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Zusammenfassung

Spastische Zerebralparese ist eine haufige neurologische Entwicklungsstérung bei Kindern,
die in unilaterale und bilaterale Subtypen unterteilt werden kann. Die meisten Studien, welche
die Muskel-Sehnen Eigenschaften der unteren Extremitaten bei Personen mit spastischer
Zerebralparese untersucht haben, unterscheiden jedoch nicht zwischen den genannten
Subtypen. Die spastische Muskelmorphologie ist jedoch ein wichtiger Faktor fir die
Muskelfunktion. Unterschiede in der Muskel-Sehnen Pathologie kénnen verschiedene
Behandlungsstrategien erfordern. Ein Ziel der Dissertation war es daher, die Muskel-Sehnen
Eigenschaften zwischen Kindern mit einseitiger oder beidseitiger spastischer Zerebralparese
zu untersuchen. Um mogliche Unterschiede auf Muskel-Sehnen Ebene beurteilen zu kénnen,
ist der Einsatz valider und reliabler Messmethoden von entscheidender Bedeutung. Daher
wurde in einer zuvor durchgeflhrten Studie ein 3D-Ultraschallansatz zur Beurteilung der
Lange des Muskelbauches des Gastrocnemius medialis, dessen Muskel-Sehnen Einheit und
der Achillessehne entwickelt. Dieser Ansatz wurde in Hinblick auf zwei wesentliche Aspekte
bewertet: erstens, die Validitat im Vergleich zur Magnetresonanztomographie, und zweitens,
die Reliabilitat fur statische und dynamische Langenmessungen.

Um die Validitat und Reliabilitdt des neuartigen 3D-Ultraschallansatzes bewerten zu kénnen,
wurden zwei Ultraschallmessungen und eine Magnetresonanztomographie-Untersuchung
durchgefuhrt. Durch die Kombination von 2D-Ultraschall und 3D-Bewegungserfassung wurden
die Gewebelangen an einer bestimmten Sprunggelenksposition ermittelt und mit den
Magnetresonanztomographie-Messungen verglichen. AuRerdem wurde die Intra- und
Interrater-Reliabilitat  mittels  Variationskoeffizienten, = Standardmessfehlern, minimal
nachweisbaren Anderungen und Intraklassenkorrelationskoeffizienten fiir die statischen und
dynamischen Langenmessungen bestimmt. Um weiters die Muskel-Sehnen Eigenschaften in
den Subtypen der spastischen Zerebralparese zu beurteilen, wurden insgesamt 33 Kinder
(15 mit einseitiger und 18 mit beidseitiger spastischer Zerebralparese) in die Studie inkludiert.
Der Bewegungsumfang des Sprunggelenks, die isometrische Muskelkraft und die
morphologischen Muskel-Sehnen Eigenschaften der Muskel-Sehnen Einheit des
Gastrocnemius medialis (z. B. Muskelvolumen, Gewebelangen und Ausdehnungsverhalten)
wurden mit isokinetischer Dynamometrie, Ultraschall und 3D-Bewegungserfassung bewertet.
Unabhangige t-Tests oder Mann-Whitney-U-Tests wurden verwendet, um Gruppen-
unterschiede zu testen (a = 0,05).

Der 3D-Ultraschall-Ansatz zeigte um ca. 1,1% kirzere Gewebelangen im Vergleich zur
Magnetresonanztomographie-Messung. Darlber hinaus zeigte die Messmethodik eine

ausgezeichnete Intra- und Interrater-Reliabilitdt mit hohen Intraklassenkorrelations-
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koeffizienten (=0,94), kleinen Standardmessfehlern (< 1,3 mm) und guten minimal nach-
weisbaren Anderungen (< 3,6 mm).

Im Rahmen des Vergleiches zwischen Kinder mit einseitiger oder beidseitiger spastischer
Zerebralparese wurden unter Verwendung der validierten Messmethode und zusatzlichen
Messtechniken keine signifikanten Unterschiede in den untersuchten Muskel-Sehnen
Eigenschaften sowie weiteren funktionellen Parametern festgestellt (p > 0,05, d < 0,57).

Der vorgestellte 3D-Ultraschallansatz erwies sich als valide und reliabel fir die Beurteilung der
statischen Langen der Muskel-Sehnen Einheit des Gastrocnemius medialis, des Muskel-
bauchs und der Achillessehne sowie deren Ausdehnungsverhalten. Die Ergebnisse bestatigen
das Potenzial der Messmethodik als nutzliches Instrument zur Untersuchung statischer und
dynamischer Muskel-Sehnen Eigenschaften. Zusatzlich zeigen die Ergebnisse, dass die
funktionellen sowie auch die morphologischen Eigenschaften des Gastrocnemius mediales bei
Kindern mit einseitiger oder beidseitiger spastischer Zerebralparese ahnlich entwickelt sind.
Daher deuten die Studienergebnisse auch darauf hin, Studiendesigns in Zukunft nicht andern
zu mussen, um zwischen Personen mit einseitiger oder beidseitiger spastischer Zerebral-
parese zu unterscheiden. Basierend auf den Studienergebnissen ist es moglicherweise auch
nicht notwendig, die Behandlung der Muskel-Sehnen Pathologie zwischen der einseitigen oder

beidseitigen spastischen Zerebralparese zu andern.
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Abstract

Spastic cerebral palsy, which can be divided into unilateral and bilateral subtypes, is a common
neurodevelopmental disorder in childhood. However, the majority of studies that have
examined the muscle-tendon properties of the lower limb muscles in individuals with spastic
cerebral palsy have not distinguished between the two subtypes. One of the most significant
factors influencing the functionality of spastic muscles is their morphological characteristics.
Therefore, different muscle-tendon pathologies may require different treatment strategies.
Accordingly, one aim of this thesis was to conduct a comparative analysis of the muscle and
tendon characteristics of children with unilateral or bilateral spastic cerebral palsy. The use of
valid and reliable measurement methods is critical in assessing potential differences at the
musculotendinous level. Therefore, in a study performed beforehand, a 3D ultrasound
approach was developed for the assessment of the gastrocnemius medialis muscle belly,
muscle-tendon unit, and Achilles tendon lengths. This approach was evaluated with regard to
two key aspects: firstly, its validity in comparison to magnetic resonance imaging, and
secondly, its reliability for static and dynamic length measurements.

In order to evaluate the reliability and validity of the 3D ultrasound approach, two ultrasound
assessment sessions and one magnetic resonance imaging examination were conducted. The
tissue lengths were assessed at a fixed ankle joint position by combining 3D motion capture
techniques, 2D ultrasound and vector algebra. Subsequently, the aforementioned
measurements were then compared to those obtained from magnetic resonance imaging. The
intra- and inter-rater reliability of the static and dynamic length assessment was evaluated
using various statistical parameters including standard errors of measurement, coefficients of
variation, intraclass correlation coefficients, and minimal detectable changes. A total of 33
ambulatory children were included to assess the muscle-tendon properties of the spastic
cerebral palsy subtypes. Of these, 15 had unilateral and 18 had bilateral spastic cerebral palsy.
Isometric muscle strength, ankle joint range of motion, and muscle-tendon properties of the
gastrocnemius medialis muscle-tendon unit (e.g., muscle volume, tissue lengths and
lengthening behaviour) were assessed using isokinetic dynamometry, 3D motion capture, and
ultrasound, respectively. Independent t-tests or Mann-Whitney-U-tests were used to test for
group differences with a level of significance set at a = 0.05.

A comparison of the 3D ultrasound approach with magnetic resonance imaging revealed a
slight underestimation of tissue lengths, with a difference of approximately 1.1%. Moreover,
the approach demonstrated excellent intra- as well as inter-rater reliability, as indicated by high
intraclass correlation coefficients (= 0.94), small standard errors of measurement (< 1.3 mm),

and good values for minimal detectable change (< 3.6 mm). No significant differences were
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observed in any of the assessed parameters between children with unilateral or bilateral
spastic cerebral palsy (p > 0.05, d < 0.57).

