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ABSTRACT

PATIENT SPECIFIC MUSCULOSKELETAL MODELING
TO RELATE INTRA OPERATIVE MUSCLE FORCE DATA
TO GAIT IN CEREBRAL PALSY

Increased pathological resistance against knee extension is a characteristic patho-
logical condition in cerebral palsy (CP). Active and passive forces of spastic knee flexor
muscles have been associated with the high forces which constrain the knee movement
in flexed positions. However, studies quantifying these forces directly are rare. The
aim of this study was to determine (1) if the range for spastic muscle-tendon com-
plex length is comparable to that of healthy muscle and (2) how spastic muscle force
changes as a function of muscle-tendon complex length. Musculoskeletal patient spe-
cific models were developed using OpenSim software by using the gait analysis data
of CP patients. The results suggest that the muscle-tendon complex length trends of
the patients are similar to those of healthy individuals. The difference between the
minimum and maximum MTL is 13% and 8% for healthy ST-GRA muscles respec-
tively, while this difference oscillates between 7% and 14% for spastic ST muscles and
4%-9% for spastic GRA muscles of the patients. In addition, at longer muscle-tendon
complex lengths higher passive and active forces of spastic muscles were measured and
the dominant component of the total force is the active muscle force. For the GRA,
peak active muscle force is more than 5 times that of passive force. For the ST, peak
active muscle force is approximately 4 times that of passive force. The outcome of
this assessment suggests that mechanical characteristics of spastic muscles may not
necessarily differ from those of healthy muscles. This implies that, an explanation for
the restricted joint movement of CP patients via the consideration of spastic muscles

as shortened and mechanically abnormal muscles is a simplistic one.

Keywords: Cerebral palsy; Musculoskeletal system model; Spastic muscle mechanics.
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OZET

SEREBRAL PALSIDE INTRAOPERATIF KAS KUVVET
DATASI ILE YUORUYUS BICIMINI ILISKILENDIRMEK
ICIN HASTAYA OZGU ISKELET KAS MODELLEMESI

Diz ekstansiyonuna kargi artan patolojik direng, serebral palside (CP) karakter-
istik bir patolojik durumdur. Spastik diz fleksor kaslarimin aktif ve pasif kuvvetleri,
diz hareketini biikiilmiis pozisyonlarda tutan yiiksek kuvvetlerle iligkilendirilmigtir.
Ancak, bu kuvvetleri dogrudan 6lgen galigmalar nadirdir. Bu galisgmanin amaci (1)
spastik kas-tendon kompleksi uzunlugu araliginin saglikli kas ile karsilagtirilabilir olup
olmadigim ve (2) spastik kas kuvvetinin kas-tendon kompleksi uzunlugunun fonksiyonu
olarak nasil degistigini tespit etmektir. Hastalara 6zgii iskelet kas sistemi modelleri, CP
hastalarinin yiiriiyiis analizi verileri kullanilarak OpenSim yazilimi ile geligtirilmigtir.
Sonuclar, hastalarin kas-tendon kompleks uzunlugu egilimlerinin saglikli bireylerink-
ine benzer oldugunu gostermektedir. Minimum ve maksimum MTL arasindaki fark,
saglikli ST-GRA kaslan igin sirasiyla %13 ve %8dir. Bu fark spastik ST kaslar1 igin
%7 ila %14, ve spastik GRA kaslar1 icin %4 ile %9 arasinda salinmaktadir. Ek olarak,
daha uzun kas-tendon kompleks uzunluklarinda daha yiiksek pasif ve aktif spastik
kas kuvvetleri Ol¢lilmiig, ve toplam kuvvetin baskin bilegenini aktif kas kuvveti olus-
turmustur. GRA i¢in pik aktif kas kuvveti, pasif kuvvetin 5 katindan fazladir. ST
icin, aktif aktif kas kuvveti, pasif kuvvetin yaklagik 4 katidir. Bu degerlendirmenin
sonucu, spastik kaslarin mekanik o6zelliklerinin, saglikli kaslarin 6zelliklerinden farkl
olmak zorunda olmadigidir. Bu, spastik kaslarin kisalmis ve mekanik olarak anormal
kaslar olarak degerlendirilmesiyle CP hastalarinin kisith eklem hareketleri igin yapilan

aciklamalarin basite indirgenmis olabilecegi anlamina gelir.

Anahtar Sozciikler: Serebral palsi; Kas-iskelet sistemi modeli; Spastik kas mekanigi.
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1. INTRODUCTION

1.1 Cerebral Palsy

Cerebral palsy is a neuromuscular system related disease causing disorder of
movement, muscle tone or posture. It basically originates from the damage on an
immature and developing brain, most of the time before the birth. Mainly, impaired
movement in relation to the improper reflexes, floppiness or the rigidity of the limbs.
In addition to that, it also causes inappropriate posture along with abnormal waling
and involuntarily movements or a combination of these. Exaggerated stretch reflexes
triggered by reduced inhibition can be related to these deformities in which the main
countenance is skeletal muscle spasticity [1],[2]. Accordingly, the spastic muscle re-
sists lengthening actively and stands at a relatively lower length, provided that it is
tried to be stretched quickly. Because of this phenomenon, some structural changes
mostly occur after the shortened status of skeletal muscle, where the opposition against

stretching remains long lasting [3],[4].

Equines disorder at the ankles and/or flexion of the hips and knees are observed
in the lower extremities of the suffering patients. It may be caused by contractures
[3],]5],]6] or muscle hypertonicity [7],[8],[9]. Figure 1.1 [10] shows the different types of
cerebral palsy, which parts of the brain is affected by these different types and what

are the consequences accordingly.

UNDERSTANDING TYPES OF CEREBRAL PALSY:

Spastic Cerebral Palsy Athetoid Cerebral Palsy
INCREASED MUSCLE TONE AND UNCONTROLLABLE
STIFF, TIGHT MUSCLES MOVEMENTS

Ataxic Cerebral Palsy Mixed Cerebral Palsy

DIFFICULTIES WITH BALANCE AND Ii S¥YMPTOMS OF MORE THAN IE

CODRDINATION OME TYPE ARE PRESENT

Figure 1.1 Different types of cerebral palsy [10].



