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ABSTRACT

Muscuolskeletal simulations have become an important tool to simulate biomechani-
cal properties. However, adaption of the models to patients or test persons is relevant
in order to obtain realistic results (e.g., hip joint moments or muscle forces). It is partic-
ularly important to correctly reproduce the patient-specific maximum isometric muscle
forces of the individual musculotendinous structures. The purpose of this work is to
determine the extent to which gluteal muscle adaptation has an impact on the max-
imum hip joint moment during hip abduction. Based on MRI images volumes of the
gluteal muscles were determined. These were used to calculate the muscles’ maxi-
mum isometric force via the physiological cross-sectional area and the specific muscle
tension. Since the values of the specific tension differ greatly in literature, several mod-
els were created. The models were investigated regarding their maximum hip joint
moment and compared, first, to a marker-based scaled generic model and, second,
to isokinetic and isometric force measurements using a dynamometer. It was shown
that both, the models and the muscle strength measurements, show a maximum in
the lower area of hip abduction and decrease sharply with increasing abduction. The
models with a lower specific tension were much closer to the measured maximum hip
torques. Higher values for the specific tension and the model without patient-specific
information on the musculature were above the strength measurements. However, all
models are clearly above the measurements with increasing abduction. It can be con-
cluded that the gluteal muscles should be simulated with rather lower values of the
specific tension.
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INTRODUCTION

Total hip arthroplasty (THA) is a frequently used surgery to replace a dam-
aged hip joint, often caused by osteoarthritis (Health at a Glance, 2015;
J.S., 2012; Gallo et al., 2012). However, it can cause damage to the mus-
cles around the hip joint, particularly the gluteal muscles, which can lead
to reduced function such as hip abduction and stabilisation of the pelvis
(Flack et al., 2012; Damm et al., 2018; Zaghloul, 2018). This muscle
damage occurs during the surgical approach to the hip joint through inci-
sion or dissection of the muscle tissue (Nogler et al., 2017; Petis et al.,
2015; Hardinge, 1982). Extensive planning of these operations is essential
to optimize surgery quality for patients. Musculoskeletal simulations, for
example, offer a possibility for improved planning (Scherb et al., 2023) and
are a useful and well-recognized research tool in the field of biomechanics
(Delp et al., 2007; Seth et al., 2011; Leher et al., 2022). Simulations improve
the comprehensibility of the complex dynamics of human movements.

The models usually consist of representations of passive structures
(e.g., bones) and active structures (e.g.,muscles). However, the available mod-
els are based on generic datasets. In order to achieve realistic patient-specific
results, it is necessary to adapt the models as well as possible to a patient
or test person, since the anatomical (Fleischmann et al., 2020) and muscular
structures can differ greatly between different people (Janssen et al., 2000).

Typical parameters for modelling the musculotendinous structure of one
muscle are the optimal fiber length, fiber pennation angle or tendon slack
length, the most important one is the maximum isometric force each muscle
tendon can generate. Accordingly, the adjusted maximum isometric forces of
mutiple muscles classified as a muscle group (e.g., hip abductors) determine
the maximum occurring torque this muscle group can apply on the model.

The maximum torques of muscle groups can also be captured in real life
at a patient or test person via isokinetic and isometric torque measurements.
Isokinetic testings are designed to maintain a constant speed of movement
regardless of the amount of resistance applied to the muscle. They provide a
detailed assessment of muscle strength throughout the entire range of motion.
On the other hand, isometric measurements are taken against a stationary
object. This is a simpler and less expensive way to assess muscle strength. The
aim of this study is the subject-based modeling of the gluteal muscles (gluteus
maximus, gluteus medius and gluteus minimus) in a musculoskeletal human
model and subsequent in vivo comparison of the maximum hip abductor
torque using isometric and isokinetic measurements.

MATERIAL AND METHODS

Musculoskeletal Model

For the patient-specific implementation of the musculoskeletal model in
OpenSim a Volume Isotropic Turbo spin echo Acquisition (VISTA, slice thick-
ness 3 mm, repetition time 989.9 ms, echo time 200 ms) of one subject
(32 years, male, 170 cm, 60 kg) with no musculoskeletal impairments of the
hip was performed. Based on theseMR-datasets, the gluteal muscles were seg-
mented using Mimics Research 23.0 (Materialise, Leuven, Belgium). Then,
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the respective muscles were divided into three anatomical individual vol-
umes according to the gluteal muscle tendons in the musculoskeletal model
of Delp et al., (1990) to account for the implication of gluteal muscles to
mutiple hip degree of freedoms.