The proposed 3D ultrasound approach was found to be reliable and valid for the assessment
of the gastrocnemius medialis muscle belly, muscle-tendon unit, and Achilles tendon lengths,
as well as the lengthening behaviour of these tissues. It has been demonstrated that the
approach can serve as a valuable measurement technique for examining both static and
dynamic muscle-tendon characteristics. The functional and morphological properties of the
gastrocnemius medialis muscle-tendon unit seem to be similarly developed in children with
unilateral or bilateral spastic cerebral palsy. Therefore, the findings do not indicate a need for
modification of study designs in the future to differentiate between individuals with unilateral or
bilateral spastic cerebral palsy. Furthermore, the results of this study indicate that modifying
the treatment of muscle-tendon pathology may not be necessary in individuals of unilateral or

bilateral spastic cerebral palsy involvement.
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1. Introduction

1.1. Anatomy and biomechanics of lower limb muscles

Muscle-tendon units (MTU) are composed of two essential parts of the musculoskeletal
system: an active component that produces force (i.e., the muscle) and a passive structure
that is capable of absorbing, storing and releasing energy (i.e., the tendon) (3). The ankle
plantar flexor MTU is composed of three muscles, which are also known as the triceps surae:
the medial and lateral heads of the gastrocnemius and soleus muscle (4). The gastrocnemius
and soleus muscles are composed of muscle fibres and are encased by connective tissue, the
epimysium, which is further connected to the Achilles tendon (5). The Achilles tendon connects
the triceps surae to the calcaneus bone, enabling force transmission and joint movement (5).
Skeletal muscles are composed of fascicles of muscle fibres (6). Each individual muscle fibre

is composed of parallel myofibrils (Figure 1) (7).

. fascicle
fascia muscle fiber
epimysium (cell)
e myofibril
perimysium/ %@
sarcolemma — >
endomysium

Figure 1: Schematic structure of a skeletal muscle. The muscle is composed of fascicles of muscle
fibres, which consist of myofibrils, which in turn consist of sarcomeres, the smallest unit of muscle tissue.
Figure reproduced from (8). © 2021 Howard and Herzog. The figure was published in an open-access
article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice, which is the case in

this thesis.

Each myofibril consists of sarcomeres connected in series, which is the smallest functional unit
of the muscle tissue (7). The sarcomeres contain the main contractile filaments actin and

myosin, which are responsible for contraction and shortening of the muscle (7).
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The characteristics of muscle, such as muscle volume, fascicle length, muscle belly length,
and thickness play a crucial role in determining function such as force generation, the
maximum shortening velocity, muscle excursion, and the force transmission to the tendon (9).
One factor determining the muscle function is the length of a muscle (10). The length of a
muscle influences the distance over which a fibre can shorten, resulting in a variability of
muscle strength at different muscle lengths (10). The strength capability depends on the actin
and myosin filament interactions and their overlay (Figure 2) (10, 11). When sarcomeres are
shortened, any further shortening is opposed mechanically, which restricts the production of
force (10). This region is referred to as the ascending limb of the sarcomere length—tension
curve (Figure 2) (10). At the optimal sarcomere length, which is defined as a length of 2.1 to
2.2 ym, there is the greatest actin and myosin overlap, which allows the muscle to produce the
greatest force, termed the force plateau (10). However, when the sarcomere is overstretched,
there is a reduction in the overlap between the filaments, which consequently reduces the
force-producing capacity of the muscle (10). This region is designated as the descending
limb (10). Conversely, there is an increase in the passive forces, which is due to the resistance
to stretch that is caused by passive elastic properties (10).

With each muscle fibre connected in parallel, the maximum force of the contraction
increases (6, 12). Conversely, the further a muscle fibre can shorten is determined by the
number of sarcomeres connected in series (6, 12). Another factor determining the function is
the volume of the calf muscles, which is notably the primary factor of plantar flexion
torque (13, 14). A muscle with a greater thickness and an increased physical cross-sectional
area (PCSA) and muscle fibre diameter is capable of generating a greater force (6, 15). The
maximum contraction velocity of a muscle depends proportionally on the length of its
constituent fibres (15). This evidence indicates that the greater the number of sarcomeres
arranged in series, the faster the muscle can contract (15).

Muscles with high pennation angles, large PCSA, and short fibres are capable of generating
large forces (15). For example, the gastrocnemius muscles are both pennate, which means
they have more parallel muscle fibres and can generate greater maximum force than fusiform
muscles (16). Another example of muscles with high PCSA and short fibres is the soleus
muscle, which is well-suited for generating high forces with small excursion, playing an
important role in postural stabilization and gait (15).

Conversely, relatively long fibres and intermediate to low PCSA are more suitable for large

excursions and generating relatively low forces (e.g., hamstrings) (15).

16



:3 ™ :l ™ :'Passive force

R :
1
— Optimum length
3 range :
° Normal length
L range 4
1

Active force

Sarcomere length [pm]

Figure 2: Schematic illustration of the sarcomere length-force curve. When sarcomeres are shortened,
any further shortening is opposed mechanically, which restricts force production as designated by the
ascending limb curve (10). At the optimal sarcomere length there is the greatest actin and myosin
overlap, which allows the muscle to produce the greatest force (10). When sarcomeres are stretched,
the overlap between the filaments is reduced, which consequently reduces the active force-producing
capacity, while increasing the passive forces, as designated by the descending limb (10). Figure
reproduced from (17). © 2021 Kruse, Rivares, Weide, Tilp and Jaspers. The figure was published in an
open-access article distributed under the terms of the Creative Commons Attribution License (CC BY
4.0, https://creativecommons.org/licenses/by/4.0/). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice, which is the case in

this thesis.

The gastrocnemius MTU is biarticular, spanning both the knee and ankle joints, which allows
the gastrocnemius to perform the flexion of the knee and foot (18) playing a crucial role in
forward propulsion during gait and other activities of daily living (7). In typically developing (TD)
individuals the forward progression of the tibia as the ankle dorsiflexes is controlled by an
eccentric contraction of the soleus muscle during the stance phase of walking, which results
in a lengthening of the MTU (19, 20). Subsequently, as the ankle joint reaches its maximum
dorsiflexion during terminal stance, a concentric contraction of the plantar flexors initiates
plantar flexion motion, which serves as the primary power source for propelling the body

forward (19, 20). Furthermore, considering the interaction between the active component of
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the MTU (i.e., muscle) and the passive component (i.e., tendon) of the plantar flexors
contributes to a more comprehensive understanding of muscle-tendon interaction (19). During
normal walking, the gastrocnemius and soleus muscles contract to maintain a relatively
constant length in mid and terminal stance (19, 21-24). Meanwhile, the Achilles tendon (AT),
which is more compliant, functions as a spring to absorb and store energy as the tibia moves
forward and the ankle dorsiflexes (19, 21-24). This stored energy is subsequently released

during pre-swing and push-off when the MTU shortens (19, 21-24).

1.2. Assessment of morphological plantar flexor muscle-tendon properties

The MTUs are highly plastic and adapt in response to a variety of stimuli, including mechanical
loading, diseases, bone growth and disorders (1). Information about changes in tendon and
muscle belly lengths due to treatment is important when developing efficient therapies and
training interventions (e.g., orthotic treatment and stretching interventions) (1). In recent
decades, the knowledge about the adaptations and behaviour of MTUs has broadened, mainly
due to advancements in ultrasonographic devices and other measurement techniques (e.g.,
three-dimensional (3D) motion capture, magnetic resonance imaging (MRI), musculoskeletal
simulations). Every technique has its own unique range of application and therefore
advantages and disadvantages. Furthermore, some of the measurement techniques can also
be effectively used together, complementing each other to ensure accurate results (1, 25-28).
Besides ultrasound (US), other imaging modalities, such as MRI and computed tomography
(CT), are commonly used for imaging soft tissue (29). Both MRI and CT have advantages over
US due to their ability to visualize deeper muscles, particularly in cases of deep soft tissue
structures for MRI and bones for CT (29, 30).

