Acta of Bioengineering and Biomechanics
Vol. 19, No. 3, 2017

Original paper
DOI: 10.5277/ABB-00809-2017-02

Influence of modified muscle morphology
and activity pattern on the results
of musculoskeletal system modelling in cerebral palsy patient
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Purpose: The aim of the present study was to evaluate the influence of modified morphological parameters of the muscle model and
excitation pattern on the results of musculoskeletal system numerical simulation in a cerebral palsy patient. Methods: The modelling of
the musculoskeletal system was performed in the AnyBody Modelling System. The standard model (MoCap) was subjected to modifica-
tions consisting of changes in morphological parameters and excitation patterns of selected muscles. The research was conducted with
the use of data of a 14-year-old cerebral palsy patient. Results: A reduction of morphological parameters (variant MI) caused a decrease
in the value of active force generated by the muscle with changed geometry, and as a consequence the changes in active force generated
by other muscles. A simulation of the abnormal excitation pattern (variant MII) resulted in the muscle’s additional activity during its
lengthening. The simultaneous modification of the muscle morphology and excitation pattern (variant MIII) points to the interdepend-
ence of both types of muscle model changes. A significant increase in the value of the reaction force in the hip joint was observed as
a consequence of modification of the hip abductor activity. Conclusions: The morphological parameters and the excitation pattern of

modelled muscles have a significant influence on the results of numerical simulation of the musculoskeletal system functioning.
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1. Introduction

Cerebral palsy (CP) is a group of symptoms asso-
ciated with a variety of etiology of the central nervous
system damage occurring in the developing fetal or
infant brain. Due to the frequent occurrence of the
disease (2-2.5 per 1000 live births), it is a significant
diagnostic, prognostic, therapeutic and social problem
[21]. The incorrect function of the central nervous
system leads to secondary musculoskeletal problems
[3]. The most common consequence of cerebral palsy
is the spasticity which represents nearly 85 percent of
all CP cases [22]. Several definitions of spasticity
appear in the neurological literature, however, the
most commonly used is probably the proposal pre-
sented by Lance in 1980 which says that it is “a motor

disorder, characterised by a velocity-dependent in-
crease in tonic stretch reflexes (muscle tone) with
exaggerated tendon jerks, resulting from hyper-
excitability of the stretch reflex as one component of
the upper motor neurone syndrome” [16]. Spastic
muscles in CP children are characterized by different
morphology and excitation patterns compared with the
muscles of healthy peers. The most evaluated and
analysed parameters of spastic muscles include: mus-
cle length, fascicle length, cross-sectional area, fasci-
cle angle, thickness and lower resting sarcomer
length, muscle belly volume [11], [18], [20], [24]. The
reduced size of muscles of lower limbs was estimated
as a result of research conducted with the use of MRI
and ultrasound scans [18], [20], [24]. A review by
Barrett and Lichtwark concerning the morphology of
muscles showed a reduction of the muscle volume of
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about 20-57% in the limbs of CP children compared
to healthy peers [2]. Shortland et al. [24] reported that
a reduction of the muscle volume was observed in the
whole lower limb, however, the muscles in distal parts
were most affected. According to the research by
Lampe [15], the total muscle atrophy was more visible
in the lower leg (28%) than in the upper leg (16%). It
is commonly believed that cerebral palsy occurs het-
erogeneously, depending on the type of brain damage
[11]. The results of Handsfield et al. show that the
muscles in CP patients are small, however, overall the
magnitude of muscle deficit volume, length and cross-
section area vary depending on the severity of the
disease. The most affected muscles in CP patients
included the soleus, gastrocnemius, tibialis anterior,
semimembranosus, all plantarflexors, dorsiflexors and
hamstrings [11]. The results of the dynamic analysis
conducted using isokinetic dynamometers or the evalua-
tion of gait show additional differences in the function-
ing of the spastic muscle. An analysis using the mo-
tion capture data, EMG and SIMM software in the
research by Krogt et al. revealed a decreased velocity
during the stretch and an increased muscle activity in
the swing phase. Spastic muscles were about 30%
slower and their activity was 3 times higher in the
swing phase compared with the muscles in typically
developing children [14].

