance phase in a gait cycle (correspond-
ing to maximal acceleration forces F,). In the case of
two-leg standing, F should be equal to zero. Fp is sim-
ilar to the Pauwels’ abductor muscles force Fy;, and
Fsp is the muscle force of the rectus femoris muscle.
According to this biomechanical model, Fr can be cal-
culated for its maximum load while walking with the
following mathematical equations®>%

d5(FG5 + FA) + le sin(a — ﬁ) + SFSP Sil’l(A — 5) =0
(2)
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Pauwels (P)
........ Debrunner (D)

1/3

Fu_p: Abductor muscle group
Pauwels
Fu ot Abductor muscle group
Debrunner 2/3
FGS
v
- . FGS D
Fas: Partial Body weight -
HRC: Hip rotational center
v

Mid-sagittal-plane

22,25 23

Figure 2. Differences in hip joint models (according to Pauwels,'” Blumentritt, and Debrunner™.

Blumentritt’s model Bei0i62 e B0
=2 pelvitrochanteric muscle group :
Fept spinocrural muscle group z 1
(M. rectus femoris) |
Fas: Partial Body weight |
Fa: force proportional to P1 ‘I, I:A
acceleration 1 K
HRC: Hip rotational center S !
Fa: Resultant force \ |
P1-9: Anatomical landmarks ; | E
! | G5
. v

sagittal-view

Mid-sagittal-plane

Figure 3. Blumentritt’s model (according to Blumentritt?>%%).
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Fspcos(8) — Fpcos(B) + Fry =0 (3)

FspSil’l(S) — FpSil’l(B) + FG5 + Fa — FRZ =0 (4)
A fourth equation is deduced from a sagittal X-ray
image (Figure 3)

" XFy + rmXFy, + r3XFgp =0 (5)
Equations to determine the magnitudes of the two mus-

cle groups, partial BW Fgs and the motion acceleration
force Fp are

0.23Lcos
Fsp = == “F (Fg, + Fa) (©)
(0.23:Lcos(psin(A76) N d5>
— r +
Fr lsin(a — B) (Fg, + Fa) )

Once the muscular forces are determined, the magni-
tude of Fy is given by

FR:ﬂ/FRi_‘_FR% (8)

Model according to Iglic. Iglic et al.** developed a static
3D model of the hip in order to evaluate the magnitude
of the hip joint reaction force before and after the
Chiari osteotomy (Figure 4). Like other hip models,
the purpose of Iglic’s model is to estimate the effects of
orthopaedic interventions and to evaluate the biome-
chanical status of the hip with different femoral geome-
tries.”* Fg is determined by solving the equilibrium
equations for forces and torques in the single-legged
stance based on the individual measurements of the
femoral and pelvic geometry in standard a.p. X-rays.
The pelvis segment bears the partial BW (Wp-Wy)
(= Fgs), where Wy is the total BW and Wy is the
weight of the loaded leg. The weight of the leg is
approximated to be 0.16 Wg.

Thus, the force and the moment equilibrium equa-
tions are

ZF,-—FR+(WB—WL)=O (9)

Z(I’iXFi) + aX(WB — WL) =0

1

(10)

Where a = (0,0,a) is the moment arm of the force (Wp—
W1), r; is the vector of the ith muscle force (F;) applica-
tion point. The orientation of each vector is from the
origin of the coordinate system (= hip joint rotation
centre) to the muscle origin point on the pelvis.** The
model includes nine muscles that are classified into
three groups according to their positions: anterior («),
middle (B), and posterior (y). Furthermore, Igli¢
assumed that the force of each individual muscle (F))
included in the model can be determined by the follow-

ing vector
Fi :criAiei (11)

i=1,..,9

A 4

(12)

where A; is the relative cross-sectional area of the ith
muscle determined from the data of Johnston et al.,'> o
is the average tension in the ith muscle and ¢; = (eiy, eiy,
e;,) is the unit vector in the direction of the force of the
ith muscle.'>* Each muscle is considered to act along
the straight line connection between the origin point
r; = (X;, ¥, z) and the insertion point '; = (X;, Vi, 2°)).
The rotation of the pelvis in the frontal plane around
the y-axis is described by the angle (¢), while the rota-
tion of the femur around the y-axis is described by the
angle 9. For Igli¢’s model, the rotational angles are set
as @ = 0 and ¥ = arcsin (b/x,), where x,, is the length of
the femur and b is the z-coordinate of the moment arm
of the force Wi. The length of the moment arm of the
force (Wp—Wp) is determined from the y-component of
the moment equilibrium equations