1.2.1. Magnetic resonance imaging

Magnetic resonance imaging is a non-invasive imaging modality that uses electromagnetic
radiation to produce detailed images of internal tissue (31). Magnetic resonance imaging
depends on detecting small magnetization of the atomic nuclei for image formation, with
hydrogen being the most commonly used nucleus in clinical imaging (32). However, this small
magnetization cannot be directly measured as it is in the same longitudinal direction as the
much stronger applied external magnetic field (31-35). The magnetization can, however, be
indirectly measured by application of a radiofrequency (RF) excitation pulse that imparts

energy into the system (31-35). When the RF pulse is switched off, the atomic nuclei relax

18



over time and revert to their default lower energy state by re-emitting specific frequencies of
electromagnetic waves, which are measured by RF coils (31-35). These relaxation times show
how quickly protons in tissues return to their normal alignment after being excited by the RF
pulse (31-35). As different tissues such as fat or muscle have different relaxation times, MRI
provides data on tissue biochemistry and structure, allowing a wide range of clinical
applications, including neurological, musculoskeletal, and vascular applications (31-35). In
terms of capturing muscle characteristics, MRl is often used to measure muscle volume, cross-
sectional area (CSA), and can also be used to measure lengths of the tendon and muscle belly
in vivo (36). Furthermore, by weighting the different relaxation times, it provides information
about fatty infiltration of muscle and intermuscular adipose tissue (36). The detection of muscle
characteristics at the fascicle level, which are not visible on regular weighted MRI scans (e.g.,
T1 or T2), is made possible by the use of diffusion tensor imaging (DTIl), which is sensitive to
changes in tissue microstructure and capable of quantifying the 3D visualisation of the
architectural and morphological muscle architecture (37-50). DTI fibre tractography enables
accurate reconstruction of 3D muscle architecture, allowing for assessing muscle properties
such as PCSA, fibre length, and pennation angle (47). Due to its not ionizing radiation, it is
considered as one of the most powerful and flexible medical imaging tools (31-35). However,
it is important to consider that MRI is expensive and time-consuming when compared with
US (51-53). Additionally, it may require sedation in certain population groups, particularly
young children, due to the need for absolute stillness during the examination to avoid
movement artifacts (54). Furthermore, MR is not suitable for studying tissue movement and
dynamic lengthening behaviour (1). In summary, despite of its wide range of clinical
applications (31-35), MRI is often inadequate for capturing muscle characteristics in young

populations and individuals with neurological disorders such as cerebral palsy (CP) (1).

1.2.2. Computed tomography imaging

Besides MRI, CT scan is another diagnostic technique that is widely used in the medical field
to generate detailed cross-sectional images of the body. Unlike traditional X-rays, which
provide two-dimensional (2D) images, CT scans use a rotating X-ray machine and
sophisticated computer technology to generate 3D images of internal structures by capturing
multiple X-ray images from various angles around the body and integrating them to create a
comprehensive depiction (55, 56). CT imaging is particularly effective at visualizing bones,
organs, soft tissues, and blood vessels with exceptional clarity (57). Due to its acquisition

speed and precision, CT scans facilitate the detection of various medical conditions, making
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CT scans pivotal in diagnosing a wide range of health issues from identifying tumours and
fractures to assessing the severity of internal injuries following trauma (57). Therefore, CT
scans play critical roles in both diagnosis and treatment planning (55). However, CT has a
major disadvantage as it exposes the patient to ionizing radiation (55-57). Therefore, this
technique should be limited to necessary examinations only, making it unsuitable for repeated

follow-up checks during interventions, particularly in children.

1.2.3. Ultrasound imaging

Because of the mentioned disadvantages of MRI and CT, US is often the method of choice
when it comes to investigations at muscle-tendon level (2). Ultrasound imaging has several
advantages when compared to MRI or CT: in addition to its wide availability, cost-efficiency,
and quicker examinations (51-53), US has a better patient tolerability (51, 53, 58) and can be
conducted in absence of any ionizing radiation (59). Furthermore, US provides a higher
intrinsic spatial resolution (51, 52), resulting in a resolution up to 0.1 mm (29), which is higher
than the resolution than can be achieved with, for example, a 3-Tesla MRI (29, 60), enabling
the assessment of architectural muscle properties (e.g., fascicle length, pennation angle, etc.).
Ultrasound also provides benefits such as non-invasiveness and the ability to easily compare
structures between opposing sides (61). In US measurements, a transducer emits pulses of
high-frequency sound waves in the tissues and detects their reflections (29). Generating an
image from the returning echoes depends on a computerised analysis of their temporal and
acoustic attributes (29). The position of the pixels in the resulting US image is determined by
the duration between the transmission and reception of the US pulse, while the luminosity of
the pixel corresponds to the magnitude of the received sound wave (29, 62, 63). Sound wave
reflection occurs when an emitted US beam interacts with tissue that has distinct acoustical
properties, which is called acoustical impedance (29, 62, 63). Acoustical impedance is
determined by the combined factors of sound velocity passing through the tissue and its
density (29, 62, 63). Biological tissues are primarily composed of water and fat, which both
efficiently transmit sound waves and exhibit a minimal difference in acoustical impedance (29).
However, when encountering a boundary between different tissues, such as muscle tissue and
fascia, the sound wave experiences partial reflection, with some of the sound being transmitted
to deeper layers (29). The acoustical impedance contrasts particularly between bone and air
as the bone has a sound velocity of approximately 300 m/s, while air has a sound velocity of
approximately 4000 m/s (29, 63). In comparison, muscle tissue has a sound velocity of roughly

1580 m/s (29, 63). As a result, emitting sound waves through muscle to bone or air leads to
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significant reflection, which appears as a bright spot on the US image, as most of the emitted
sound waves get reflected on the mentioned transition (63). The structures beneath such
transitions cannot be visualized, which makes it difficult to investigate underlying tissue (63).
In addition to visualization issues, US gel application and the correct placement, orientation,
and application of pressure of the US probe are essential for image quality (59). Therefore, the
skills of the operator are crucial for accurate results (59). Compared to the benefits described
for primary localized and superficial muscle and tendon examinations, measuring the extended
length of larger anatomical structures, such as the entire MTU of the lower leg and associated
components, presents a challenge with conventional 2D B-mode US due to the limitations in
accurately depicting large structures in a single image (64). This aspect highlights the
challenge of precise measurements, emphasizing the necessity for alternative imaging
methods (64). Therefore, in addition to the architectural muscle and tendon properties (e.g.,
fascicle length, pennation angle, muscle thickness, etc.), several methods have been
developed to assess the morphological properties, in particular the lengths of the
gastrocnemius medialis (GM) muscle and the AT, which will be described in the following

sections.

1.2.31. Extended field-of-view imaging

The lengths of muscles and tendons can be assessed using extended field of view (EFOV)
imaging, which is also referred to as panoramic US. Weng et al. (65) developed an EFOV US
scanning technique for panoramic imaging without having a position sensor indicating its
potential for enhanced diagnostic capabilities. This technique produces large resolution-
preserved composite images up to 60 cm (65). EFOV US uses standard 2D B-Mode US
imaging to create a panoramic view. The US system captures an extended image by moving
the US probe along a predefined direction across the area of interest while aligning the images
using image registration methods and fusion techniques (65-71). Recent research has
focused on the length assessment of the AT and muscle structures (64, 72—77). Each study
contributes uniquely to the field, with a shared focus on reliability, validity, and clinical
applicability. For instance, Brouwer et al. (72) investigated the reliability of EFOV imaging
and skin marking measurements for AT length. Their results showed good to excellent
test-retest and inter-tester reliability for both measurements (Intraclass correlation coefficient
(ICC) 2 0.82), with skin markings demonstrating better agreement and reliability compared to
EFOV imaging (72). Silbernagel et al. (75) examined the reliability and validity of EFOV US

imaging for assessing the length of the AT in cadavers. Their results showed good correlation
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(ICC = 0.744) with cadaveric measurements and low value for the standard error of
measurement (SEM) (< 0.64 cm). Ying et al. (64) compared the reliability and accuracy of
EFOV and dual-image US measurement techniques for measuring distances. They found that
EFOV US showed slightly higher accuracy and reliability (Pearson's correlation coefficient (r)
= 0.997 for EFOV vs. r 2 0.948 for dual image US) in assessing distance measurements in
tissue phantoms when compared with dual-image US, although both techniques exhibited high
accuracy and reliability (64). In comparison to the studies conducted by Ying et al. (64) and
Silbernagel et al. (75), Ryan et al. (74) concentrated on assessing the test-retest reliability and
values for the AT length using EFOV imaging on human subjects. Their results indicated
acceptable reliability with ICC and SEM values of 0.954 and 4.43 mm, respectively (74). The
minimal detectable change (MDC) for the EFOV imaging of the AT length was found to be
12.27 mm (74). This value may be too high to be able to measure even small changes in the
AT length. Another study by Franchi et al. (73) investigated the validity of panoramic US
compared to MRI for evaluating hamstrings volume and CSA. Good agreement was found
between US and MRI for the CSA and volume measurements (r = 0.8) (73). The study also
demonstrated that the experience of the examiner significantly influences the test results
(r = 0.001 for the inexperienced rater vs. r = 0.50 for the experienced rater, respectively, for
assessing the CSA of the Biceps femoris short head) (73).