The biomechanical analysis of pathological gait
in CP [7], [8], [25] is a challenge because of the com-
plexity of consequences of the disease for the loco-
motor system. Therefore, modelling and numerical
simulation are increasingly used for the advanced
pathological musculoskeletal system analysis. The
musculoskeletal system modelling delivers new in-
formation about both normal and pathological gait
excessive internal hip rotation [1], stiff knee gait [13],
surgery consequences for the muscle-tendon length-
ening or validation of treatment strategies [S]. Most
biomechanical studies use standard models based on
muscle architecture, musculoskeletal geometry and
neuromuscular excitation patterns from unimpaired
subjects. Developing patient-specific models based on
the results from magnetic resonance images or ultra-
sound scans allows muscle lengths or moment arms to
be realistycally estimated in a range of body positions
during movement. However, this method has its dis-
advantages because it requires extensive imaging
protocols to capture the muscle and joint geometry in
many limb configurations [23]. Hainisch et al. [10]
created a musculoskeletal model for CP patients by
combining MRI data (for selected segments and mus-
cles) with motion capture data. This model was ex-
amined using OpenSim software, which allowed the

muscle force to be calculated for selected muscles.
The use of the MRI data and the OpenSim system
made it possible to better scale the model of skeletal
muscle by changing the position of the muscle at-
tachment. The results indicate that developing subject-
specific models is useful, however, the methodology
should take into account the information of abnor-
malities of the musculoskeletal system such as the
muscle spasticity and incorrect activity patterns.

A review of literature indicates that numerical
simulations of the musculoskeletal system may deliver
clinically useful information about the pathology gait.
However, in the case of spastic muscles, it is neces-
sary to improve the methodology of modelling by
taking into account morphological changes and recon-
structing changed rheological properties and abnormal
activity patterns (excitation patterns).

The aim of the present study was to estimate the
influence of modified muscle morphology and excita-
tion pattern on the results of musculoskeletal system
modelling in cerebral palsy patients.

2. Materials and methods

The concept of this study is based on the use of
a model of the musculoskeletal system to evaluate
selected biomechanical parameters (muscle force, joint
reaction force) during the pathological gait of a CP pa-
tient. The results obtained with the use of a standard
model of the musculoskeletal system available in the
repository of the AnyBody system (STEP 1) will be
compared with the results of a simulation conducted
on a modified model with changed morphological
parameters and/or activity patterns for selected mus-
cles (STEP 2).

Patient’s data

The model presented in this paper was developed
based on the results of a study on a 14-year-old young
female patient (body weight 39 kg; height 152 cm)
suffering from cerebral palsy (diplegia) obtained with
the use of the motion capture system (Vicon). The mo-
tion camera system was integrated with two force
platforms of Kistler measuring the ground reaction
forces and the surface EMG system used for the elec-
trical muscle activity registration.

The study was conducted for diagnostic needs of
the patient, so in addition to the source data also a
clinical report containing the patient’s anthropometric
data, results of kinematic analysis and the information
on the activity of the muscles (rectus femoris, biceps
femoris, tibialis anterior, gastrocnemius, gluteus maxi-
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mus, hamstring, soleus muscles) were available. The
results of the clinical report showed spastic diplegia
and consequently an increased pelvis anteversion,
severe knee valgus, excessive flexion of knee and hip
joints along with their internal rotation during the
whole gait cycle, and a strong adduction in the hip
joints in the stance phase.

Modelling

For the analysis of the musculoskeletal system the
AnyBody Modeling System was used (AnyBody
Technology A/S, Aalborg, Denmark). The MoCap
model used for the gait analysis consisted of 17 body
segments altogether (7 odd: pelvis, sacrum and 5 lum-
bar vertebras, and 5 even: right and left femur, patella,
tibia, talus, foot) joined by 11 joints (L5-S1 and left
and right hip, knee, patella/femur, talocrural and sub-
talar) with 21 degrees of freedom. All segments were
modelled as rigid bodies. The model of each lower
limb contained 56 muscles (muscle-tendon) divided
into 159 branches. The Hill’s model applied in the
AnyBody system to describe the muscle consisted of
a contractile element (CE — active force generated
by the muscle) and elastic elements arranged in par-
allel (PE — stiffness of muscle fibre) and in series
(SE — tendon stiffness). Force characteristics (force
—velocity and force—length relationships) of muscle-
tendon unit depend on both its architecture and its
intrinsic properties. Hill's model is sensitive to pa-
rameters, especially fibre length, physiologic cross-
sectional area and tendon length [12]. This way Hill’s
model of muscle-tendon unit can be adjusted for the
needs of normal as well as pathological muscle func-
tioning. Van der Krogt et al. have used such a model
for neuro-muscular simulation of contracture and
spasticity assessment in children with cerebral palsy
[26]. To adapt muscle model to individual character-
istics of pathological muscles the following parame-
ters can be used: muscle belly volume, pennation an-
gle, muscle fibre length, physiological cross-sectional
area (PCSA), tendon length and some other (e.g., peak
isometric force) [12].