1.2 Spastic Muscle Mechanics

The exact mechanism of muscle resistance against joint extension is not clear
for the patients suffering from spastic cerebral palsy. Active and passive features of
spastic skeletal muscles can be associated with this. There can yet be a limiting fac-
tor for joint range even if there is no active force exertion on the spastic muscle and
the passive forces are expected to be high [5],[11],[12]. Unexpectedly, relatively lower
muscle passive force can be seen during intraoperative measurements, for spastic flexor
carpi ulnaris muscle, in the upper extremity [13],[14]. In the lower extremity on the
other hand, there is no direct calculation and measurement as such and demonstration
of higher passive muscle stiffness is considered as typical. This has been addressed
by the procedures involving muscle biopsies [15], and dynamometry and ultrasound
shear wave elastrography [16]. There are various studies both promoting and declining
the effect of spasticity on the gait disorder in accordance with the active muscle stiff-
ness [17],[18],[19],[20]. The limited joint motion of a cerebral palsy patient due to the
pathological reasons is obvious through the active and passive muscle forces of a human
being and their abilities to update joint moments can be computed as a function of join
angle with the help of intra-operative tests [21]|. It is shown that the gracilis (GRA)
and semitendinosus (ST) muscles of a patient with cerebral palsy generate low forces
when the knee positions are flexed [22],[23],]24]. However, there is no study presented
yet to correlate the muscle forces with muscle-tendon complex lengths observed during

the relevant gait cycles.

1.3 Aim of the Thesis

This study aims at determining muscle-tendon complex length changes during
the gait cycle and finding a correlation between the single muscle active and passive
forces with changing muscle-tendon complex lengths. For instance, maximum GRA
muscle force was detected at 0 or 60 degrees of knee angles but no data directly as

a function of muscle-tendon complex length has been achieved so far. This kind of



correlation was aimed to be obtained by finding equivalent muscle-tendon complex
length and muscle force values measured by using different tools. For the same hip and
knee angles, related force and length values were targeted to be correlated. In addition,
no range could be achieved for the muscle-tendon complex length of spastic GRA and

ST muscles.

Therefore, the aim of the study is to determine (1) if the range for spastic
muscle-tendon complex length is comparable to that of healthy muscle and (2) how

spastic muscle force changes as a function of muscle-tendon complex length.



2. METHODS

2.1 Intraoperative Testing Procedure

Surgical procedure was performed to measure the GRA and ST muscles active
and passive forces, in Istanbul University Department of Medicine along with the agree-
ment with the guidelines of Helsinki declaration. Experimental data was collected from
seven different patients who all were informed before, and this operation was approved
by a Committee on Ethics of Human Experimentation at Istanbul University, Istanbul.
The work was legally approved by the patients and/or their parents with an official

consent.

The surgical study contained seven patients. The oldest patient was 13 years
old and the youngest one was 6 years old, and the group had the mean value of 9 years
and 2 months with the standard deviation of 2 years 10 months. All the seven patients
had cerebral palsy disease but none of them was subjected to prior remedial surgery
before. Gross Motor Functional Classification System (GMFCS) level was II for all of
these patients. Considering the Modified Tardieu Scale and Modified Ashworth Scale

scores, popliteal angles were measured related to their clinical spasticity scores.

Before the surgery to be performed, gait analysis assisted the study in order to
obtain an objective diagnostic assessment. This data was utilized to create a corre-
lation between joint angle-muscle force measurements of the spastic muscle level and
typical patient motion characteristics. All in all, requirement of the remedial surgery
by releasing hamstrings and hip adductors was proven with the help of clinical exami-
nation performed before the operation which showed extremely limited knee range of

motion.

Helen Hayes Marker Placement Protocol [25] was fulfilled in order to establish a
motion analysis system (ELITE 2002, BTX Bioengineering, Milano, Italy) by using six



infrared cameras and two force plates (Kistler Instrumente AG, Winterthur, Switzer-
land). Bilateral markers were located at the metatarsal head V, heel, lateral malleolus,
tibial wand, femoral lateral epicondyle, femoral wand, and anterior superior iliac spine
(ASIS). One single marker was located on the sacrum and the other one was placed
on the seventh cervical vertebrae (C7) so as to evaluate the shoulder tilt relative to
the horizontal axis combined with the two different shoulder markers placed on the
flat parts of the acromion. In addition, this marker enabled to detect the initiation
of walking as well. Gait analysis results were used to detect the visible hip and knee
angles during gait of the patients, and finally used to determine the joint positions will

be used on intraoperative muscle mechanical testing.

Seven patients were operated on bilaterally and datasets were collected for ten
different limbs. (For three of the patients, separate experiments were performed on
both legs.) For the remainder patients, only one leg was experimented due to time
limitations imposed by subsequent multilevel surgery. Thanks to the intraoperative
measurements, passive state ST and GRA muscle forces were measured (condition I)
and the active muscle forces were measured again after stimulation of GRA and ST
muscles selectively (condition II). These measurements we performed at ten different
joint positions containing 20 degrees and 45 degrees hip angles, along with the knee

angles of 0° — 30° — 60° — 90° — 120°.

These specific hip and knee angles were chosen based on the gait analyses [26].
In the end, a total of ten sets of knee angle vs. ST force and knee angle vs. GRA force

data were obtained.

2.2 Musculoskeletal Modeling

By aiming to detect the different muscle-tendon complex length values for spe-
cific hip and knee angles, experimental data was gathered from seven different patients
in C3D (coordinate 3D) file format related to their static (standing) pose and walking

cases on the force plates. Three different dynamic trials were analyzed for each patient.



In order to use this static and dynamic data as an input for OpenSim [27],[28] which is
open source software in order to create models and form simulations for musculoskele-
tal structures in action, they need to be transformed into track row column (TRC) file
format. Another open source software, Mokka [29] was applied to serve this purpose.
With the help of Mokka, experimental data of the patients was converted to input files
for the OpenSim model.

It is required to reach action dynamic simulation(s) if one would like to examine
internal loads in the skeletal system or work on the neuromuscular stability. In parallel,
this kind of simulations are also useful for the identification of sources that belong to the
pathological movement, and develop better treatment schedule afterwards. OpenSim
was developed as a freely available and open source model base which lets the users to
obtain models and simulations accordingly. This system is applied in order to study
dynamic of human beings with pathological gait and analyze the biomechanical effects

of the treatment plan, by using a library of models and simulations created before.