7WBC+WLb7MY:0
(W*BWL)a'i‘MY:O

(13)
(14)
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_ WBC — WLb
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where a is the z-coordinate of the moment arm
a = (0,0,a), c is the z-coordinate of the moment arm of
the ground reaction force —Wg, and My is z-component
of intersegmental moment

M = > (rxF) (16)

The moment arms b and ¢ are expressed by the inter-
hip distance 1 (b = 0.241 and ¢ = 0.51).*” To solve the
equilibrium equations (9) and (10), and to determine
the magnitude of the resultant force Fg, the average
tensions (o7;) in the particular muscle group are assumed
to be equal: oy=0,=03=04=0, O0s5=0c=0g,
O7=03=09= 07.39 Hence, the unknown variables Fgy,
FRry, Frs, 04, 0g, and o, can be calculated.

Different from other mathematical hip models pre-
sented above, Igli¢’s model considers nine individual
sets of muscle origins and insertion points (taken from
Dostal and Andrews*’). To calculate the hip resultant
force for different individual patients, the individual
muscle origin and insertion points, as well as the inter-
hip distance, should be used if these data were avail-
able; otherwise the information given by Dostal and
Andrews*” should be used.

Material and methods

Comparison of different modelling approaches to
estimate the resultant hip joint force Fr and its
orientation

We performed a study aimed at examining how far the
choice of the mathematical model influences the com-
putational results of Fg, and to furthermore compare
these results with in-vivo measurements published by
Bergmann et al.”'®*" This comparison opens up the
possibility to evaluate whether the calculated results are
within an acceptable range of those found in in-vivo
studies. Additionally, a multi-body simulation (MBS)
investigation was carried out to compare the mathe-
matical models with the simulation results from the
‘AnyBody Modeling System™’ software.

The investigation included the following clinically
established models:*****  Pauwels’,!” Blumentritt,?
Debrunner,” and Igli¢ et al.** They were all designed
to calculate Fy in the single-legged stance phase based
on patient-specific geometrical parameters derived from
image data, together with patients’ BW.

These models require standardized a.p. X-rays of the
patient in a two-legged standing position for landmark
detection (Figure 5). The differences in pelvic bend in
single-legged stance phase versus two-legged upright
position are neglected (only Igli¢ introduced a correc-
tion angle (), however, it is set to 0°>%). The sensitivity
of the different models related to this simplification
requires careful verification.

Figure 5. A digitally reconstructed radiograph (DRR) from a
computed tomography (CT) dataset.

For our investigations, three digitally reconstructed
radiographs (DRRs) in a.p.-direction were generated
(Figure 5) based on computed tomography (CT) data-
sets from three patients (x21_x21, x12_x12, x8 x8) with
a BW of 95kg, 78kg, and 90kg. The DRR approxi-
mated the orientation of the pelvis for a patient stand-
ing on both legs according to the description of a
radiographic pelvic overview in order to correct for dif-
ferences in pelvic tilt (lying CT versus standing X-ray
a.p. projection).*+*

All relevant parameters needed to calculate the ampli-
tude and orientation of Fy are detected according to the
specific modelling approach, as described for each model
in ‘Simplified biomechanical hip joint models’. In a quan-
titative comparative study with identical geometrical and
anthropometrical parameters, Fr was computed by using
these four models. The amplitude of Fr was expressed in
per cent of BW and the orientation in terms of the angle
6 as defined in Figure 1 for these three individual patient
datasets. These model-based estimations have been com-
pared with in-vivo telemetric measurement data.