Collectively, these studies enhance our comprehension and diagnostic capabilities of EFOV
imaging in tendon assessment. Although the EFOV imaging enables to capture a larger region
of interest (ROI) up to 60 cm (65), however, research on length assessment of the GM using
EFOV imaging is limited. Additionally, EFOV imaging has several drawbacks, including the
assumption that the detected US images lie within the same plane (67, 68) and ensuring the
same speed and pressure during scanning (78). Although investigators can undergo training
to manoeuvre the probe along a rigid and straight trajectory during data acquisition to stay in
that same plane, this assumption may not always be met due to factors such as hand tremors,
body curvature, any change in transducer orientation, position or pressure, and subject
movement (68). In addition, the probe has to be moved slowly and steadily to ensure that there
are enough overlapping regions for accurate rectification (68, 79, 80).

Furthermore, the EFOV imaging described in the studies can only be utilized in static positions
and is not yet suitable for dynamic measurements. It necessitates absolute immobility during
the scanning process, which poses challenges, particularly for certain populations, which may
be difficult to achieve, especially among children and individuals with mobility issues or those
who experience discomfort in maintaining static positions for extended periods. As a result,

while the technique offers promising benefits in terms of accuracy and reliability, its applicability
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may be limited in situations where dynamic measurements are essential for comprehensive

assessment.

1.2.3.2. Ultrasound tape measurements

Another approach to assess the lengths of the muscle and tendons is through the use of tape
measurements, which can be combined with skin markings (25, 72, 81-85). For instance,
Barber et al. (25) introduced an US tape method for assessing the length of the AT and the GM
muscle reporting high reliability (ICC > 0.99). The approach involved fixing a measuring tape
to an US probe at one end and positioning it over the insertion of the AT on the calcaneus at
the opposite end (25). With the tape held taut at a consistent length, the transducer head was
swept from medial to lateral over the medial femoral condyle to identify the most superficial
part of the medial condyle and therefore also the muscle length (25). The muscle-tendon
junction (MTJ) was scanned in the same manner as previously described in order to identify
the AT length (25). During the post-processing, the length of the GM MTU and AT was
determined (25).

Avoiding the sweeps, Kruse et al. (82) proposed a method by placing adhesive tape strips over
the AT, MTJ of the GM, and the most superficial aspect of the medial femoral condyle. After
the placement of the strips, a measuring tape was used to assess the distances between the
calcaneus and each tape to obtain the muscle length, AT length and the GM MTU length (82).
The anatomical landmarks of the medial condyle, MTJ and insertion can also be directly
marked on the skin surface instead of using adhesive tape strips (84).

Several studies have measured only the length of the AT (72, 83, 85, 86). For example, by
inserting a wire between the US transducer and the surface of the skin, the location of the MTJ
and the insertion point at the calcaneus can be projected onto the skin surface (86). The point
at which the US probe and the wire crossed was marked on the skin and then the distance
between those landmarks was assessed with a tape measure (86). Their results indicated
acceptable intra-rater reliability (ICC of 0.96, SEM of 3 mm and MDC of 10 mm) and inter-rater
reliability (ICC of 0.97, SEM of 3 mm and MDC of 9 mm) (86). Although the mentioned studies
contribute valuable information to the field of musculoskeletal assessments, they have several
limitations. The tape measurements described in the studies can only be used in static
positions and are therefore not suitable for dynamic measurements. Additionally, measuring
the distance with a tape measure on the skin surface simplifies the muscle and tendon length
in 2D space, as it only measures the projection of the tissue length on the skin. In summary,
the tape measure limitations highlight the need for more dynamic measurement techniques

that accurately capture the complex 3D structure of muscles and tendons.
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1.2.3.3. Combination of ultrasound and 3D motion capture

Other more complex approaches for assessing the length of the GM MTU and its components
have been developed by combing B-mode US imaging with 3D motion capture technology
(e.g., (3, 26, 78, 87-91)). As mentioned before, US transducers have limited dimensions, which
makes it impossible to visualize an entire MTU in one image (3). To overcome this limitation, a
3D freehand US (3DfUS) technique has been developed (91, 92). This technique combines
the picture or video information, respectively, of an US system with the position information of
a rigid marker cluster mounted to the US probe captured by a 3D motion tracking system,
allowing for the acquisition of larger anatomical volumes (3, 91, 92). The postprocessed 3D
reconstruction visualizes the entire MTU, enabling the extraction of muscle and tendon lengths,
as well as other information pertinent to clinical practice, including fascicle lengths, muscle
volume, and echo intensity (3, 91, 92). In addition, the 3DfUS offers shorter acquisition times
compared to MRI (3). While the 3DfUS approach delivers significantly improved muscle and
tendon diagnostic capabilities in research and clinic, it has limitations similar to EFOV imaging.
The 3DfUS can only be used in static positions, requiring absolute immobility during the
scanning process, which can be challenging for certain populations (3). Additionally, applying
no pressure to the skin during scanning may be difficult for inexperienced raters and its post-
processing procedure can be long lasting (3).

The use of US probes as spatial pointers (US-PaP) offers an alternative approach to assess
the length of the GM muscle belly and AT (3, 26). This method involves visualizing landmarks
in two dimensions and recording the location of the transducer by a 3D motion capture
system (3, 26). Compared to 3DfUS, US-PaP provides a more efficient and less time-
consuming acquisition and post processing procedure (3, 26). When compared with the 3DfUS
technique, the US-PaP performs the visualization and information extraction in single images
rather than a dataset (3, 26). This technique has also been used in 3D gait analysis to enhance
the precision of participant-specific modelling and reduce processing time by calculating linear
distances between landmarks (3, 93). Although the US-PaP technique overcomes the
limitation of long-lasting acquisitions and post-processing times, it still does not enable
dynamic length measurements to assess the lengthening behaviour of the MTU and its

components during movements such as ankle dorsiflexion.

Table 1 provides a summarizing overview of the advantages and disadvantages of each
mentioned imaging method, with a particular focus on their strengths and limitations for

assessing muscle and tendon properties.
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Table 1: Advantages and disadvantages of each imaging method, providing an overview of their

strengths and limitations for assessing muscle and tendon properties.

Imaging Method Advantages Disadvantages
CT - Generates detailed 3D images of - Exposes patients to ionizing
internal structures. radiation.
- Effective for diagnosing fractures, - Unsuitable for repeated follow-up
tumours, and internal injuries. checks, especially in children.
MRI - Provides detailed images without - Expensive and time-consuming.
ionizing radiation. - May require sedation.
- Wide range of clinical applications. - Unsuitable for studying tissue
- Measures muscle volume, cross- movement.
sectional area, and length. - Requires absolute immobility
during scanning.
Standard 2D US - Widely available and cost-efficient - Limited in depicting large
- Provides high spatial resolution. structures in one image.
- Allows for easy comparison. - Not suitable for dynamic
measurements.
EFOV - Captures larger regions of interest. - Assumes images lie within the
- Enhances diagnostic capabilities. same plane.

- Requires absolute immobility
during scanning.
- Not suitable for dynamic

measurements.
US tape - Simple and low-cost. - Limited to static positions.
measurements - Simplifies measurements in 2D
space.
Combination of US | - Provides comprehensive visualization | - Requires immobility during
and 3D motion of muscle properties (e.g., volume, scanning.
capture muscle belly length, thickness, fascicle | - Lengthy acquisition and post-
length). processing.
- Does not enable dynamic
measurements.

CT: computed tomography; 2D: two-dimensional; 3D: three-dimensional; MRI: magnetic resonance

imaging; US: ultrasound; EFOV: extended field of view imaging.