STEP 1 — preparation of initial model

The standard model (M0) was a basis for further
research. The data of the current position of markers
and the ground reaction force at selected moments of
the gait cycle were downloaded from an input file in
the C3D format containing the patient locomotion test
results. The rigid segments were scaled using the pa-
tient’s anthropomorphic data (height, weight, width of
pelvis, length of thigh, shank and foot). The muscle

attachment location and its morphological parameters
were scaled with the whole model (Fig. 1).
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Fig. 1. Visualization of the scaled musculoskeletal model
for a 14 year-old young female patient in the AnyBody system

STEP 2 — modifications to the model

The standard model (M0) was modified in a few
ways. The purpose of the first variant (MI) was to
change the morphological parameters of selected
muscles. In the second variant (MII), the pattern of
muscle excitation (activity) was modified to recon-
struct some features of the spastic muscle [16]. The
modification to the model in variant MIII consisted in
a combined change in the muscle morphological pa-
rameters and excitation patterns.
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Variant MI — change in muscle parameters

The morphological parameters of the muscle model
were modified on the basis of the results of research on
spastic muscles available in the literature. When se-
lecting muscles to be modified the Handsfield study
[11] which indicated the muscles that are subject to the
largest pathological changes in particular types of cere-
bral palsy was applied. The most changed muscles in
the case of diplegia and crouch gait are presented in
Table 1 and were modified in model MI. In the case of
selected actons the length of fibres of the contractile
part was decreased (with unchanged length of the
whole muscle) and the muscle volume in relation to the
parameters of the standard model was reduced, while
the range of changes (Table 1) was determined on the
basis of averaged values of deficits presented by
Handsfield [11], Lampe [15], Mohagheghi [20] and
Shortland [24].

Variant MII — change in muscle activity

It is assumed that the spastic muscle is active dur-
ing elongation [16], and its minimum excitation is
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associated with the velocity of muscle elongation,
according to the relationship:

A =min{l;b-L } (1)

min

Amin — minimum muscle excitation,

b — proportionality coefficient, b = 2 was arbitrarily
assumed,

Lm — velocity of muscle elongation.

The changes in the muscle excitation pattern de-
scribed were applied in the case of a selected muscle
group:

Variant MIIA — rectus femoris, biceps femoris,
gastrocnemius, tibialis anterior — the selection was made
based on the EMG test of evaluated patient;

Variant MIIB — as in variant MIIA plus adductor
muscles of the hip. Taking into account the fact that
kinematic parameters of the evaluated patient’s gait
indicated an excessive adduction of lower limbs, the
muscle group selected on the basis of the EMG test
findings was complemented by thigh adductors which
were not tested by the EMG. An incorrect activity was
applied in the case of all adductors (variant MIIB) or

Table. 1. Characteristics of the changes in morphological parameters of muscle model.
Percentage value of decrease in particular parameters of model MI in comparison to standard model MO

Muscle GA* SO TI RF ST SM BF AM AB GMa
Fascicle length 12% 8% 6% 14% 19% 7% 3% 6% 2% 2%
Muscle volume 36% 38% 47% 33% 44% 33% 30% 21% 19% 11%

* GA — gastrocnemius, SO — soleus, TI — tibialis anterior, RF — rectus femoris, ST — semitendinosus, SM — semimembranosus,
BF — biceps femoris, AM — adductor magnus, AB — adductor brevis, GMa — gluteus maximus.