First, the physiological cross-sectional area (PCSA) for each individual
musculotendon unit via the segmented volumes, the pennation angle θ and
the optimal fiber length was calculated as follows (Correa et al., 2011;
Knarr et al., 2013) (formula 1):

PCSA
[
cm2

]
=

muscle volume
[
cm3]

× cos θ [◦]
optimal fiber length [cm]

. (1)

Then, the maximum isometric force of each muscle tendon was calculated
with the the specific tension σ according to formula 2 (Correa et al., 2011;
Knarr et al., 2013):

FMax [N] = PCSA
[
cm2

]
× σ

[
N
cm2

]
. (2)

In the literature, the specific tension differs greatly in multiple studies
(Chen et al., 2023). Thus, several models with differing values for specific
tension were created. The lowest applied value for the specific tension is
25 N/m2 (Friederich et al., 1990) and is based on a cadaveric study of young
subjects by Spector et al. (1980). The second specific tension value applied is
30 N/m2 (Charles et al., 2020) and derived from Zajac et al. (1989) (Zajac
et al., 1989). Lastly, a specific tension of 61 N/m2 was used, which is based
on a study of elderly cadavers by Wickiewicz et al. (1983) (Wickiewicz et al.,
1983). This value is also very close to the data reported by Rajagodal et al.
(2016) (Rajagopal et al., 2016).

The resulting maximum isometric forces of each muscle tendon are
shown in Table 1. The values for pennation angle and optimal fiber length
(formula 1) were derived from Friederich et al. (Friederich et al., 1990).

Table 1. Calculated maximum isometric forces based on different values for the spe-
cific tensions described in the literature.

Muscle-tendon
unit

Generic
FMax [N]

Friederich et al. (1990)
left | right
FMax [N]

Zajac (1989)
left | right
FMax [N]

Delp et al. (1990)
left | right
FMax [N]

Glut max 1 573 399.6 | 429.2 479.5 | 515.1 975.0 | 1047.3
Glut max 2 819 473.8 | 451.7 568.6 | 542.0 1156.1 | 1102.1
Glut max 3 552 459.7 | 467.7 551.6 | 561.2 1121.7 | 1141.1
Glut med 1 819 211.9 | 248.0 254.3 | 297.6 517.1 | 605.2
Glut med 2 573 448.2 | 498.2 537.9 | 597.9 1093.7 | 1215.7
Glut med 3 653 390.1 | 305.5 468.1 | 366.6 951.8 | 745.5
Glut min 1 270 124.0 | 144.6 148.8 | 173.5 302.5 | 352.8
Glut min 2 285 174.2 | 167.6 209.1 | 201.1 425.2 | 408.8
Glut min 3 323 196.3 | 151.3 235.6 | 181.6 479.0 | 369.3
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The calculated maximum isometric forces were implemented in the mus-
culoskeletal models. For individual marker based scaling, a near-static kine-
matic measurement (Vicon ®Motion Systems Ltd, Oxford, United Kingdom)
was performed using a 39 marker full body plug-in gait model. Afterwards
the maximum isometric force for each gluteal muscle unit was adjusted in the
models.

Isokinetic and Isometric Muscle Strength Measurements

Isokinetic and isometric force measurements were performed in order to be
able to compare the results of the simulations with the actual attainable
torques. Before the examination, the subject had to undergo a 10-minute
warm-up period on a stationary bicycle ergometer to increase blood flow,
elevate muscular temperature and lower the risk of injuries (Park et al., 2018;
Powers et al., 2009).

Isokinetic and isometric muscle strength measurements were performed in
the lateral recumbent position using an IsoMed2000 (D. & R. Festl Gmbh,
Hemau, Germany). For this purpose, the inactive leg was bent and fixed.
Furthermore, the hip was firmly clamped both ventrally and dorsally. The
force was applied to the examined leg medial and lateral to the knee joint
using a double pad. The hip joint center was aligned with the dynamometer’s
axis of rotation (Figure 1).

Figure 1: Positioning of the subject for the isokinetic and isometric force
measurements.
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The range-of-motion for the concentric isokinetic examination was 0-40◦

hip abduction. Measurements were performed at angular velocities of 10 ◦/s,
20◦/s, and 30 ◦/s for three repetitions to ensure full force development but
not to induce muscle fatigue (Danneskiold-Samsøe et al., 2009).

Isometric force measurements were performed at 15◦ and 30◦ abduction
according to the literature (Danneskiold-Samsøe et al., 2009). Furthermore,
one additional isometric measurement was performed at the angular position
where the maximum hip joint torque occurred in the isokinetic measurement.
Each isometric measurement was performed three times for a duration of five
seconds.