The biomechanical behaviour of the hip can also be
studied using direct in-vivo measurements.’ '0-38:46-33
Direct in-vivo measurement records the hip joint forces
using instrumented prostheses, e.g. telemetrized total
hip prosthesis by Bergmann et al.'® This approach pro-
vides a basis to validate the mathematical models by
comparing the calculated joint contact forces with in-
vivo measurements.>* The results from Bergmann were
used as a primary reference in our investigations. The
data are available online in the orthoLoad-database
(www.orthoload.com).” An implanted instrumented
prosthesis has an accuracy of 1%-2%.*" Data on hip
forces consist of tri-axial joint contact forces.*!

The datasets for the single-leg stance and free walk-
ing without any constraints were the focus of our inves-
tigations.” >’ Currently, three patient datasets (EBL,
HSR, KWR; these are the anonymized patient data-
sets) for single-leg stance and one dataset for free walk-
ing without any external constraints (patient KWR) are
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available. However, the measurement method with an
instrumented prosthesis can only be performed on a
limited number of subjects and truly normal subjects
cannot be studied. Currently, there is only a small num-
ber of datasets available. In each subject, only one type
of prosthesis could be implanted and the effects of dif-
ferent interventions cannot be adequately explored.®®
Furthermore, even if there was one implanted device
with various neck—shaft relationships in multiple
patients so as to simulate interventions, the differences
in forces observed would likely be overwhelmed by
intersubject variables, such as gait patterns, muscle-
activation patterns, and activity levels.*®

To obtain the maximum hip load, the single-legged
stance (static conditions) and the stance phase in planar
gait (dynamic conditions) was considered, respectively.
A reference value for the maximum hip load under sta-
tic conditions was calculated by averaging the hip load
values in a single-leg stance. Additionally, a reference
value for the maximum hip load under dynamic condi-
tions was calculated by averaging the first peak hip
load values of three cycles (heel strike to toe off) deter-
mined in one single patient (among the three patients
involved in the measurements under static conditions)
in the database. Since the BWs of the three patients
(EBL, HSR, KWR) from the orthoLoad-database are
known, Fr was related to their respective bodyweights.

In the case of the orientation of Fg, it is also possible
to estimate this parameter for individual patients based
on ortholLoad-data. There was also a reference value
for Fr under static conditions calculated by averaging
the hip load values in single-leg stance (averaging 40
values around the highest peak) determined from three
different patients from the data base. Additionally, a
reference value for the maximum hip load under
dynamic conditions was calculated by averaging the
values of the highest gait cycle peaks and hip load val-
ues over three cycles (heel strike to toe off) determined
in one single patient (KWR).

Additionally, we initialized a MBS-analysis using the
AnyBody Modeling System. Computer based M BS-sys-
tems facilitate the modelling and analysis of 3D muscu-
loskeletal systems.>>!'!*¥®1 The AnyBody Modeling
System performs inverse dynamic modelling to simulate
muscle and joint forces undergoing complex move-
ments, taking mass inertia and contact forces into
account.'® In the context of the work reported here, this
platform was used for a comparison between hip joint
resultant forces obtained by the AnyBody simulation,
and those obtained with various models described in
the above mentioned literature.

In the MBS approach, the relevant input data, the
geometrical values, and the anthropometrical para-
meters were extracted from the AnyBody Standing
Human Model (Figure 6(b)) (Model repository V. 6.2),
which approximates the whole human body. The rele-
vant values were adopted into the different hip models
of Pauwels,!” Blumentritt,”> and Igli¢ et al.>* in order
to compare all of them under the same biomechanical

state and script environment. Debrunner’s model was
not considered because it was approximately the same
as Pauwels’ model. The hip joint resultant force value
was determined according to each hip model’s involved
muscle forces, input body loads, and parameter values
along with the AnyBody inverse dynamic operation.
Next, the AnyBody Standing Human Model, which was
assumed to be an exact and intricate human biomecha-
nical model, was modified into a single-legged stance.