Table 2. Variants of musculoskeletal model

Modified morphological parameters and activity pattern
of muscles: selection of muscles based on the EMG test
(MI+MIIA)

MO
Standard model
MI
Modified morphological parameters of muscles
MII
Modified muscle activity
____________________________________________________________ ]
i MIIB
|
MIIA i Changed activity of muscles tested using the EMG
! TI, RF, BF, GA) with itional 1 activi
Choice of muscles based on the electromyography (EMG) test: ! (TL, RF, BF, G g X;ltrejr}lliad:étézzioibnoma activity
TI, RF, BF, GA e e R
| MIB, | MIB, : MIB, | MIBy,
| onlyAB | onlyAL : onlyAM | ABandAL
MIIT " [(MI+ MID)]
MIIIA MIIIB

Modified morphological parameters and activity pattern
of muscles: selection of muscles based on the EMG test
plus three hip adductors (MI+MIIB)




Influence of modified muscle morphology and activity pattern on the results of musculoskeletal system modelling... 67

only one of the adductors: MIIB, — only adductor
brevis, MIIB,; — only adductor longus, MIIB,, — only
adductor magnus. Due to the lack of unambiguous
information on the activity of the medial group of
thigh muscles and the fact that adductor magnus in the
stance phase can work mainly as a hip joint extensor
[16], an additional variant of the modification was
made where the activity was changed only for adduc-
tor longus and adductor brevis with the omission of
adductor magnus (MIIB,,, variant).

Variant MIII — changes in morphological parameters
and activity of selected muscles

The last variant of model modification consisted in
combined changes in morphological parameters of the
previously described muscle group and the excitation
pattern of four muscles tested using the EMG (variant
MIIIA), and additionally three hip adductors (variant
MIIIB).

The list of all model variants is presented in Table 2.

Analysis of the model

The models thus prepared and scaled constituted
the basis for dynamic analyses. Experimentally re-
corded marker trajectories and GRFs patterns were
imported into the AnyBody. The joint moments were
calculated using the inverse dynamics analysis and
thereafter, a muscle force distribution problem was
solved using optimization procedure with the 3rd or-
der polynomial muscle recruitment criterion [27].
EMG data available for six muscles in the clinical
report were not included in dynamic simulation di-
rectly. However, such data can be used for evaluation
of the muscle activity period obtained as a result of
numerical analysis.

The hip joint was modelled as a frictionless, ball-
in-socket 3-DOF joint, where the femoral head is
treated as a ball and the acetabulum as the socket
(spherical joint). The joint reaction was calculated as
a result of the forces of gravity and inertia as well as
muscle forces and external loadings acting on the
bone element forming the joint. Finally, the resultant
force was calculated in the femur coordinate system
and normalized to subjects’ body weight (BW).

Considering the parameters describing the muscle
functions (e.g., change in muscle elongation, muscle
excitation, muscle force), the information about the
activity of the muscle whose model was modified and
the influence of such muscle on the entire musculo-
skeletal system was obtained. Finally, the influence of
particular model modifications on the active muscle
force and reaction in the hip joint during the gait cycle

were analysed. The above-mentioned parameters con-
stituted the basis for assessment of the influence of the
modified muscle characteristics on the functioning of
the cerebral palsy patient’s musculoskeletal system
model.

3. Results

3.1. Active muscle force analysis

In order to assess the influence of the modified
morphological parameters and excitation of selected
muscles on the functioning of the musculoskeletal
system model, the active muscle force patterns gener-
ated in particular actons were evaluated.

Effect of modification of morphological parameters
(variant MI)

The results for the muscles in which the morpho-
logical parameters of the muscle model was changed
(Variant MI) were presented in Fig. 2a. Analogous
results for the selected muscles whose model was not
modified were presented in Fig. 2b.

In all ten actons* in which morphological pa-
rameters of a model were modified, differences in the
active force patterns were observed. Although there
was a slight variation, the active force generated by
particular muscles generally decreased. The range of
change was between 10 and 50% of values obtained
for a standard model MO. It can also be seen that the
active force of biceps femoris caput longum (BFI)
muscle increased in the swing phase (75-100% of the
gait cycle), however, it was not noticeable in other
muscles with modified morphological parameters.