For the seven patients one by one, personalized musculoskeletal models were de-
veloped by modifying the OpenSim Gait 2392 model. The Gait 2392 model contains
92 muscle-tendon actuating units so that 76 different muscles in the lower extremities
and torso are represented with 23 degree of freedoms. The default and unscaled model
stands for a human being patient with 180 centimeters length and 75160 grams weight.
This already developed model can be found, used and modified in OpenSim for cal-
culating forces and moments, the updates on the geometry of the muscle and skeletal
systems after a surgical operation or physiotherapy, muscle derived walking or running

computational analysis.

In order to receive the precise outcomes from the model analysis, generic model
was required to be modified and this goal was reached with the scaling operation. Basi-
cally, scaling tool changes the dimensions and measurements of the Gait 2392 model,
therefore it can represent a real particular patient as much as possible. Typically, scal-
ing operation is processed with the comparison of experimental marker data placed on

the actual patient and virtual markers located on the model, along with the length and



weight updates from model to the actual patient. TRC static files of the patients gath-
ered from the gait analysis were used as the input files for scaling operation in which
the experimental markers were checked against the virtual markers. The dimensions
from the experimental markers were measured with motion capture equipment where
the virtual markers are positioned in the anatomical relevance. The scale factors are
computed by comparing the distances between experimental markers relatively to the
virtual markers. This computation was applied by using the setup file that contains
the reference for static experimental data in TRC format, length and weight of the
patients, weights given to the markers having exactly the same name marker names in
experimental data and gives out an output file to solve the inverse kinematics problems

for the next steps.

ScaleMarkerSat xml

subject01_Setup_Scale.xml

subject01_static.trc gags *
scale [ subject01_simbody.osim

\

gait2354 simbody.osim

Figure 2.1 Input and output elements of scaling tool. Experimental data are shown in green;
OpenSim files are in red; settings files are in blue.

Once the personalized model was created via scaling operation, the inverse kine-
matics tool was used to calculate muscle-tendon complex length, knee and hip angles
correspondingly as it steps through each time frame of experimental data and arrange
the positions of the model again in a pose that ’best matches’ experimental marker
and coordinate data for that time step. It is highly critical to reach proper and ac-
curate data as an outcome from inverse kinematics operation so as to use it for force

computation tools such as static optimization.

Setup files should be created for inverse kinematics operation with a similar
procedure of scaling setup files. These setup files need to contain the same markers
(with the same marker names and weights for calculation again) for the consistency and

this time, they refer to the dynamic experimental data of the patients in TRC format.



For different cases, setup file uses the output from the scaling operation and different
walking cases as input files for inverse kinematics within a specified time range. In
this time range, this operation enables the users to observe the changing trends for
muscle-tendon complex lengths, fiber lengths, joint angles (knee and hip angles for this
case). Moreover, it starts the procedure for force analysis that can be processed after

the static optimization tool which can analyze the active, passive, total fiber forces.

subject01_Setup K. xml

v

ik - subject01_walk1_ik.mot

ectDT walk I

.

subjectl1_simbody.osim -y

Figure 2.2 Input and output elements of inverse kinematics tool. Experimental data are shown in
green; OpenSim files are in red; settings files are in blue.

It is possible to see the trend plots for knee angle, hip angle and muscle-tendon
complex length after the inverse kinematics is run successfully. For the gracilis muscle,
all these three features were calculated for the different walking experimental data of

the patients.

During intraoperative measurements, active and passive forces of ST and GRA
muscles were measured for some specific hip angle and knee angle couples. Using gait
analysis data processed via OpenSim, it was possible to achieve the data for entire
gait cycle, which contains intervals with the identified hip and knee angles. In order to
obtain the relevant data, hip angle values of 20° and 45° were set as the absolute and
exact conditions for the model gait analysis as well, where the knee angle equivalents
were adjusted to 0°, 30° and 60° values with plus or minus 3° tolerances. Consequently,
the computations were completed for the knee angle intervals between 0°-3°, 27°-33°,

and 57°-63°; provided that the hip angles were precisely equal to 20° and 45°.

Considering that the exact values of 20° and 45° hip angle values cannot be seen
on the dataset acquired from OpenSim, some extra calculations need to be processed.

In order to achieve this goal, the time intervals in which the 20° or 45° values are



involved were designated and knee angle values along with the muscle-tendon lengths
equivalent to these specific values are calculated. This procedure was followed for
10 limbs that belong to the 7 different patients so that the muscle-tendon complex
lengths for gracilis and semitendinosus muscles are obtained for the conditions the
intraoperative measurements are performed. Consequently, muscle-tendon complex
lengths and equivalent muscle active and passive forces are gained for some specific hip

angle-knee angle couples.
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3. RESULTS

3.1 Muscle-Tendon Complex Length Changes

Figure 3.1 shows spastic ST and GRA muscle-tendon complex length changes

as a function of percent gait cycle.

For the ST, healthy muscle-tendon complex length changed by 13% between its
minimum and maximum values. Patient specific models indicate that the patientsa
muscle-tendon complex lengths change by 9.9% +/- 2.2% (mean +/- standard devia-
tion). The maximum change was observed by 14% for Limb 6 and the minimum change
was observed by 7% for Limb 7, between the minimum and maximum length values in

the curves of the patients.

For the GRA, healthy muscle-tendon complex length changed by 8% between
its minimum and maximum values. Patient specific models imply that the patientsa
muscle-tendon complex lengths change by 6.8% +/- 1.7% (mean + /- standard devia-
tion). The maximum change was observed by 9% for Limb 6 and the minimum change
was observed by 4% for Limb 4, between the minimum and maximum length values in

the curves of the patients.
These results suggest that the spastic muscles studied show similar characteris-

tics to the typically developed (TD) healthy muscle (the black threadline).

3.2 Spastic Muscle Force Changes as a Function of MTL

Patient specific models were developed in order to obtain different muscle force
trend curves against the increasing muscle-tendon complex lengths. The figures in the

following sections suggest that the muscle forces have a tendency to increase with the
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ST GRA

—Limb {1} —Limb {1}
——Limb {2} ——Limb {2}
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Figure 3.1 Normalized muscle tendon unit length graph against gait cycle percentage for the GRA
and ST muscles of ten different limbs.

increasing muscle tendon complex lengths. In addition, the dominant component of
the total force is the active muscle force. For GRA, the maximum active muscle force
is 5.62 times higher than maximum passive force in average. For ST, the maximum

active muscle force is 3.82 times higher than maximum passive force in average.
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3.2.1 Patient 1 - Limb 1

Figure 3.2 shows the change of GRA and ST muscle-tendon complex lengths
during the gait cycle. It could be seen that both two muscles were persistent on their
actions between the gait relevant time zones of around 0.67 seconds and around 3.90

seconds.
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Figure 3.2 Limb 1 GRA and ST muscle-tendon complex length changes during the gait cycle.