Sensitivity analysis of the Babisch-Layher-Blumentritt
(BLB)-score

As the X-ray-based identification of the relevant anato-
mical landmarks could be one major source of error, we
performed a sensitivity analysis of the so-called BLB-
score based on Blumentritt’s biomechanical hip model
(see also Dell’Anna et al.®?). This model is implemented
in the mediCAD software (Hectec GmbH, Landshut,
Germany) to plan the cup position.?***¢3

Nine anatomical landmarks (Figure 3) must be
determined from an a.p. X-ray image of the hip so that
the six patient-specific biomechanical parameters can
be calculated.*

e Pl and P2 are only needed to define the position of
the mid-sagittal plane.
P3 is the pre-operative COR (hip centre of rotation).
P4 approx. 3cm distal from the lesser trochanter
minor (direction of pull of the rectus femoris mus-
cle towards the medial upper edge of the patella).

e PS5 lateral, most proximal edge of the trochanter
major.
P6 most cranial edge of the sclerotic area.
P7 spina iliaca anterior inferior.
P8/P9 most lateral/cranial point of the wing of the
ilium.

However, the varying quality of X-ray images and
the inter- and intra-variability of the medical expert
users may lead to inaccuracies in landmark identifica-
tion (see also Fieten et al.®*). The extent and effect of
these inaccuracies on the biomechanical score are of
interest with respect to the robustness of the score
and the reliability of the THA planning. In this con-
text it might be of special interest, whether there are
landmarks with a significantly higher influence than
other landmarks and whether these landmarks can be
identified accurately enough in clinical routine. To
answer these questions we prepared a sensitivity anal-
ysis of the BLB-score regarding inaccuracies in land-
mark identification.®

Two DRRs were built from the CT-datasets of two
patients, showing the hip in an a.p. position. DRRs
were used in order to make sure that the required X-ray
parameters, such as the focus of central X-ray beam,
were complied with and the X-ray projections could be
directly related to CT-based 3D reconstructions. These
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two DRRs were presented to 11 orthopaedic surgeons,
who determined the anatomical landmarks several
times in each image. Altogether each image was pre-
sented 45 times, leading to point clouds of 45 points for
each landmark.

For statistical reasons the six biomechanical para-
meters, instead of the biomechanical score, were chosen
as output variables of the analysis. A centre point was
calculated for all of the point clouds of each landmark.
Then one landmark was shifted stepwise (the others were
fixed) and its impact on the BLB-score was evaluated.

Results
Amplitude and orientation of Fr, MBS-approach

The results are summarized in Tables 1-5. Table 1
shows the results for the amplitude of Fr. The mean
value for the single-leg stance is 2.69 of BW
(269% BW). The investigations for single-leg stance
were made post operation (EBL 1.1 month, HSR
10month, KWR 8month). There is only one patient
dataset for free walking with the value of 2.12BW
(212% BW) available in the ortholLoad-database. In
the case of dynamic investigation (5 month post opera-
tion) the patient KWR had a slightly increased BW.
Table 2 shows the computational results for the
amplitude of Fr. The results of Pauwels 2.74 BW
(274% BW), Debrunner 2.54 BW (254% BW), and Igli¢
2.42BW (242% BW) are approximately in the same
range. Only Blumentritt’s result of 6.45 BW (645% BW)
shows an increased outcome in comparison the other
models. Note that the X-ray data we used for Fg-

Table I. Results for the amplitude of Fg for the ortholLoad-
data.

orthoload
Patient Maximum BW [N] FrR/BW
value Fg [N]

EBL 1967.19 650.00 3.03
HSR 2000.43 870.00 2.30
KWR 1889.75 690.00 2.74
Mean value 1952.46 736.67 2.69
KWR (free walking) 1565.33 740.00 2.12

BW: body weight; EBL, HSR, KWR are the patient datasets taken from
the ortholLoad-database

computation are not the data from the patients of the
orthoLoad-database.

Table 3 shows the results for the orientation of Fy
calculated from the datasets of the orthoLoad-data-
base. The mean value for a single-leg stance is 18.47°,
and in the case of free walking it is 15.71°.

The computed results for each model are listed in
Table 4. The results of Pauwels (18.64°), Debrunner
(13.09°), Iglic (9.15°), and Blumentritt (5.95°) differ
from each other. The computational results showed
large variations for Fgr orientation, which tends to
depend more on the model used than on patient-specific
parameters.