An exception to the abovementioned observations
is the behaviour of gastrocnemius (GA), adductor
magnus (AM) and gluteus maximus (GMa). In the
case of GA, despite the reduction of the muscle vol-
ume by 36%, the active force increased in the stance
phase (10-35% of the gait cycle) in comparison with
the standard model. When we compare this result with
a reduction of the force in SO occurring at the same
time, it may be concluded that there was compensa-
tion within the triceps surae. When two analysed back
muscles of the thigh acting on both hip and knee joints
(BF1, ST, SM) were weakened during the whole
stance phase, the active force developed by the

* Acton — Muscles or muscle parts with point-to-point attach-
ments that generate moments about a single joint axis.
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Fig. 2. Muscle active force waveforms for the muscles in which morphological parameters were modified (variant MI) (a)
and without any changes in their models (b). The results obtained for the first variant (MI) of a model modification are presented
with references to the results obtained for the standard model (M0). Abbreviations of the muscles as defined in the text

strongest hip extensor (GMa) remained initially un-
changed (initial double stance — 0-19%) despite the
reduction of its morphological parameters (volume
reduced by about 11%) and increased by 12%—13% in
the further part of the stance phase (20-69%). In ad-
dition, the active force generated by the AM, being
also a very strong extensor of the hip joint, increased
during the whole stance phase. It shows that these
muscles took over a part of the tasks of other hip ex-
tensors doing the work necessary to maintain the up-
right posture.

A change in morphological parameters of the se-
lected group of 10 actons forced the change of active
force values generated in other muscles, including
those whose model was not modified (Fig. 2b). The
active force increased in the vastus medialis (VM)

during initial double stance phase, in the gluteus me-
dius (GMe) during the stance phase and in the adduc-
tor longus (AL) during swing phase. However, the
muscle force decreased by 10-15% in the vastus and by
30-60% in the gluteus minimus (GMi) between 30%
and 60% of the gait cycle (stance phase).

Effect of modification of the muscle
excitation pattern (variant MII)

A modification of the muscle excitation pattern in
accordance with Eq. (1) leads to the possibility of
additional activity at the time when the muscle is
elongated. This phenomenon can be seen using the
example of rectus femoris muscle (Fig. 3). Between 3%
and 54% of the gait cycle (marked with a frame),
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Fig. 3. The effect of the function used to change the pattern of muscle activity based on the example of rectus femoris
depending on its elongation: (a) change in the muscle length (L,,); (b) the value of the function 4,,,;,; (c) active muscle force
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Fig. 4. Muscle active force waveforms for the muscles in which activity pattern of four muscles tested
using the EMG (variant MIIA) and additional three hip adductors (variant MIIB) were modified (a)
and for muscles without any changes in their models (b).

The results obtained for 2 variants of a model modification (MIIA, MIIB) are presented with reference
to the results obtained for the standard model (M0). Abbreviations of the muscles as defined in the text
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it may be observed that its length increases (Fig. 3a).
In this situation, with a modified pattern of activity
the lower muscle excitation boundary reaches a value
above zero (parameter 4., — Fig. 3b), which results
in the occurrence of a period of additional activity
and of active muscle force generated as a consequence
(Fig. 3c). This effect can be observed between 22 and
52% of the gait cycle. Another effect of modification
of the excitation model may be an increase in active
force, which takes place when the forced minimum
excitation A, is higher than the value obtained in the
standard model (19-21% of gait cycle). When a mus-
cle is shortened (0-3% and 54-100%), the velocity
of change in the muscle length and consequently
the lower boundary of the excitation A, reach the
values below zero, which does not cause any changes
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in the muscle active force compared with the standard
model (MO).

The results for the muscles in which the activity
pattern of the muscle model was changed (change of
four muscles tested using the EMG (Variant MIIA)
and additionally three hip adductors (Variant MIIB)
are presented in Fig. 4a. Activity period for particular
muscles tested using the EMG was added for com-
parison. Results for the muscles whose model was not
modified were presented in Fig. 4b.

The biggest influence of modification of the mus-
cle excitation pattern (Variant MIIA) was observed in
such actons which increase their length in the gait
cycle and their activity generated in the case of the
standard model was low or the muscle was inactive at
all. Occurrence of a period of additional activity in all

Table 3. The effect of change in activity of adductor muscles on the muscle force patterns

Variants Active force of muscle
of model adductor brevis adductor longus adductor magnus
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modified muscles (rectus femoris (RF), gastrocnemius
(GA), tibialis anterior (TI) and biceps femoris caput
longum (BFI)) was observed. Such results are closer
to EMG recordings in the case of RF and GA. The
modification of muscle activity patterns of tibialis
anterior (TI) and biceps femoris caput longum (BFI)
does not fully reflect the EMG recordings. It is associ-
ated with the fact that elongation patterns of this mus-
cle do not fit to the taken formula of muscle excita-
tion. Activity of tibialis anterior calculated with use of
standard model (MO) did not reflect EMG recordings.
However, this acton was not elongated during the
major part of stance phase and its additional activity
was obtained only for the final part of stance phase

71

(50-65% of gait cycle). Additional activity of biceps
femoris caput longum calculated during swing phase
does not reflect EMG recordings. It is possible that
qualification of this muscle to the group of muscles
with abnormal activity pattern was improper. Modifi-
cation of the muscle excitation pattern for selected
actons forced the changes of active force values gener-
ated in other muscles, including those whose model
was not modified (Fig. 4b).