Table 3.1 shows that eight different data points for GRA and eight for ST
muscles, that the muscle length and muscle force could be associated. No muscle force
measurement, was possible for the 120° knee angle, because there was no space to bend
the leg related to the patients position on the stretcher. This consequently resulted
in 8 data points instead of 10. Three of those were observed during the actual gait
cycle of the patient as recorded during his/her gait. These points are highlighted in
the table.

Figure 3.3 for the GRA muscle was obtained by using the dataset in Table 3.1.
This figure shows that muscle passive force increased consistently while the muscle-
tendon complex length increases in parallel. Therefore, the maximum passive force was
observed with the maximum muscle-tendon complex length. The active force increased

as well until its maximum value and slightly decreased afterwards. In summary, muscle
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Table 3.1
Muscle-tendon complex length and muscle force data of Limb 1 for different hip and knee angles.

| GRA ST |

HA KA CondI(N) CondII (N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 - - 0.384 - - 0.424
45 90 0.299 66.550 0.398 1.969 78.940 0.435
45 60 1.449 73.680 0.415 7.706 76.610 0.455
45 30 8.859 72.860 0.433 28.266 77.380 0.478
45 0 22.759 73.770 0.446 44.396 87.630 0.498
20 120 - - 0.373 - - 0.398
20 90 0.905 62.010 0.387 0.465 36.450 0.408
20 60 0.005 72.470 0.404 0.93 57.690 0.428
20 30 3.325 79.200 0.421 4.852 53.310 0.451
20 0 19.455 74.220 0.434 29.262 88.440 0.471
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Figure 3.3 Limb 1 GRA muscle-tendon complex length vs. muscle passive and active forces.

forces tended to increase with the increasing muscle-tendon complex length, based on
the trend lines and the value changes between minimum and maximum muscle-tendon

complex lengths.

According to the Figure 3.4, passive force of ST muscle increased consistently
similar to that of the GRA of the same patient. The maximum force value was encoun-
tered at the maximum muscle-tendon complex length. For the active force on the other

hand, there was no consistent behavior as there were several increasing and decreasing
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Figure 3.4 Limb 1 ST muscle-tendon complex length vs. muscle passive and active forces.

force trends. However, relatively higher force values corresponded with the relatively

higher muscle-tendon complex lengths in the second half of the graph.
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3.2.2 Patient 1 - Limb 2

Figure 3.5 shows that, the muscle-tendon complex length trend is consistent
starting from the beginning of the action and until around 3.29 seconds. Similar to the
Limb 1, the other limb of the same patient, three persistent curves could be observed
for both GRA and ST muscles and the maximum ST muscle-tendon complex length

value was higher than the maximum GRA muscle value.
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Figure 3.5 Limb 2 GRA and ST muscle-tendon complex length changes during the gait cycle.

Table 3.2 shows the muscle force and muscle-tendon complex length values of
the second limb of Patient 1. Similar to the Limb 1, only 8 different data points were
obtained because of the patent position on the stretcher. As it can be seen, OpenSim
gives out exactly the same muscle-tendon complex length values for Limb 2, which
is the left leg of Patient 1, as Limb 1, which is the right leg of Patient 1. It can be
concluded that OpenSim results same values for the different limbs of a patient. (This
phenomenon will be verified for the following patients which will be measured for two
different limbs.) 20° hip angle with 0° and 30° knee angles could be seen during the

real gait cycle of the patient this time ad these two rows are painted in the Table 3.2.

According to the Figure 3.6, it can be said that GRA passive muscle force does

not change significantly with the increasing muscle-tendon complex length. In total, it
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Table 3.2
Muscle-tendon complex length and muscle force data of Limb 2 for different hip and knee angles.

| GRA ST |
HA KA CondI(N) CondII (N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 0.384 0.424
45 90 28.431 46.96 0.398 5.572 44.22 0.435
45 60 29.049 81.74 0.415 6.552 76.88 0.455
45 30 34.969 168.66 0.433 10.002 89.79 0.478
45 0 55.059 184.4 0.446 37.002 60.75 0.498
20 120 0.373 0.398
20 90 33.394 99.79 0.387 1.575 18.24 0.408
20 60 36.419 132.15 0.404 1.779 70.25 0.428
20 30 41.959 41.959 0.421 2.825 72.74 0.451
20 0 62.159 128.63 0.434 11.175 65.93 0.471
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Figure 3.6 Limb 2 GRA muscle-tendon complex length vs. muscle passive and active forces.

can be said that the passive force was slightly increased compared to the minimum and
maximum muscle-tendon complex length values. The GRA active force on the other
hand was highly inconsistent and no correlation could be achieved between the muscle-
tendon complex length and active muscle force. Although there is an increase on the
muscle force values measured with minimum and maximum muscle-tendon complex
lengths, the actions in the interspace was without any pattern. Another surprising

finding was the active and passive force values were very close to each other for some



17

specific data points.

Muscle Farce {N)

0.398 0408 0424 0428 0435 0451 0455 0471 0478 0498
MTL {m)

— P RSEV D — TG Trendline (Passive) Trendline [Active)

Figure 3.7 Limb 2 ST muscle-tendon complex length vs. muscle passive and active forces.

Similar to the GRA, ST passive muscle force was quite steady for the changing
muscle-tendon complex length, except for the final jump. In total, it can be said that
there is a tendency to increase related to the passive muscle force. Active muscle
force though does not have any pattern again similar to the GRA muscle, as the graph
contains several increasing and decreasing force trends and there is no direct correlation

between the muscle-tendon complex length and active muscle force.
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3.2.3 Patient 2 - Limb 3

There were persistent muscle-tendon complex length behaviors for both ST and
GRA muscles. It can be seen between the around 2.04 seconds and around 3.84 seconds
in the Figure 3.8. The maximum values for ST and GRA muscles were at the similar
levels dissimilar to the other limbs. Two repeating trends could be observed during the

gait cycle for both GRA and ST.
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Figure 3.8 Limb 3 GRA and ST muscle-tendon complex length changes during the gait cycle.