Table 5 shows the simulation result for the AnyBody
Standing Human Model 3.20 BW (320% BW) in com-
parison to the computed results of Pauwels 3.28 BW
(328% BW), Iglic 2.45BW (245% BW), and
Blumentritt 5.34 BW (534% BW). Blumentritt’s result
also shows an increased outcome in comparison with
the other models, as mentioned in the case of
computational results in Table 2. In Figure 6(a) the
results are listed for simulated knee flexion. The resul-
tant joint force decreased during increasing knee
flexion.

Sensitivity analysis

The landmark detection showed strong scattering in most
of the landmarks (Figure 7), except in landmarks P2, P3,
and P6, intra-individually as well as inter-individually.
Regarding the influence of inaccuracies in landmark
identification for the computation of the BLB-score, the
sensitivity analysis showed large differences between the
anatomical landmarks. Landmark P7 showed the highest
influence by far because correct identification seems to be
problematic (Figure 7). However, landmarks P3, P5, and
P4 showed a distinct influence as well. In contrast, the
other landmarks only seem to have a moderate impact
on the BLB-score computation.

Discussion

Amplitude and orientation of Fr, MBS-approach

Amplitude and orientation of Fr. By comparing the in-vivo
amplitude values of Fr obtained under dynamic condi-
tions, i.e. gait, with the in-vivo values of the same

Table 2. Results for the amplitude of Fr of the mathematical models.

Patient data

Model Pauwels Debrunner Blumentritt Igli¢

Fr Fr/BW Fr Fr/BW Fr Fr/BW Fr Fr/BW
x21_x21 2048.27 2.16 2151.20 2.26 6130.07 6.45 2312.76 243
x12_x12 2227.22 2.86 2150.80 2.76 5182.74 6.64 1969.34 2.52
x8_x8 2880.24 3.20 2347.45 261 5632.79 6.25 2078.53 231
Mean value 2385.24 2.74 2216.48 2.54 5648.53 6.45 2120.21 242

BW: body weight.
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patient obtained under static conditions, it could be
recognized that the dynamic values are even smaller
than the static measurement results. Unlike the other
mathematical hip models for the single-leg stance,
Blumentritt’s model has an additional motion accelera-

Table 3. Orientation of Fg of individual patient datasets from
the orthoload-data.

ortholLoad

Patient Fr [ °] Fr[°]
EBL 25.20 - -
HSR 17.09 - -
KWR 13.12 free walking 15.71
Mean value 18.47 15.71

EBL, HSR, KWR are the patient datasets taken from the ortholLoad-database

tion force F4 and a knee flexion of 20°. These two fac-
tors might lead to the overestimation of Fg, at least for
slow walking. This tendency is amplified by the addi-
tion of the rectus femoris muscle force to the abductor
muscle force.

Table 4. Orientation of Fg of individual patient data based on
DRRs and calculated from ortholLoad-data.

Patient data Fg [ °]

Model Pauwels Debrunner Blumentritt Igli¢
x21_x21 18.26 12.37 5.18 9.24
x12_x12 17.31 12.59 6.14 9.20
x8_x8 20.34 14.30 6.52 9.01
Mean value 18.64 13.09 5.95 9.15

Table 5. Simulated joint resultant forces using AnyBody Standing Human Model (BW =738.931 N) input data.

AnyBody Modeling System™™

Models

Pauwels

Blumentritt Igli¢ Standing model
Muscle forces [FM/BW] Fm=2.52 F,=1.56 Fv=1.67 -
Fep=2.80
Fr/BW 3.28 5.34 2.45 3.20
[%] Difference in Fr with the standing model +2.50 +66.88 —23.44 0
[%] Difference in Fr with the ortholLoad average value +21.93 +98.88 -8.92 +18.96
BW: body weight.
AnyBody Modeling System™
,; NN L/ ;\ Condition Joint
' Resultant
Force [Fr/BW]
0° knee flexion with complete muscles 3.20
(Ideal)
0° knee flexion with only abductor 3.01
muscle group muscles
20° knee flexion with complete muscles 2.49
20° knee flexion with only abductor 2.67
muscle group muscles
(a)
BodyMass |Body Height [Single leg|Partial Body|Femur Inter Hip
Mass Mass Length Distance
7535 kg =|1.8m 12.075 kg =|63.275 kg =|0.4558m 0.16m
738.931N 118.415N 620.516N
(b)

Figure 6. (a) Different model conditions and their simulation results; (b) parameter of the AnyBody Modeling System.
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Figure 7. DRRs point clouds (a) and (b).