Adding adductors of the hip joint to the muscle
group with a modified excitation pattern (Variant MIIB)
results in the occurrence of periods of their additional
activity. A detailed analysis of such phenomenon is
presented in Table 3.
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Fig. 5. Muscle active force waveforms for the muscles in which morphological parameters and/or activity pattern
of four muscles tested using the EMG (variant MIIIA), and additional three hip adductors (variant MIIIB) were modified (A)
and for muscles without any changes in their models (B).
The results obtained for 2 variants of a model modification (MIIIA, MIIIB) are presented with reference to the results
obtained for the standard model (MO0). Abbreviations of the muscles as defined in the text
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When the way of activating only one of the ad-
ductors was respectively modified: adductor brevis
(MIIB,), adductor longus (MIIB;), adductor magnus
(MIIB,,), the occurrence of an additional period of
active force generation in the muscle whose excitation
pattern was modified with a decrease (or complete
disappearance) of the muscle force in two remaining
adductors was observed. The modification of the ac-
tivity of two adductors together (MIIB,+;) led to an
increase in the AB and AL activity and a decrease in
the AM activity in the stance phase. As a result of the
simulation of pathological activity of all adductors
(variant MIIB), their summary force increased, which
had an influence on the behaviour of the whole group
of muscles acting on the hip joint. The values of the
forces generated by the biceps femoris and vastus
muscle groups were higher in comparison with the
results obtained in previously described variants of the
model. However, the biggest effect was observed in
the abductors of the hip joint (GMi, GMe, TFL). The
value of the force in the gluteus minimus (GMi) in-
creased from 40% of the gait cycle, and the active
force in the swing phase was even 2-3 times higher
compared to other modification variants. Moreover, the
active force of gluteus medialis (GMe) in the stance
phase (except the initial double stance — 0—19%) in-
creased by 10-36% in comparison with the standard
model and also increased in the swing phase (Fig. 4b).

Effect of modification of the muscle morphology
and excitation pattern (variant MIII)

In the case of combined modification of the mus-
cle morphology and excitation pattern (variant MIII),
a significant influence of a change in morphological
parameters on the active force value was observed.

800

= (=)
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The results for the muscles in which the model was
changed in any way (change of morphological pa-
rameters and/or activity patterns) for two variants
(MIIIA, MIIIB) are presented in Fig. 5a. Analogous
results for the selected muscles whose model was not
modified are presented in Fig. 5b.

The muscles in which the length of the contractile
part and the volume of the belly were reduced and
the minimum muscle excitation boundary was changed
produced less force than in the case of modification
where only the excitation pattern was changed (MII).
This probably results from reduced morphological
muscle parameters and, as a consequence, leads to
lower active force. A comparison of the two variants
of the combined modification of geometry and exci-
tation pattern (variants MIIIA and MIIIB) revealed
that in most cases (e.g. gluteus group, vastus group,
adductor longus, rectus femoris) the muscle force
was higher with a modification of the activity of hip
adductors (variant MIIIB). This points to a huge
impact of additional, abnormal activity of adductors
of the hip joint on the whole group of lower limb
muscles.

3.2. Analysis of the joint reaction forces
in the hip

As a result of numerical studies, the joint reaction
forces acting in the hip were determined. The value of
the resultant force is presented in Fig. 6.

The reaction value obtained in all variants of the
analysis is significantly higher than in normal loco-
motion (according to the research by Bergmann et al.
300-350% BW [4]) and can even reach 850% BW.