Table 3.3 shows the muscle-tendon complex length and muscle force values for
the GRA and ST muscles of Limb 3. There were 10 data points that had both force
and length values, in order to create the graphs. One single condition with 20° hip

angle and 30° knee angle was observed during the actual gait cycle.

When the GRA muscle force values were checked for different muscle lengths
from the Figure 3.9, it can be said that the maximum passive force value was aligned
with the maximum muscle-tendon complex length one more time. Active muscle force
had a tendency to increase with the increasing muscle-tendon complex length in general,
although it showed a separate characteristics and the maximum value was designated

before the maximum length value.
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Table 3.3
Muscle-tendon complex length and muscle force data of Limb 3 for different hip and knee angles.

| GRA ST |
HA KA CondI(N) CondII (N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 1.402 18.080 0.309 0.31 0.11 0.344
45 90 4.095 36.530 0.32 0.38 8.200 0.353
45 60 4.120 51.320 0.334 2.980 18.770 0.37
45 30 9.775 47.220 0.349 9.560 54.100 0.388
45 0 29.362 42.810 0.36 24.540 12.530 0.405
20 120 0 9.050 0.299 0.366 0.26 0.321
20 90 1.056 39.800 0.31 0.526 19.840 0.329
20 60 1.654 51.300 0.325 1.186 36.880 0.346
20 30 7.546 44.400 0.339 2.976 16.710 0.365
20 0 24.480 45.090 0.35 16.286 8.270 0.382
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Figure 3.9 Limb 3 GRA muscle-tendon complex length vs. muscle passive and active forces.

ST passive force from the Figure 3.10 was observed at the maximum muscle-
tendon complex length value as consistent with the previous muscle force characteris-
tics. There is no direct trend could be observed for the behavior of active muscle force
on the other side, because of the huge slope values between successive muscle-tendon
complex lengths. Nonetheless, it could be seen that maximum force value was observed

at the second highest muscle-tendon complex length point.
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Figure 3.10 Limb 3 ST muscle-tendon complex length vs. muscle passive and active forces.

3.2.4 Patient 3 - Limb 4

The trend for Limb 4 shows that there is a repeating pattern between the 4.04

seconds and 7.03 seconds as it can be seen on the Figure 3.11. Three repeating similar

cycles could be observed for ST and fading pattern for GRA could be seen as well.
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Figure 3.11 Limb 4 GRA and ST muscle-tendon complex length changes during the gait cycle.
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Ten different data points could be collected for muscle active and passive forces
during the intraoperative measurements and the equivalent muscle-tendon complex
length values could be calculated for both GRA and ST. For this limb of Patient 3, the
30° knee angle could be observed during the real gait cycle along with the both 20°

and 45° hip angle values.

Table 3.4
Muscle-tendon complex length and muscle force data of Limb 4 for different hip and knee angles.

| GRA ST |
HA KA CondI(N) CondII(N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 0.759 11.440 0.247 0.83 3.610 0.281
45 90 0.759 34.800 0.259 0.13 7.970 0.291
45 60 0.849 54.610 0.275 1.884 12.980 0.309
45 30 1.529 48.910 0.291 4.270 14.490 0.328
45 0 5.409 32.100 0.302 5.470 17.510 0.346
20 120 1.133 22.000 0.238 0 1.300 0.258
20 90 1.215 32.100 0.25 1.070 7.110 0.268
20 60 1.430 45.740 0.266 1.840 5.860 0.286
20 30 2.545 44.670 0.281 2.460 12.070 0.306
20 0 5.323 44.880 0.292 3.470 26.030 0.323

The GRA muscle passive force values can be said to be highly stable with a
slight increase against the increasing muscle-tendon complex length. This kind of a
behavior is consistent with the passive force trends of other limbs analyzed so far. For
the active GRA muscle force, there is no direct correlation between the muscle force
and muscle-tendon complex length as increasing and decreasing force trends can be
seen on the Figure 3.12. In total, it can be asserted that there is a tendency to increase
comparing the active force values recorded for minimum and maximum muscle-tendon

complex lengths.

The ST muscle passive force is also steady against the muscle-tendon complex
length similar to the GRA muscle. As it can be seen on the Figure 3.13, it also ends with
a slight increase consistently to the other passive force graphs. For the active muscle
force, a tendency of force increase against the increasing muscle-tendon complex length
can be mentioned despite couple of jumps could be observed. Nevertheless, direct

correlation could be considered based on the total graph.
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Figure 3.12 Limb 4 GRA muscle-tendon complex length vs. muscle passive and active forces.
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Figure 3.13 Limb 4 ST muscle-tendon complex length vs. muscle passive and active forces.

3.2.5 Patient 3 - Limb 5

Two similarly repeating graphs could be detected on the Figure 3.14 for ST
muscle of the Limb 5 between the 2.77 seconds and 6.27 seconds. For GRA muscle,
three persistent patterns could be seen on the very same graph. Much the same with

the other limbs, ST maximum muscle-tendon complex length value is higher compared
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to the GRA maximum muscle-tendon complex length value.
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Figure 3.14 Limb 5 GRA and ST muscle-tendon complex length changes during the gait cycle.

As planned for the entire study, ten different data points could be collected
for active and passive muscle force values of GRA and ST muscles. The equivalent
muscle-tendon complex lengths were recorded via OpenSim and as it can be seen on
the Table 3.4 and Table 3.5, OpenSim simulations gave out exactly the same muscle-
tendon complex length values for the two different limbs (Limb 4 and Limb 5) of the
same patient (Patient 3), just like the Limb 1 and Limb 2 of Patient 1. For this specific
Limb 5, 20° hip angle along with the 0° and 30° knee angle values could be observed

during the actual gait cycle analysis.

The GRA muscle passive force does not change significantly with the increasing
muscle-tendon complex length as it can be seen on the Figure 3.15, consistently to the
other passive force patterns. Although there were some jumps for the active muscle
force trend, a tendency for the force increase against the increasing muscle-tendon

complex length could be spoken.