One can conclude that the assumptions made for the
Blumentritt model must be carefully reviewed, as devia-
tions from in-vivo measurement data become apparent.
It should also be noted that the Blumentritt model was
developed so as to evaluate the hip joint biomechanically
under the aspect of pelvic development, resulting in a
biomechanical score for the hip joint (BLB-score).**>*>

The influence of the pelvic bend®® during gait
was only considered by Igli¢’s model by the angle ¢
(Figure 4). The other models ignore this parameter.
However, Igli¢ also sets the angle ¢ to zero.>*

Regarding the values for orientation of Fg, the mean
values of Debrunner and Igli¢ are slightly smaller,
whereas Pauwels is slightly higher than the mean value
of the static in-vivo results. Only Pauwels result is higher
than the in-vivo dynamic result. A possible explanation
for these results could be inaccuracies in the data acqui-
sition from the DRR. The computational results showed
large variations for Fgr orientation, which tend to
depend more on the model used than on patient-specific
parameters. By comparing the in-vivo values obtained
under dynamic conditions, i.e. gait, with the static in-
vivo values of the same patient, it could be recognized
that the static values are slightly smaller than the
dynamic result. But both are nearly in the same range as
the mathematical models. In contrast, Blumentritt’s out-
comes have the largest deviation from the other models
as well as from the in-vivo data (static and dynamic con-
ditions). Blumentritt used the weight bearing surface as
a reference, perpendicular to the longitudinal axis. He
postulated that a valid and optimal orientation of Fy is
perpendicular on it, respectively parallel to the z-axis.
This approach for validation is questionable because a
survey on the results shows that in the three included
and analysed DDR’s the orientations are not parallel to
the longitudinal axis.

Among the limitations of our study is the fact that
the orthoLoad-database offers only a small number of
patient datasets. Only one data set is available that
makes a comparison between static (single-leg stance)
and dynamic (free planar gait) in-vivo measurement
data possible for the same patient. Furthermore, the

individual anatomic geometry data of the patients
included in the database are not revealed.

MBS-approach. The magnitude of Fg for Pauwels” model
was the only value within a 5% difference in comparison
with the result of the AnyBody Standing Human Model.
The simulated joint resultant force of Blumentritt’s
model was more than five times the total BW.

When comparing with the average direct-measured
joint resultant force in a single-legged stance from the
orthoLoad research group (average static 2.69 BW),
Igli¢’s model, with a percentage difference of 8.92%,
shows the only satisfactory result. Once more, the
simulated joint resultant force from Blumentritt’s
model was not realistic, having a 98.88% difference.
Furthermore, the magnitude of Fr from the AnyBody
Standing Human Model in different posture conditions
was listed in Figure 6(a). It was ideal to exam the hip
joint resultant force Fr including all muscles in the
human body for the simulation.

As most of the mathematical hip models only
considered the abductor muscle group and sometimes
the rectus femoris muscle,”” it was noteworthy to
observe how the AnyBody Standing Human Model
would behave in similar conditions to the mathematical
models. As a result, the difference between the ideal to
the condition that included only the abductor muscle
group was less than 6%. It was also interesting to see
that, when the knee flexion increased by 20°, the joint
resultant force magnitude was lowered.