1.3. Cerebral Palsy

1.3.1. Incidence of cerebral palsy
Cerebral palsy is a common neurodevelopmental disability in childhood, with an incidence of
1 to 4 per 1000 live births (94-96), whereby it affects ~1.5 per 1000 births in high-income
regions of Europe, Australia, and Japan (97) and above 3 in Sadjadpour, Bangladesh,
Moldova, Taiwan and Egypt (97, 98).
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Although the prevalence of CP is evenly distributed worldwide, some studies have reported a
sustained decline in the birth prevalence of CP in high-income countries such as Europe,
Australia, and Japan (97, 99—-102). In contrast, increasing rates of CP have been reported in
regions of low- and middle-income countries (98, 103). The decrease in high-income countries
is being attributed to a range of improvements in public health, perinatal and maternal care,
while the rise in prevalence in middle- and low-income countries is partially explained by a

decrease in infant mortality rate (104) and improved case registration (96).

1.3.2. Aetiology and pathogenesis of cerebral palsy

As mentioned before, CP refers to a range of disabilities resulting from non-progressive lesions
in the developing brain, causing impairments in posture, motor ability, and control (97, 105,
106). Risk factors for CP can be identified across different life stages, including preconception,
prenatal, perinatal, and early infancy periods up to the age of 2 years (97, 106). Cerebral palsy
arises from destructive processes that damage healthy brain tissue in approximately 90% of
cases, rather than originating from abnormalities in brain development (107, 108). These
factors include genetic variations, preterm delivery, intrauterine growth restriction, infections,
hypoxic-ischemic events, cerebrovascular incidents during pregnancy and infancy, as well as
accidental and non-accidental brain injuries (97, 106). Preterm birth is currently recognised as
the primary risk factor for CP (107). The causes of CP during the prenatal period primarily
involve maternal and pregnancy-specific issues, such as systemic maternal infections,
inflammation, or trauma affecting either the mother or the foetus (107). Regarding spastic
diplegia, this condition is typically associated with periventricular white matter loss and is
correlated with foetal growth retardation at term and preterm birth (107). Similarly, spastic
quadriplegia is often associated with premature birth, with neuroimaging demonstrating severe
multicystic cortical encephalomalacia and periventricular leukomalacia (109). Spastic
hemiplegia usually occurs due to an ischemic stroke during pregnancy or shortly after
birth (107). However, it can also affect premature babies with unilateral porencephalic
cavities (107).

While CP is typically attributed to non-progressive disruptions in the developing infant or foetal
brain, there is evidence of a functional decline, particularly during adolescence growth
spurts (110). Factors contributing to this decline in function and mobility include increasing
musculoskeletal issues and alterations in the ratio between strength and body mass (111).
Studies on the natural progression of CP have indicated that children without intervention
experience a decline in several critical clinical gait parameters, including decreases in hip

abduction and ankle flexion range of motion (RoM), timing of toe-off, cadence, and walking
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velocity (112, 113). Additionally, muscle weakness and negative changes in the ratio between
body mass and strength during adolescence contribute to the progressive decline in mobility
with age (114).

1.3.3. Classification of cerebral palsy

Cerebral palsy is the predominant cause of motor disorders during childhood (115). Cerebral
palsy is a multifaceted condition that affects not only muscle function but also encompasses
all levels of the International Classification of Functioning, Disability, and Health (ICF) (107).
Its presentation varies in terms of lesion timing, clinical manifestations, affected site, and
severity of impairments (116). The motor impairments associated with CP can encompass
abnormal muscle tone (e.g., spasticity and dystonia), muscle contractures, abnormal bone
growth (e.g., deformities, dislocation or subluxation), balance issues, and diminished selective
motor control (105, 116). Typically, classifications of CP are based on the type of motor
impairment (e.g., spastic, athetoid, ataxic or mixed forms) as well as the involvement of the

extremities (e.g., unilateral or bilateral) (105, 116).

1.3.3.1. Topographical classifications

Individuals with CP can be categorized based on the extent of involvement, which may be
hemiparetic/unilateral or bilateral, depending on whether one body half or both body halves
are affected, respectively (107). Within unilateral CP, individuals may exhibit monoplegia,
where only one limb is affected, or hemiplegia, where one body side is affected (107).
Hemiplegia typically manifests with greater involvement of the upper limb compared to the
lower limb (107). Conversely, bilateral CP encompasses diplegia, triplegia, and
quadriplegia (107). Diplegia involves impairment in all limbs, with the lower limbs being
significantly more impaired than the upper limbs (107). Triplegia typically presents with
unilateral upper limb involvement, accompanied by bilateral (asymmetrical) lower limb
involvement (107). The severity of the latter is typically greater on the same side as the upper
limb impairment (107). Quadriplegia involves the trunk and all four limbs, with synonymous

terms including tetraplegia or 'whole-body involvement' (107).

1.3.3.2. Classification based on muscle tone

Another commonly used classification system for CP is based on motor disorders and tone,
which categorizes affected individuals into three main subtypes: spastic, dyskinetic, or
ataxic CP (107, 117-119). Spastic CP (SCP) is the most prevalent subtype, impacting
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approximately 88% of all children with CP (118). Spasticity, the defining feature of SCP, refers
to a clinical phenomenon characterized by an excessive muscle response to rapid
stretching (107), presenting as velocity-dependent resistance to passive movement (119-121).
In the majority of individuals, spasticity is observed to predominantly affect the lower limbs in
children with bilateral involvement, while in those with unilateral involvement, it is observed to
affect the upper limbs (119, 122). Mostly two-joint muscles are affected (119, 122). Commonly
involved lower limb muscles include the hamstrings, adductors, gastrocnemius and soleus,
rectus femoris, and psoas, while in the upper limb, spasticity is often observed in the shoulder
external rotators, elbow pronators, and wrist and finger flexors (119, 123).

It is postulated that spasticity may disrupt muscle control, increase energy expenditure during
movement, and impede normal muscle lengthening during growth, thereby contributing to the
progression of secondary muscle contractures and skeletal deformities (119, 124, 125).

The severity of spasticity in children with CP is closely associated with their functional
performance in activities of daily living such as gait, feeding, hygiene, dressing, and motor skill
acquisition (126, 127).

Dyskinetic CP is present in approximately 6-14% of all individuals with CP and includes various
movement disorders, mainly dystonia and athetosis (128). The condition is characterized by
uncontrolled, erratic, and sluggish movements in the hands, feet, arms, or legs (117, 129).
Dystonia is a condition that causes abnormal muscle tone and results in distorted voluntary
and involuntary movements (98, 108, 130, 131). Athetosis, on the other hand, is characterized
by involuntary movements of the face, neck, and distal extremities that change direction
frequently (98, 108, 130, 131).

Ataxic CP is present in approximately 5% of all individuals with CP (132). Children with ataxic
CP experience reduced coordination, which affects their balance, depth perception, and ability
to perform controlled and goal-directed movements (133—-135). The individuals exhibit an
unsteady and stomping gait, which causes difficulties in motor tasks or performing precise
actions such as walking, writing or buttoning a shirt (117, 129).

Due to the common occurrence of multiple movement disorders in many children, singular
classification may lack precision or reliability with the classification typically being based on the

dominant disorder (136).

1.3.3.3. GMFCS classification

The Gross Motor Function Classification System (GMFCS) provides a classification system
that is based on the motor ability of individuals with CP and has become the gold standard in
classifying children with CP according to their motor abilities (11, 137). The GMFCS has five
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levels, each described by specific descriptors that define motor abilities (137). Approximately
60% of children with CP belong to the GMFCS levels | and Il and are ambulatory (11, 138).
Another 11% use walking aids and belong to the GMFCS level lll, while 29% are predominantly
dependent on wheelchairs and belong to the GMFCS levels IV and V (11, 138).