The passive muscle force of ST muscle is steady against the increasing muscle-
tendon complex length similar to the GRA passive force. As expected, its graph ends

with a slight increase. The active muscle force was steady as well, except the final
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Table 3.5
Muscle-tendon complex length and muscle force data of Limb 5 for different hip and knee angles.

H GRA ST H
HA KA CondI(N) CondII (N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 0.962 16.290 0.247 0 5.890 0.281
45 90 1.018 20.700 0.259 0.24 10.960 0.291
45 60 1.624 44.150 0.275 1.210 10.070 0.309
45 30 3.492 51.050 0.291 5.800 14.280 0.328
45 0 7.058 29.860 0.302 19.010 71.890 0.346
20 120 1.229 7.170 0.238 0.257 6.580 0.258
20 90 1.399 24.000 0.25 0.297 0.268
20 60 1.809 52.050 0.266 0.027 12.280 0.286
20 30 4.849 53.060 0.281 0.397 12.800 0.306
20 0 13.519 30.240 0.292 3.367 20.260 0.323
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Figure 3.15 Limb 5 GRA muscle-tendon complex length vs. muscle passive and active forces.

jump in the end of the graph. All in all, active muscle force can be said to be increased

with the increasing muscle-tendon complex length when the force values are compared

for minimum and maximum muscle-tendon complex length values.



25

Muscle Force (M)

0258 0268 0281 0286 0291 0306 0309 0323 0328 0346

MTL {m)

—— PRSEVE  e— Ve Trendline (Passive) Trendline [Active)

Figure 3.16 Limb 5 ST muscle-tendon complex length vs. muscle passive and active forces.

3.2.6 Patient 4 - Limb 6

According to the Figure 3.17, four times repeating muscle-tendon complex length
fluctuations could be observed for both ST and GRA muscles. These repeating cycles
are placed between the 0.29 seconds and 3.50 seconds. Similar to the other patients
and limbs, ST muscle maximum tendon length values are relatively higher compared

to the GRA muscle values.

Table 3.6 shows the ten different data points containing the muscle-tendon com-
plex length and active and passive force values. Among these ten different points, three
of them were recorded during the real gait cycle of the Patient 4 which are 0°- 30°-
60° knee angle values with the 20° hip angle value for all. The maximum active force

values were recorded with these three specific points for both GRA and ST muscles.

The passive force of Limb 6 GRA muscle can be accepted to be stable as it does
not change substantially with the increasing muscle length. With the consistence of
other muscle passive forces, the graph is completed with slight increase in the muscle

force. The active force on the other hand tends to increase against the increasing
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Figure 3.17 Limb 6 GRA and ST muscle-tendon complex length changes during the gait cycle.

Table 3.6
Muscle-tendon complex length and muscle force data of Limb 6 for different hip and knee angles.

H GRA ST H
HA KA CondI(N) CondII (N) MTL (m) CondI(N) CondII (N) MTL (m)
45 120 0.099 12.298 0.277 0.18 5.828 0.312
45 90 0.136 40.229 0.285 0.507 15.399 0.318
45 60 0.3 68.435 0.297 0.833 35.412 0.332
45 30 1.106 79.250 0.309 2.252 27.450 0.347
45 0 6.205 94.627 0.319 14.372 16.633 0.361
20 120 0.062 31.977 0.267 2.766 8.710 0.288
20 90 0.146 48.480 0.275 2.580 13.913 0.295
20 60 0.394 105.670 0.288 3.354 31.612 0.308
20 30 1.248 96.955 0.299 5.739 40.932 0.324
20 0 5.547 90.708 0.308 10.387 3.247 0.338

muscle length even with some decrements in the middle.

The passive force graph of ST muscle was similar to the GRA muscle and the
other muscles passive force graphs. As it can be seen on the Figure 3.19, it stays almost
steady and finishes the cycle with slight increase when the minimum and maximum
values are compared. Dissimilarly, the active force of ST muscle behaved incoherently
against the muscle-tendon complex length as there can be seen several increasing and

decreasing force trends. The active muscle force values are close to each other for the
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Figure 3.18 Limb 6 GRA muscle-tendon complex length vs. muscle passive and active forces.

minimum and maximum muscle-tendon complex length values.
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Figure 3.19 Limb 6 ST muscle-tendon complex length vs. muscle passive and active forces.
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3.2.7 Patient 5 - Limb 7

As it can be seen on the Figure 3.20, the nearly repeating cycles of muscle-
tendon complex lengths could be observed between the beginning of the gait cycle and
2.84 seconds for both GRA and ST muscles. Similar to the other limbs, ST muscle
maximum tendon length values are higher compared to the GRA muscle maximum

values.
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Figure 3.20 Limb 7 GRA and ST muscle-tendon complex length changes during the gait cycle.

The data points for Limb 7 of Patient 5 could be seen on the Table 3.7. One
single point amongst them could be observed during the actual cycle which contains

20° hip angle and 30° knee angle values.

The passive force of Limb 7 GRA muscle can be said to be steady despite the
insignificant increasing and decreasing force trends with low slopes. In total, it does
not change considerably with the increasing muscle-tendon complex length and the
initial and final force values are very close to each other equivalent to the minimum
and maximum muscle-tendon complex length values. The active muscle force has a
tendency to increase considering the comparison of starting and ending force values on
the graph coinciding with the minimum and maximum muscle-tendon complex length

values.
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Table 3.7
Muscle-tendon complex length and muscle force data of Limb 7 for different hip and knee angles.

| GRA ST |
HA KA CondI(N) CondII (N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 9.926 54.806 0.326 7.196 3.925 0.368
45 90 15.968 36.891 0.338 7.202 67.430 0.377
45 60 17.155 56.520 0.353 7.233 63.080 0.394
45 30 16.541 54.540 0.369 7.331 79.709 0.414
45 0 8.196 38.970 0.381 7.797 43.570 0.432
20 120 13.290 22.089 0.315 7.197 0.34
20 90 6.281 49.380 0.326 7.196 46.298 0.349
20 60 7.694 55.404 0.342 7.203 63.786 0.366
20 30 17.486 69.362 0.357 7.252 79.243 0.386
20 0 10.086 80.390 0.368 7.434 51.467 0.404
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Figure 3.21 Limb 7 GRA muscle-tendon complex length vs. muscle passive and active forces.