For each measurement, gravity compensation was performed to eliminate
the effect of gravity on both adapters and extremities.

For patient-specific simulations the models were manually adjusted cor-
responding the muscle force measurement position (Figure 1). This initial
position is used for the simulated calculation of the maximum hip joint
moments generated by the corresponding hip abductors.

RESULTS

The isokinetic measurements showed a maximum torque between 99.0 Nm
and 88.2 Nm (Table 2). The maximum torque for the left leg was found at
10◦/s and for the left leg at 20◦/s. The respective maxima were 4◦ on the left
and 6◦ on the right, which means that another isometric measurement was
carried out at these values.

Table 2. Simulated maximum hip joint torques of the models with the different applied
specific tensions in OpenSim and the isometric and isokinetic measured
torques.

Specific
tension
[N/cm2]

Abduction
left | right
4 ◦ | 6 ◦ 15◦ | 15◦ 30◦ | 30◦

Source Torque [Nm] Torque [Nm] Torque [Nm]

Generic 156 | 156 148 | 148 116 | 116
Friederich et al. (1990) 25 96.6 | 97.1 95.2 | 95.4 79.9 | 80.2
Zajac et al. (1989) 30 111.5 | 111.5 109.0 | 109.1 90.7 | 90.9
Delp et al. (1990) 61 200.1 | 200.7 194.0 | 194.2 157.7 | 158.2

Isometric 102.8 | 111.5 100.2 | 98.8 68.0 | 63.5

Angular
velocity [◦/sec]

left | right Angle [◦]
left | right

Isokinetic 10 99.0 |88.2 4.1 | 4.1
20 95.0 |98.0 8.4 | 5.9
30 92.0 |96.8 11.0 | 5.6

The isometric measurements at these angles resulted in significantly higher
maximum torques than the values given in the literature at 15◦ or 30◦

abduction.
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The models with Friederich’s specific tension showed the lowest values for
the maximum torque with 96.6 Nm for the left side and 97.1 Nm for the right
side. The models based on Zajac showed maximums of 111.5 Nm for both
sides. The model based on Delp showed maxima between 200.1 Nm (left)
and 200.7 Nm (right). The generic scaled model was 156 Nm for each side.

DISCUSSION

The investigation shows that the values for the maximum torque in the multi-
body simulation for the left and right side hardly differ. However, the isoki-
netic and isometric measurements showed significantly higher differences of
up to 8.7 Nm.

Overall, both the multi-body simulations and the isokinetic and isometric
force measurements show a decreasing maximum force with increased hip
abduction. The simulations and the force measurements showed the highest
maximum force at values of 4◦ to 5◦ abduction.

At the optimal hip abduction angle, the best agreement with the simula-
tion was shown with the values of the specific tension from Friederich et al.
(25 N/cm2) followed by the values of Zajac et al. (30 N/cm2) (Friederich et
al., 1990; Zajac et al., 1989). The simulations with the specific tension from
the generic model and the values from Delp et al. (61 N/cm2) shows higher
maximum torques than the measured ones (Delp et al., 1990).

The values for the measurements at 15◦ positions proposed in the litera-
ture, the results of the models based on Friederich and Zajac also correspond
significantly better than the generic and the Delp model (Delp et al., 1990;
Friederich et al., 1990; Zajac et al., 1989; Danneskiold-Samsøe et al., 2009).
With a hip abduction of 30◦, the isometrically measured values are closest to
the values of the musculoskeletal model based on Friederich et al. (1990).

In addition, it should also be considered that these were only concentric
measurements which normally produce lower maximum forces and torques
than eccentric measurements (Harden et al. 2019).

CONCLUSION AND OUTLOOK

In this work it was shown that the patient-specific adaptation of the mus-
cle volumes in connection with the specific tension shows strong differences
between the musculoskeletal models. Even if the models with the lower spe-
cific tension show better agreement, it becomes clear that the isokinetic and
isometric measurements differ significantly from the musculoskeletal models
at higher muscle abduction. This study only referred to the patient-specific
adaptation of the gluteal muscles and only to pure hip abduction. Models
based on lower specific tensions showed greater agreements with the torque
measurements with the dynamometer at small hip abduction. For larger
hip abduction values, the simulations were well above the actual maximum
torques. This could possibly be due to the fact that only the maximum iso-
metric force was adjusted patient-specifically, but not the muscle origins and
insertion points which will be implemented in the next steps. Furthermore,
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other hip movements (e.g., hip rotation or hip flexion and extension) should
be examined in further studies.
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