GMFCS level |

Children and adolescents classified as level | can walk independently at school, outdoors, and
at home (98, 137). Level | includes tasks such as climbing stairs without using a railing and
performing more challenging skills like jumping and running (98, 137). However, their balance,

speed and coordination are limited compared to TD peers (98, 137).
GMFCS level I

Compared to level |, children classified as GMFCS level Il are able to walk independently in
most settings, but may require assistance when climbing stairs by holding onto a
railing (98, 137). For longer distances, children may need assistive devices such as hand-held
mobility devices or physical assistance (98, 137). Children frequently encounter difficulties
when required to walk longer distances and to navigate uneven terrain, and their ability to

perform gross motor skills, such as running and jumping, is often constrained (98, 137).
GMFCS level Il

When classified as level lll, children typically require the use of a hand-held mobility device to
walk within indoor environments and a wheelchair for longer distances (98, 137). They also

require additional assistance to climb stairs, in addition to holding onto a railing (98, 137).
GMFCS level IV

When classified as level IV, children and adolescents require a powered mobility device or
physical assistance in most indoor and outdoor settings (98, 137). It is possible that they may
be able to walk short distances with the assistance of another person and require a manual or

powered wheelchair for longer distances, such as at school and outdoors (98, 137).
GMFCS level V

Children classified as level V require transportation in a manual wheelchair in all settings (98,
137). In terms of motor function, they are limited in controlling their head and trunk against

gravity and can perform only simple arm movements (98, 137).
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1.3.4. Functional deviations in children with cerebral palsy

Although all individuals with CP experience difficulties with movement, balance, and posture
control, the diverse aetiology results in distinct functional deviations in individuals with
unilateral compared to bilateral SCP (2). It is worth noting that children with unilateral SCP tend
to be taller and heavier than their bilaterally affected peers (2, 139). Moreover, children with
unilateral SCP typically follow growth trajectories similar to those of TD children (2, 139, 140).
In the absence of comorbidities and cognitive impairments, they often present only mild
functional impairments (107, 109, 141). In contrast, bilateral CP is frequently accompanied by
more significant impairments of cognition and function (2, 141). There is a notable distinction
between individuals with spastic diplegia and quadriplegia with the latter group exhibiting more
severe limitations, deficits, and associated conditions (98, 109). Furthermore, studies indicate
that adults with CP experience a 25% decrease in mobility (142). Those adults with bilateral
involvement are at a greater risk of experiencing a reduction in mobility than those with
unilateral involvement (142).

In individuals with unilateral involvement, there is a tendency to walk with an internally rotated
limb, fully extended knees, and an internally rotated foot position (143, 144). This gait is
accompanied by a deformity of the ankle, which is characterised by a varus alignment of the
joint (143, 144). In contrast, children with bilateral CP frequently exhibit a crouched
posture (144), characterised by adduction and internal rotation of the thighs, as well as flexion
of the knees (143, 145). These postural abnormalities result in the development of functional
genu valgus (143, 145). Furthermore, a greater prevalence of varus foot deformities was
observed in individuals with unilateral CP, while those with bilateral CP exhibited a higher
incidence of valgus deformities (90% and 64%, respectively) (146). In addition, children with
unilateral CP exhibited greater capacity for strength production than their bilaterally affected
peers (147).

These findings provide evidence that individuals with unilateral CP and those with bilateral CP
demonstrate differences in their lower extremity function, joint function and overall motor
function (2). The changes in turn seem to result in deviating movement patterns and strategies,
which likely lead to a different use and impact on the underlying movement generating tissues,

i.e., muscles and tendons (2).
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1.3.5. Mechano-morphological properties of the spastic gastrocnemius medialis
muscle-tendon unit
In pathological conditions such as CP, musculoskeletal characteristics are often significantly
impaired when compared with TD peers, affecting both functionality and mobility (148). Muscle
volume, which is positively correlated with maximal isometric strength (14, 149), is significantly
reduced in individuals with CP by approximately 47% when compared to TD peers (11). This
reduction is most pronounced in overall function and increased GMFCS levels (11, 150, 151).
Although individuals with CP tend to be smaller and lighter than TD peers, the smaller muscle
volume is not attributed to their smaller statures (11, 152). Furthermore, the extent of muscle
volume deficits varies among different muscle groups, with the more distal ones (such as the
soleus) being more commonly and severely affected (11, 152).
Ultrasound studies have shown that children with CP have reduced muscle belly length on the
paretic side and in the non-affected leg in individuals with hemiplegia (11, 153). In addition,
children with CP demonstrated reduced muscle thickness and CSA, as well as longer AT when
compared to TD individuals (11, 152, 154).
The reports about differences in fascicle length between children with CP and TD are diverse.
The observed differences in muscle fascicle lengths range from no difference (19, 154, 155)
up to a 25% reduction in individuals with CP (11, 156, 157). Similarly, studies have shown
inconclusive results regarding differences in pennation angles (11), with some reporting
increased (157-159), decreased (160), or no significantly different (154, 156, 161-163)
pennation angles when compared with TD children. The length of sarcomeres in lower limb
muscles were observed to be longer than those of TD peers (11, 164—166). This indicates that
the muscles in CP are functioning on the descending limb of the length-force curve (Figure 2),
which has significant implications for explanation of the loss of muscle strength in individuals
with CP (10).
The mentioned differences primarily arise from studies that incorporated both subjects
exhibiting bilateral SCP and those displaying unilateral SCP (2). However, there is a scarcity
of literature that compares the properties of spastic muscles between individuals with bilateral
SCP and those with unilateral SCP (2, 167, 168). Although there is no difference in GM muscle
volume between the groups, children with unilateral CP showed a significantly reduced GM
muscle growth rate compared to both children with bilateral CP and their TD peers (2, 167).
The observed trend indicates a progressive disparity in lower leg muscle volume among
distinct CP cohorts as children progress through puberty and adulthood (2, 167). In a cohort
of very young children, with an average age of 27 months post-partum, Willersley-Olsen et

al. (168) observed no significant age-related disparities in passive and reflex stiffness, muscle
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volume, or RoM between children with unilateral or bilateral CP (2). The studies by Barber et
al. (167) and Willersley-Olsen et al. (168) only investigated the volume of the muscle in young
children with bilateral CP or unilateral CP (2). Nevertheless, in addition to the potential
variability observed at the muscle level, the differences in AT properties between these groups
could significantly impact treatment strategies such as surgical lengthening or serial

casting (2).

1.4. Summary of research deficits and knowledge gaps and rationale/aims

of the dissertation

The doctoral thesis comprises two published studies aimed at addressing significant research
gaps and knowledge deficiencies in methodological approaches, as presented in Study 1 (1),
and advancing biomechanical understanding of muscle-tendon properties in children and
adolescents with SCP, as elucidated in Study 2 (2). The research and knowledge deficiencies,
along with the respective aims and hypotheses of the proposed studies, are presented in
chapters 1.4.1 and 1.4.2.

1.4.1. Study 1: Assessment of morphological properties of the Gastrocnemius muscle-
tendon-unit
Assessing individual muscle belly and tendon lengths is valuable for detecting muscle belly
contracture (25) and enhancing our comprehension of structural adaptations (1, 82).
Furthermore, the acquisition of data pertaining to alterations in muscle belly and tendon lengths
resulting from treatments such as orthotics or stretching is of paramount importance for the
development of efficacious therapies (1). Ultrasound is often preferred for evaluating muscle
and tendon properties due to its advantages over other methods such as MRI (1, 51-53, 58).
Measuring the length of an entire MTU of the lower leg accurately presents challenges with
traditional 2D US techniques (1). Therefore, several US methods have been developed to
overcome this limitation (1). For example, studies evaluating the GM muscle belly, GM MTU,
or AT have been conducted using various methods (1), including 1) a combination of B-mode
US with 3D motion capture (26, 27, 78, 87, 88), along with 3DfUS techniques (89-92); 2) US
with tape measurements (2, 25, 72, 81-86); and 3) the use of EFOV imaging or panoramic
US (72-76, 169). Although many approaches have been considered as accurate and reliable
for length assessments, their validation against gold standards such as MRI or tissue
dissections has been infrequently performed (75, 86, 91). Furthermore, several drawbacks are

associated with these approaches. For instance, approaches that combine US and motion
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capture rely on the assumption that the marker placed at the MTJ is aligned with the marker
placed at the medial femoral epicondyle (88). However, fulfilling this prerequisite may not
always be possible due to subject-related restrictions, such as short legs in children, or setup-
related restrictions, such as the appropriate camera placement and required positioning of the
subject to ensure marker visibility, especially during dynamic measurements. Furthermore,
when conducting 3DfUS assessments, it is necessary for subjects to remain still throughout
the examination (1). This can be particularly challenging when examining large muscles or
specific population groups, such as children (1). Although approaches that combine US and
tape measures or skin markings may be useful for assessing tissue lengths at rest or specific
static positions, they may not be suitable for evaluating tissue behaviour during dynamic tasks.
Achieving reliable results with panoramic US requires a certain level of experience and
practice, making it unsuitable for novice sonographers or researchers. It is worth noting that
muscle and tendon lengths were often calculated in 2D, which is a simplified representation of
biological tissue properties (1).