The ST muscle passive force does not change at all in the entire graph and
it keeps almost the same value. This kind of behavior is consistent with the other
passive force graphs. There is no direct correlation between the muscle-tendon complex
length and active muscle force though as the graph on the Figure 3.22 contains several

increasing and decreasing force trends.
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Figure 3.22 Limb 7 ST muscle-tendon complex length vs. muscle passive and active forces.

3.2.8 Patient 6 - Limb 8

Muscle-tendon complex length repeating cycles could be seen on the Figure
3.23 for the Limb 8 of Patient 6. The gait relevant cycle starts at 0.6 seconds and gets
repeated for four times until 4.35 seconds for both GRA and ST muscles. Similar to
the other limbs, maximum ST muscle tendon length observed is higher compared to

the maximum GRA muscle-tendon complex length.

Table 3.8 contains the ten different data points collected during the intraoper-
ative measurements and OpenSim simulations. Two of these ten data points could be
seen during the real gait analysis of the patient in which the hip angle was equal to

20° and knee angle values were equal to 60° and 30°.

The passive muscle force of GRA does not change significantly with the increas-
ing muscle-tendon complex length as expected. The active force of the same muscle
has a tendency to increase with the increasing muscle-tendon complex length, when the
total graph is analyzed although it contains two downhills as well. However, the total

context points out that the GRA muscle of this limb contains a correlation between
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Figure 3.23 Limb 8 GRA and ST muscle-tendon complex length changes during the gait cycle.

Table 3.8
Muscle-tendon complex length and muscle force data of Limb 8 for different hip and knee angles.

H GRA ST H
HA KA CondI (N) CondII (N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 8.949 55.990 0.361 7.508 8.140 0.401
45 90 8.679 37.420 0.372 7.511 11.630 0.41
45 60 9.259 60.030 0.387 7.501 15.780 0.427
45 30 10.429 66.870 0.402 7.461 16.390 0.446
45 0 13.669 70.160 0.414 7.649 15.180 0.464
20 120 8.579 33.000 0.349 7.504 8.620 0.374
20 90 8.319 49.760 0.36 7.443 12.160 0.383
20 60 8.469 69.460 0.376 7.451 14.750 0.4
20 30 9.199 68.640 0.39 7.432 15.830 0.419
20 0 13.469 72.670 0.402 7.433 26.040 0.437

the muscle-tendon complex length and active muscle force.

Similar to the GRA muscle, ST muscle passive force does not change at all
against the change of muscle-tendon complex length. Its straight line could be seen
on the Figure 3.25. For the active muscle force, tendency for the increase can be still

mentioned although it is not as apparent as GRA muscle.
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Figure 3.24 Limb 8 GRA muscle-tendon complex length vs. muscle passive and active forces.
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Figure 3.25 Limb 8 ST muscle-tendon complex length vs. muscle passive and active forces.

3.2.9 Patient 6 - Limb 9

Based on the gait cycle of the Limb 9 that belongs to the Patient 6, it can be

seen that the gait relevant cycle starts with 0.17 seconds and this relevance vanishes

after the 3.78 seconds. Four times repeating pattern can be observed for this limb
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on the Figure 3.26, related to the both GRA and ST muscles. Similar to the other
limbs and patients analyzed in this study, ST muscle-tendon complex length maximum

values are relatively higher that GRA muscle maximum tendon length values.
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Figure 3.26 Limb 9 GRA and ST muscle-tendon complex length changes during the gait cycle.

Table 3.9 shows the muscle-tendon complex length and muscle force values for
ten different data points. Same as the Patient 1 and Patient 3 whose both two limbs
are studied via OpenSim simulations, the same muscle-tendon complex length values
could be received for the two different limbs (Limb 8 and Limb 9) of Patient 6 as well.
One single point on the list with 20° hip angle and 30° knee angle could be observed
during the real gait cycle of the patient.

The GRA muscle passive force is stable with the increasing muscle-tendon com-
plex length consistently. There is no important deviance on the graph of Figure 3.27.
The active muscle force has a tendency to increase with the increasing muscle-tendon

complex length despite some fluctuations.

Similar to the GRA muscle, ST muscle passive force values does not change
significantly against the muscle-tendon complex length, as expected. The graph stayed

almost straight for the entire muscle-tendon complex length values. The active ST
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Table 3.9
Muscle-tendon complex length and muscle force data of Limb 9 for different hip and knee angles.

H GRA ST H
HA KA CondI(N) CondII (N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 6.299 18.680 0.361 8.685 11.790 0.401
45 90 5.919 53.450 0.372 8.753 35.330 0.41
45 60 6.619 63.650 0.387 8.811 35.940 0.427
45 30 7.729 63.550 0.402 8.758 34.210 0.446
45 0 12.499 65.370 0.414 9.253 19.440 0.464
20 120 5.549 14.700 0.349 8.715 9.340 0.374
20 90 5.659 53.710 0.36 8.742 20.900 0.383
20 60 5.939 69.130 0.376 8.790 37.060 0.4
20 30 6.499 68.680 0.39 8.833 39.990 0.419
20 0 12.319 59.220 0.402 8.887 45.760 0.437

Muscle Force (N)
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Figure 3.27 Limb 9 GRA muscle-tendon complex length vs. muscle passive and active forces.

muscle force behaved highly inconsistently as the Figure 3.28 contains lots of sharp

deviances. However, the trendline shows a tendency to increase for active muscle force

as well, against the increasing muscle-tendon complex length.
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Figure 3.28 Limb 9 ST muscle-tendon complex length vs. muscle passive and active forces.

3.2.10 Patient 7 - Limb 10

Figure 3.29 contains the changing trends of GRA and ST muscle-tendon com-
plex lengths during the gait cycle. It could be observed that both two muscles were
persistent on their actions with three repeating patterns between the gait relevant
time zones of 0.50 seconds and 2.88 seconds. Consistent with the other findings, ST

muscle-tendon complex length values are higher compared to the GRA muscle values.

Table 3.10 shows the ten data points for muscle-tendon complex length and
muscle force values for GRA and ST muscles of Limb 10. Three different points within
this list could be seen on the gait cycle of the patient with the 0°- 30°- 60° knee angles
with the constant hip angle of 20° for each.