17,23

Sensitivity analysis

The sensitivity method only allows for comparative
statements and is only based on two patient datasets.
However, differences in the impact of inaccuracies in
landmark identification on the score could be detected
and should be further investigated. The extent of scat-
tering observed in the clinical trial verified the necessity
to perform a sensitivity analysis of the score. Moreover,
the strong scattering could not only originate from a
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slightly worse image quality of the generated DRRs
compared with real X-ray images. Obviously, an unam-
biguous identification of most landmarks in an X-ray
(2D) image is hardly possible and the investigation (see
also Fieten et al.**®7) of alternative identification meth-
ods, such as CT (3D-model of the pelvis) or ultrasound,
are strongly advised for P7, P5 and P4 landmarks,
which showed a high impact on the score. Moreover,
landmark P4 could be identified more accurately by
using a second X-ray image a.p. that includes the hip
and patella. Landmark P3 is identified relatively pre-
cisely. The variability of the other landmarks seems to
be noncritical since they only show a weak influence on
the score. In the future, the influence of interactive
landmark selection and also the influence of the X-ray
parameters (standardization of a.p. X-ray imaging) on
the biomechanical score should be further investigated.

Summary

Knowledge of biomechanical conditions of an individ-
ual hip is important for several reasons: understanding
the function of the normal and diseased hip joints, diag-
nosing the condition of the hip, planning better treat-
ments, evaluating the effects of treatments, optimizing
implant design and performance, and improving the
treatment outcomes.

Regarding the magnitude of Fy, we showed that the
Pauwels’, Debrunner’s and Igli¢’s models are all within
the same range compared with the in-vivo data provided
by Bergmann et al.’ The large deviation of the results
obtained from using Blumentritt’s model might be
partly explained by the additional load F, within his
model. This load F, is added to the input parameter
BW in order to consider the dynamic effects of the
human gait. Such a dynamic supplemental load was not
applied in the other static model investigations of the
single-leg stance. The results obtained with in-vivo mea-
surement data in the static case are best approximated
by using Pauwels’ model. In the in-vivo measurements of
Bergmann et al.,”'**"%® the hip resultant only reached
the level up to 6 X BW (as calculated by the Blumentritt
model) in case of fast running or up to 8 X BW during
stumbling — which however is not considered in the
modelling approach for hip surgery planning.

In the case of an MBS-approach we showed that
there was a discrepancy between the AnyBody Standing
Human Model and the instrumented measurement
results obtained by Bergmann. This could have several
reasons. For example, one reason could be that the
patients of the in-vivo measurements had undergone an
arthroplasty surgery, which would have an influence on
the gait and on the measurement results, respectively.
Hence, it might cause a difference between the ranges
of the forces compared with normal subjects. The adap-
tion of the AnyBody Standing Human Model to the
anatomical geometry of the patients of the orthoLoad-
database was not possible, because the information

about their individual geometrical and functional anat-
omy was not available.

Our sensitivity analysis of the BLB-score demon-
strated problems with erroneous landmark detection.
The sensitivity analysis proposed only allows compara-
tive statements and was based on only two patient data-
sets. However, differences in the impact of inaccuracies
of landmark identification on the BLB-score could be
detected.

Conclusion and outlook

It is recommendable that further research be performed
on implementing biomechanical hip models during the
planning phase of computer-assisted THA. Sensitivity
analyses and parameter studies for different mathemat-
ical models using a MBS system demonstrate that there
is a strong need for further investigations.

The use of dynamic hip models is often too demand-
ing and complicated during the daily clinical practice.
Therefore, static mathematical models, as proposed by
Pauwels, are preferred owing to their simplicity.>*
Indeed, Pauwels’ model has demonstrated the best effi-
ciency and accuracy in estimating the magnitude of the
hip joint resultant force in two dimensions. For a 3D
estimation of the hip joint resultant force, Igli¢’s model
has the minimum discrepancy from the directly mea-
sured data.

With the knowledge of amplitude and orientation of
Fg, it would be possible, to optimize the load transmis-
sion on an artificial hip joint and increase the lifetime of
the implant.®® In regards to mathematical models, future
steps would include the transfer of patient-specific geo-
metrical anatomical data from the orthoLoad-database
to the different models and the direct comparison of the
computed results with the in-vivo measurements for each
individual patient. Additionally, investigation of pelvic
orientation and the influence on the results would be
considered in the future.

Our aim is to develop a simulation and planning
tool enabling the surgeon to explore and optimize the
biomechanical consequences of a surgery in a com-
puter environment before stepping into the operating
room. A highly individualized planning and surgical
procedure that takes into account patient-specific
constraints would help to meet the requirements
presented by increasingly younger and/or heavier
patients.®!
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