To overcome these limitations mentioned above, as part of this thesis, an easily applicable 3D
US approach was developed (1). This method enables the measurement of the static lengths
and the lengthening behaviour of the GM muscle belly, GM MTU, and AT in 3D space by
combing 3D motion capture, 2D US imaging, and vector algebra (1). The aim of this
investigation was to assess the validity and both intra- and inter-rater reliability of this
approach (1). The hypothesis was that the approach would demonstrate high reliability
and adequate accuracy in measuring the static and dynamics lengths of the muscle and
tendon (1).

1.4.2. Study 2: Functional and mechano-morphological properties of the spastic
muscle in individuals with unilateral or bilateral cerebral palsy
Studies have shown that individuals with CP present impaired muscle growth and altered
structural, mechanical, and morphological properties of the tendon and muscle when
compared to TD individuals (e.g., (2, 82, 170-175)). These findings are mainly based on
studies that included both individuals with unilateral or bilateral SCP (2). It is possible that
differences between the two groups exist at the muscle-tendon level due to their differences in
aetiology as well as bony and functional deviations (2). However, there is limited literature
comparing spastic muscle properties between individuals with bilateral SCP and individuals
with unilateral SCP (2, 167, 168). Barber et al. (167) stated that children with unilateral CP had
a significantly lower rate of GM muscle growth compared to both children with bilateral CP and

their TD peers (2). The observed difference in GM muscle growth rate during early childhood
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is likely to result in a significant divergence in calf muscle volume between the different CP
groups during adolescence and adulthood (2, 167). However, a study by Willersley-Olsen et
al. (168) did not observe any significant differences, which are related to age, in RoM, reflex
and passive stiffness, and muscle volume between the two CP subtypes. Additionally, Barber
et al. (167) and Willersley-Olsen et al. (168) only investigated the muscle volume in young
children with unilateral CP or bilateral CP (2). Moreover, aside from potential variations at the
muscle level, differences in AT properties between the groups could significantly impact
treatment approaches (2). Consequently, further research is necessary to enhance our
comprehension of muscle-tendon pathology in individuals with bilateral or unilateral SCP
including parameters such as muscle architecture and strength, as well as AT morphology (2).
In general, it is hypothesized that there are discrepancies in muscle strength and
morphological muscle-tendon properties between groups due to the observed discrepancies
in functional and skeletal impairments (2). If this hypothesis is correct, it would suggest that
future treatments may need to be tailored to the specific CP subtype (2, 14, 176). This is due
to the fact that any discrepancies in the muscle structure itself, as indicated by factors such as
volume and fascicle length, may have an effect on the functionality of the joint and,
consequently, potentially lead to an increased risk of surgical complications (2, 14, 176).
Therefore, the primary aim of the second study of this thesis was to compare the mechano-
morphological characteristics of the GM MTU and its constituent parts, as well as the ankle
joint function and isometric muscle strength between children with bilateral SCP and those with
unilateral SCP (2).
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2. Methods
2.1. Study 1: 3D Ultrasound validation and reliability study

2.1.1. Participants

Sample size determination was based on ICC estimates (1) as described by Walter et al. (177).
Aiming for an ICC of 0.9, 80% power, with a minimum acceptable ICC of 0.7 and a significance
level of 5%, the calculation of the sample size indicated a need for 18 subjects or legs (1). To
counteract potential dropouts, 16 healthy subjects (32 legs) were ultimately included (1), in line
with the methodology used in previous studies (25, 74, 178). However, data of one participant
was omitted from the reliability evaluation due to incorrect recording of the US data (1).
Therefore, 15 datasets were used for the reliability analyses, which resulted in a total of 30
legs, as both legs of the subjects were examined (1). Moreover, 9 datasets (18 legs) were used
for the validity evaluation (1). The flow chart and the characteristics of the participants are
displayed in Figure 3 and Table 2, respectively. None of the participants had a documented
history of injury and surgery on the lower extremities in the last year or current pain, restrictions,
or problems in the lower extremities (1). In addition, all participants demonstrated the ability to

accept and adhere to verbal instructions (1).

16 participants
included in study

Validity Reliability

3 participants excluded for
MRI measurements due to [«
contraindications

13 participants included
for MRI examinations

4 measurements excluded | .| 1measurement excluded

due to technical issues due to technical issues
v 4

9 participants included 15 participants included
for validity analysis for reliability analysis

Figure 3. Flowchart of the participants. This figure was created by the author of this thesis.

The Ethics Committee of the University of Graz, Austria, has given positive ethical approval for
this study (registration number: 39/20/63 ex 2020/21) (1). Every participant included in the
study received prior information about its purpose, the procedure, and safety guidelines related

to MRI and gave written informed consent (1).
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Table 2. The characteristics of the participants (mean * standard deviation (SD)). Table and adapted

caption reproduced from (1) with permission of the publisher (Springer Nature).

Sex  Number Age (years) Body mass (kg) Body height (cm) BMI
Mean SD Mean SD Mean SD Mean SD
F 7 3243 10.15 67 13.20 170.14  4.56 23.12 4.48
M 9 3478 7.22 77.67 8.60 185.11 4.44 22.70 2.77

F, female; M, male; BMI, Body-Mass-Index

2.1.2. Experimental design

To assess the reliability and validity of this approach, two sessions of US assessments and
one MRI measurement were carried out (1). The data of the first US measurement session
were compared with the results obtained from the MRI scanning, which took place
approximately 24.4 £ 8.1 hours after the initial US assessment (1). The reliability of the data
was determined by analysing the results of the initial and subsequent US measurement
sessions, with a time gap of 2.1 £ 0.6 days between the two sessions (1). Throughout the entire

study, participants abstained from any intense physical activity (1).

2.1.3. Validity Assessment

The validity of the innovative 3D US methodology was evaluated by comparing the lengths of
the GM muscle belly, GM MTU, and AT in static position obtained by the proposed US method
(see section 2.1.4 for a detailed description) with those obtained using MRI (1).

Magnetic resonance imaging data was evaluated at the MRI-Lab at the University of Graz by
a 3.0 Tesla Magnetom Vida system with syngo MR XA20A (Siemens Medical Systems,
Erlangen, Germany) (1). This evaluation was performed using a combination of the following
coils: posterior part of 20-channel Head/Neck, 32-channel Spine, 18-channel Body and 18-
channel Body Long (1). T1 measurements were assessed using a 3D-space sequence with
compressed sensing (CS) obtained from the Numaris/X VA20A package. The sequence
consisted of 228 sagittal slices (1 mm slice thickness), Field of View (FoV) read 544 mm, FoV
phase 80.1%, TR 638 ms, TE 16 ms, base resolution 544 (acquisition matrix 436 x 544, 0.5 x
0.5 x 1 mm voxel size with interpolation), flip angle mode T1 Var, phase encoding direction
AP, acceleration (CS, factor 7), standard fat water contrast with a measurement time of 5 min
28 s (1).
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Prior to scanning, two markers filled with Radiance® (6 mm in diameter, MR-PinPoint®, No.
187, BeekleyMedical®) were precisely positioned with their centres aligned with the marks,
which indicated the origin at the most superficial aspect of the medial condyle detectable at
the knee hollow and the insertion of the GM MTU at the calcaneus (1). The landmarks were
marked with a water-resistant pen beforehand during the first US measurement session, and
corresponded to the position of the reflective markers during the US assessments, which were
used to determine the 3D coordinate position of the landmarks by means of a 3D motion
capture system (1). The participants were asked to lie on the examination bench in a supine
position with slightly flexed knees (~20° flexion) to prevent pressure on the origin markers (1).
Afterwards, two custom-made splints (Ortho-Aktiv; Graz, Austria) were applied to the ankle
joints of the participant and fixed with straps to maintain the same predetermined ankle joint
position during both the MRI and the US measurements sessions (1). By means of the custom-
made splints, the ankle joints were kept at 90° (neutral position) and 80° for the right and left
ankles, respectively, resulting in a 10° dorsiflexion for the left ankle joint (1).

A Head/Neck-20 coil was positioned over the feet encompassing the lower section of the
measurement volume, while two Body-18 coils were utilized to cover the upper part (e.g.,
tibia/fibula and knee) in an overlapping setup (1). Additionally, the region from the feet to the
mid-thigh area was covered using the Spine-32 coil to ensure optimal signal-to-noise ratio

(SNR) volume coverage (1).