— MIIB

0 20 40
% gait cycle

80 100

Fig. 6. The resultant hip-joint reaction force expressed as a percentage of the body weight.
The results for an analysis of various variants of the model modification (MI, MIIA, MIIB, MIIB,.,, MIII, MIIIB)
are presented with reference to the results obtained for the standard model (MO)
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In the case of modification of the model in the MI
variant a reduction of morphological parameters had
only a negligible influence on the value of resultant
reaction forces acting on the hip joint. A reduction of
the reaction force value of only several percent during
the double stance phase and a slightly higher (7-10%)
increase of the reaction force in the single stance
phase (20-35% of the gait cycle) can be seen. The
modification of the excitation pattern (variant MIIA)
did not cause significant changes in the reaction value
during the stance phase, however, the reaction values
increased two times in the swing phase. The biggest
impact on the value of the reaction force had the addi-
tion of adductors to a group of modified activity pat-
tern (variants MIIB and MIIIB) where the resultant
force increased by 3—6% in the double stance phase
(17%-20% of the gait cycle) and by 5-24% in the
limb single stance phase (28%—-9% of gait cycle).
From 63% of the gait cycle and during the swing
phase, very high values of joint reaction forces whose
maximum is lower only by 2—7% than the maximum
of the reaction force values for the stance phase can
be observed. It should be added that in the case of
a change in excitation of the hip adductor muscles
with the omission of AM (variant MIIB,.,) the reac-
tion during the single stance phase had similar values
as with the modification of all adductors but was con-
siderably lower in the swing phase. The results pre-
sented indicate a significant impact of abnormal func-
tioning of the hip adductor on the reaction force acting
on the hip joint.

4. Discussion

The subject of research described in this study was
the use of a model of the musculoskeletal system for
the analysis of the gait of a 14-year-old girl with cere-
bral palsy and with the symptoms of spastic diplegia.
The methodological limitations due to the lack of com-
plete data (e.g., MRI/ULTRASOUND) on the evalu-
ated patient made it necessary to obtain the informa-
tion about the geometry and the function of spastic
muscles from the literature data. The information in-
cluded in the clinical report suggested only which
groups of muscles might (but do not have to) work
incorrectly. The implementation of several variants of
the standard muscle model modification (morphologi-
cal structure and/or pattern of excitation) made it pos-
sible to assess the influence of potential pathological
changes on the biomechanical parameters (muscle
force, joint reaction force) during pathological gait of

the CP patient. The obtained results of the numerical
analysis showed that the inclusion of incorrect excita-
tion and different morphological structures of the se-
lected muscles in the model had a significant influence
on the results of the simulation of function of the entire
musculoskeletal system as it comprised not only the
muscles changed as a result of the disease.

First of all, the modification of morphological pa-
rameters caused a reduction of the value of active
force generated by muscles with a changed geometry.
A confirmation of the validity of this observation can
be found in the studies by Lampe [15] and Barret [2],
who indicated that the consequence of the structural
deficits is primarily the reduced ability to generate the
muscle force. It is worth noting that in the case of the
gastrocnemius, gluteus maximus and adductor magnus
muscles, despite a reduction of the morphological
parameters, their active force increased as a result of
large deficits of muscles performing the same function
which may indicate that the compensation occurred
within the respective muscle group (flexors or exten-
sors). The reduction of parameters of the semitendino-
sus, semimembranosus, biceps femoris caput longum
muscles was much higher than the reduction of pa-
rameters of the gluteus maximus and adductor magnus
muscles, which could have been the major stimulator
of the ensuing compensation within the muscles act-
ing on the hip joint. However, when analysing the
muscle function in the case of the crouch gait, it can
be concluded that with the excessive flexion of the
knee joints there are also changes in the moment arm of
specific forces, which, in turn, makes the muscle group
at the back of the thigh work mainly as knee flexors
and not as hip extensors [9]. Considering the above and
the large deficits of the muscles at the back of the
thigh which contribute to an additional weakness of
these muscles, it can be assumed that, as a conse-
quence, the force generated by other extensors is in-
creased in order to maintain the balance and the up-
right posture. It is obvious that the modification of
morphological parameters of a certain muscle group
(in this case, 10 actons) forced a change in the values
of active forces generated in other muscles, not
changed by the disease, and thus it affected the func-
tion of the entire musculoskeletal system.