Dissimilar to the other limbs in this study, GRA muscle passive and active force
values are highly close to each other in general. This unexpected behavior could be
seen on the Figure 3.30. Apart from this distinctness, GRA passive force can be said
to decrease for most of the graph against the increasing muscle-tendon complex length

while the active force has a tendency to increase in general when the trendline of the
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Figure 3.29 Limb 10 GRA and ST muscle-tendon complex length changes during the gait cycle.

Table 3.10
Muscle-tendon complex length and muscle force data of Limb 10 for different hip and knee angles.

| GRA ST |
HA KA CondI(N) CondII(N) MTL (m) CondI (N) CondII(N) MTL (m)
45 120 36.932 16.280 0.246 0 28.350 0.282
45 90 34.276 23.960 0.255 7.429 37.330 0.289
45 60 33.289 43.360 0.268 7.321 18.170 0.303
45 30 26.236 43.280 0.28 9.449 25.280 0.319
45 0 5.382 56.800 0.29 23.590 22.500 0.334
20 120 36.589 17.610 0.235 4.969 27.050 0.258
20 90 37.869 35.940 0.245 4.879 14.840 0.265
20 60 37.139 48.590 0.258 5.179 21.690 0.279
20 30 32.249 51.330 0.27 6.289 13.300 0.295
20 0 14.569 53.030 0.279 13.869 6.560 0.31

graph is studied.

The passive ST muscle force can be said to tend to increase against the increasing
muscle-tendon complex length. The active muscle force behaved quite ambivalently
with lots of high slope increasing and decreasing force trends. On the Figure 3.31, it
can be said that the trendline shows decreasing characteristics for the active muscle
force indifferent to the other spastic ST muscles. The starting and ending muscle active

force points on the graph are lose to each other despite these tight turns.
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Figure 3.30 Limb 10 GRA muscle-tendon complex length vs. muscle passive and active forces.

40
30
3
o
= 20
£
A
5
=
= 10
0
0258 0285 0279 0282 0285 0295 0303 0310 0319 0334
MTL (m)
e POV e e— ACHVE i Trendline [Passive] ---c-caee Trendline [Active)

Figure 3.31 Limb 10 ST muscle-tendon complex length vs. muscle passive and active forces.
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4. DISCUSSION AND CONCLUSION

The OpenSim simulations developed specifically for each patient and limb pro-
vided the analysis of muscle tendon unit length for both GRA and ST muscles. Figure
4.1 shows the change of normalized muscle-tendon complex length values for ten dif-
ferent limbs. For ST and GRA, the changes can be calculated as 9.9% + /- 2.2% and
6.8% +/- 1.7% respectively, and it can be concluded that the highest length values

could be seen on the final part of the cycle.

Typically; the increasing muscle tendon unit length, which represents the ex-
tension of the knee, comes up with the mainly steady passive force curve for both
GRA and ST but this almost steady curve ends with an increase in the passive force
most of the time, at the end of the cycle. Another finding can be stated that these
passive muscle forces are generally lower than the active forces for both GRA and ST
muscles. Although the behavior of active muscle forces are not as consistent as passive
forces, it can be deducted that there is a tendency to increase for them along with
the increasing muscle-tendon complex length. For almost every case, the lowest active
muscle force values were recorded with the minimum muscle-tendon complex length
values. However, the number of several increasing and decreasing force trends seen on
the graphs prevents to gain the direct and solid correlation between active muscle force
and muscle-tendon complex length. All in all, even this kind of an implicit function
between the muscle force and length could be acquired with this study for the very

first time.

The previous studies suggested that maximum muscle force is seen at shorter
muscle-tendon complex length, and total muscle force tends to decrease with the high
muscle-tendon complex length. Besides, it is expected to observe from previous studies
that active and muscle force values get closer to each other with the increasing muscle-
tendon complex length. However, the muscle forces tended to increase in general in

this study and active muscle forces stayed as the dominant agent. This situation for
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the spastic muscles implies that some mechanical characteristics of the spastic muscles

may behave similar to the healthy muscles in some manner.

The OpenSim model study assisted to obtain a platform containing the intraop-
erative mechanical tests and patient gait cycles. This kind of a platform is very useful
for comparing the mechanical and clinical data for the best treatment method. An
important finding showed that the muscle-tendon complex length changes are similar
for healthy and spastic muscles, for both GRA and ST. Both the healthy and spas-
tic GRA and ST muscles showed the minimum muscle-tendon complex length values
in the beginning of the oscillation and the maximum values in the final part. Thus,
muscle tendon unit length data cannot explain the exaggerated knee flexion and foot
movement disorder that may be observed in the clinic during the initial loading and
final discharge phases of gait cycles, contrary to the expectation that spastic muscles
are relatively shorter. On the other hand, it should be noted that it is not possible
to determine the existence of a shortened muscle body length that can explain the
pathology. However, the fact that intraoperative muscle force measurements exhibited
maximum muscle force at extension, which means long muscle tendon unit lengths,
suggests that the bodies of spastic muscles may not be shortened compared to the

healthy limbs.

Maximum passive force for ST and GRA occur when the target muscle is at
the highest length. In gait related muscle tendon unit lengths, active forces are the
dominant component of the total tendon forces of the respective muscles. It suggests
that the limitations of joint movement clearly observed during gait in cerebral palsy
patients are associated with active condition muscle force, not passive. However, the
general force generating characteristics of the muscles are consistent with those of the
healthy muscle, suggesting that individual spastic muscles may not be the determinant
of joint movement limitations. This limiting effect may be enhanced by the simultane-

ous activation of the muscles.

OpenSim models assume that the muscles are mechanically fully isolated from

each other, which ignores the possible effect of other co-activated muscles on the force
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of the target muscle. Consequently, the phenomenon called epimuscular myofascial
force transmission was ignored in the present study. However, it can still be considered
that this study blazed a trail to adapt the gait analysis data into a model developed
and can be improved by adding the epimuscular myofascial force transmission effects

in the subsequent studies as OpenSim is open-source software.

In conclusion, using the model developed, this study enabled us to convert
the intraoperatively measured knee joint angle-muscle force data into muscle-tendon
complex length-muscle force data in patients with CP. The outcome of this assessment
suggests that mechanical characteristics of spastic muscles may not necessarily differ
from those of healthy muscles. This implies that, an explanation for the restricted
joint movement of CP patients via the consideration of spastic muscles as shortened

and mechanically abnormal muscles is a simplistic one.
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