In addition to the morphological parameters of
muscles being changed, the literature indicates the
abnormal muscle response to stretching [6], [14]. The
modifications in which the incorrect muscle activity
and excitation pattern were simulated (variant MII)
resulted above all in the occurrence of an additional
activity at the time when the muscle was elongated. In
the case of modification of the muscle excitation pat-
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tern measured using the EMG (TI, BF, RF, GA) the
value of the force in the stance phase generally in-
creased compared to the standard model. This effect is
especially well visible in the swing phase when a two-
fold increase in the muscle force was visible. A simi-
lar relationship in the studies on spastic lower leg
muscle function was shown by Krogt where he even
observed a threefold increase in the muscle activity in
the swing phase [14]. However, a comparison of cal-
culated activity of particular muscles with EMG re-
cording showed some inaccuracy (e.g., improper ac-
tivity of biceps femoris). It means that further research
to elaborate criteria for selection of muscles with
modified activity pattern must be conducted. Simi-
larly, further analyses are necessary to find optimal
value of the proportionality coefficient used in for-
mula joining muscle excitation with its elongation
velocity.

A very strong adduction of the hip combined with
an excessive flexion of the knee and hip joints caused
difficulties in carrying out the electromyography tests
of the medial thigh muscles. However, the patient’s
posture described and the information about the
crouch gait available in the literature [1], [19] suggest
an incorrect activity of the hip adductors. For this
reason, other variants of the muscle modification have
been considered in order to additionally analyse the
influence of incorrect stimulation of the hip adductors.
The numerical simulations allowed us to consider
several variants of any incorrect activity of the ad-
ductor muscles (only one, two or three adductors).
The most interesting results were observed when all
adductors showed an incorrect activity (variant MIIB)
because an increase in the active force of each of
them, but in different periods, was noticed (adductor
brevis and adductor longus muscles in the stance
phase and adductor magnus in the swing phase).
Moreover, the influence of the MIIB modification was
observed in the function of the entire musculoskeletal
system and the greatest effect was noticed in the ac-
tivity of the hip abductors. A simultaneous increase in
the force of adductors and abductors may indicate the
co-contraction of the analysed muscle groups being
a characteristic phenomenon for spastic muscles [19],
[22]. The results of an analysis including a combined
modification of the muscle morphology and excitation
pattern (variant MIII) clearly point to the necessity of
making extensive changes to the model. It may be
observed that the decrease in muscle force compared
to the variant where only the muscle activity was
changed (MII) was associated primarily with the re-
duction of morphological parameters. In addition, the
results of analyses conducted showed very high values

of the reaction force acting in the hip compared to
normal locomotion [4]. This effect can be partly asso-
ciated with the well known fact that reaction forces
calculated using musculoskeletal model tend to be
overestimated with regard to the measured forces and
they can even reach 350-400% BW [28]. Moreover,
Miller [19] explained that the very high value of the
reaction force in the spastic hip could be caused by the
muscle co-contraction (hip flexors, hamstrings, ad-
ductors, and abductors) which might generate much
higher forces than in the case of a healthy hip. For
example, the total force of the hip joint adductors in
the single stance phase calculated on the basis of our
study has values 4 times the body weight of the pa-
tient evaluated, while in the correct gait this force
equals approximately 2 times the body weight. Addi-
tionally, the emergence of very large muscle force
values in the swing phase resulted in an excessive
value of the reaction force acting on the hip joint. The
inclusion of the adductors in the modified activity
pattern group (variants MIIB and MIIIB) has a defi-
nitely strongest influence on the reaction value where
an increase in the value of the resultant force in the
stance phase and very high values of the reaction
force in the swing phase are visible. It is noteworthy
that in the case of only two adductors having an incor-
rect activity (variant MIIB,.;) without the AM (which
could be working mainly as an extensor) the values in
the swing phase would have been much lower. The
numerical simulation results presented indicate a sig-
nificant influence of the modified morphological mus-
cle parameters and excitation pattern on the function
of the musculoskeletal system during the spastic gait.
It seems advisable to conduct further research which
would allow realistic modelling of the spastic muscles
in a given patient (range of morphological changes,
pathological activity). Additionally, an important as-
pect should also be a realistic reconstruction of exist-
ing bone deformities which might affect the condi-
tions of equilibrium of the muscular forces within the
analysed joint.

5. Conclusions

The results of the present study point to the advis-
ability of realistic modelling of the pathologically
changed muscles because it has a significant influence
on the results of biomechanical analysis of the mus-
culoskeletal system in cerebral palsy patients. It is also
necessary to develop an optimal algorithm to deter-
mine the muscle model parameters depending on the
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severity of the disease and the patient’s individual
characteristics.
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