2.1.4. Reliability assessment

To examine the reliability within (intra-reliability) and between (inter-reliability) raters
concerning both the static and dynamic length measurements, the US measurements were
conducted according to a standardized protocol by two testers on two distinct days (1). Start
order of both the investigators and the tested legs was randomized (www.randomizer.org)
before enrolling the first participant (1). The participants were asked to lie down on an
examination bench in a prone position (1). The static length measurements were carried out
first (1). After finishing the static length measurements, the dynamic examinations were
assessed (1). After the first investigator completed both the static and dynamic measurements,
the second investigator conducted the same US assessments as described in the chapters
2.1.4.1 and 2.1.4.2. (1). To ensure and maintain objectivity, all markings of the first investigator
were removed prior to the start of the examination of the second investigator (1). Figure 4

presents a schematic overview of both static and dynamic length measurements.
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Figure 4. (A) Static length measurements of the GM muscle belly, MTU, and AT in vivo. (B) Dynamic
length measurements of the GM tissues during passive ankle dorsiflexion movement in vivo. Figure and

adapted caption reproduced with modifications from (2) with permission of the publisher (Elsevier).

2.1.4A1. Static length assessment

After the participant was positioned on the examination bench, the anatomical landmarks of
the insertion, MTJ, and origin of the GM MTU required for the US length assessments were
detected by the use of a 5-cm linear array US probe (LA523, MyLab60; Esaote S.p.A., Genova,
Italy) (1). The most superficial point of the medial epicondyle was defined as the origin of the

GM detected at the popliteal fossa (1).

The insertion was identified as the most proximal attachment site of the AT at the calcaneus
(Figure 5A) (1). The most superficial landmark of the medial condyle was located in the US
images by determining the minimum vertical distance from the bony epicondyle to the skin
surface (lcong in Figure 5C) (1). When the slice with the minimum distance was found, the slice
was marked on the skin surface in both the transverse (Figure 5B) and longitudinal (Figure 5C)
planes (1). Afterwards, the origin was obtained by crossing the two planes (see blue cross in
Figure 5C) (1).

After locating the landmarks, the ankle joint on either the right or left side was stabilized at
approximately 90° in neutral position or 80° (i.e., 10° dorsiflexion) with a custom-made splint
(Figure 6A) (Ortho-Aktiv; Graz, Austria), respectively, depending on the randomization (1). A

goniometer was used to control the angle of the ankle joint (Ka We V01, Medizintechnik) (1).

Passive spherical motion capture markers were attached to the skin collinear with the vertical
axis over the origin and insertion (1). In addition, markers were also placed on the lateral and

medial malleolus and lateral and medial condyles (Figure 6AB) (1).
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Skin surface

Figure 5. Determination of the anatomical landmarks: (A) Proximal AT attachment point at the calcaneus
in longitudinal direction. (B & C) Most superficial point of the femoral epicondyle in longitudinal (B) and
transverse (C) planes. Reflective markers were attached to the skin collinear with the vertical axis above
the determined landmarks. The distances “hmarker + lcond” @and “hmarker + lcaic” Were used to mathematically
correct the reflective markers to the anatomical landmarks in vivo. hmarker, distance from the centre of the
marker to the skin surface; lcond, distance from the skin surface to the proximal attachment point of the
AT at the calcaneus; lcac, distance from the skin surface to the most superficial landmark of the medial
condyle. Figure and adapted caption reproduced from (1) with permission of the publisher (Springer

Nature).

The 3D coordinates of the reflective markers were captured by using an infrared 3D motion
capture system (10 cameras, Miqus M3, Qualisys AB, Gothenburg, Sweden) (1). In addition to
the reflective markers surface electromyographic (EMG) sensors were placed on the
gastrocnemius lateralis (GL) (1). The skin surface was prepared and electrode (Blue Sensor
N, Ambu A/S, Ballerup, Denmark) placement was performed according to the SENIAM
guidelines (179) and verified using US (1).
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\ == -
m Muscle-tendon
junction

Figure 6. Measurement set-up for the static measurements (A) and dynamic measurements (B).

Placement of reflective markers on specific landmarks, US transducer on the GM MTJ, and EMG
sensors to assess the static lengths of the GM MTU, muscle belly, and AT tendon and the lengthening
behaviour of these tissues, and muscle activity throughout dorsiflexion rotations, respectively. Marker
placement locations: 1 = medial and lateral condyle; 2 = most superficial point of the medial condyle; 3
= four-marker cluster; 4 = medial and lateral malleolus; 5 = proximal insertion of the AT onto the
calcaneus; 6 = four markers attached to footplate; US+—US4 = markers placed on the US probe. (B)
shows the procedure used to calculate the location of the MTJ in vivo. Figure and adapted caption

reproduced from (1) with permission of the publisher (Springer Nature).

EMG signals were checked visually for possible muscle co-activation to ensure that no
voluntary muscle activation occurred during the passive measurements (1). To finalize the
measurement setup, a 59 mm linear array US probe (LogicScan 128; Telemed, Vilnius,
Lithuania) equipped with a rigid four marker cluster was fixated over the GM MTJ by use of a
custom-made probe holder and straps (1). The four markers are mounted at the same height

and form a plane perpendicular to the US image plane (see Figure 7).
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Figure 7. Ultrasound transducer with a rigid four marker cluster (US1+-US4) representing a plane

perpendicular to the US image plane. This figure was created by the author of this thesis.

The position of the linear US probe allowed for visualization of the most distal part of the GM

muscle belly in the US images as visualised in Figure 8 (1).

Figure 8. Visualization of the GM MTJ in an US image (red circle). This figure was created by the author

of this thesis.
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Both EMG data and 3D marker position as well as US videos were synchronized and recorded
simultaneously at 100 Hz, 2000 Hz and 60Hz, respectively (1). Altogether two trials were
captured (1). Afterwards, the US transducer and the splint were removed, and the

measurement of the second leg was performed as previously described (1).

21.4.2. Dynamic lengthening assessment

Upon completion of the static length measurement of both legs, an evaluation was conducted
on the dynamic lengthening behaviour of the GM muscle belly, GM MTU, and AT of a single
leg (1). The side of the leg was randomized beforehand (1). The participants kept lying in prone
position on the examination bench (1). At first, the knee joint of the respective leg was
positioned at approximately 20° of flexion using a specially designed cushion (refer to
Figure 6B), allowing unrestricted sagittal plane movement at the ankle (1). A custom-made
footplate has been fitted to the foot (see Figure 6B) and fixed with straps, which allows
adjustments to stabilize the subtalar joint during sagittal movement of the ankle joint into
dorsiflexion (1). To minimize the potential effect of foot deformation, the calcaneus was first put
into neutral position within the frontal plane (1). The forefoot was slightly adducted and both

the forefoot and midfoot were supinated until an adequate level of stability was attained (180).

Similar to the static length assessments (see description in chapter 2.1.4.1), the US transducer
was positioned on the GM MTJ to record the movement of the MTJ (1). This ensured that the
US videos captured the most distal segment of the GM muscle belly (1). Moreover, a torque
wrench equipped with an inclinometer (180, 181) was attached to the footplate (Figure 6B) (1).
Once the measurement setup was completed, the arm of the hand-held inclino-dynamometer
was utilized to move the foot plate from maximum plantarflexion into maximum dorsal flexion
within the sagittal plane, while simultaneously measuring the externally applied torque (1, 182).
Furthermore, the shift of the GM MTJ was concurrently recorded throughout the rotation of the
ankle joint (1). A total of two dorsiflexion rotations were executed (1). Upon completion of both
the initial static and initial dynamic US measurement sessions, participants were instructed not
to erase the markings indicating the locations of the origin (most superficial landmark of the
medial epicondyle) and the tendinous insertion (1). These marks were subsequently utilized in
the MRI assessments, contributing to the validation of previously described 3D US approach
in the chapter 2.1.3.
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2.1.5. Data analyses

Ultrasound examination

In the post-processing phase, the MTJ of the GM MTU was manually tracked every third frame
in the US videos (1, 183). Custom software programmed in MATLAB (version 7.1, MathWorks
Inc., 2005) was used to calculate tissue lengths and lengthening behaviour (1). To determine
the lengths of the GM muscle belly, GM MTU, and AT as well as the lengthening behaviour of
these tissues, the origin and heel markers (markers number 2 and 5 in Figure 6B, respectively)
were mathematically corrected by vector algebra to calculate the positions of the anatomical
landmarks in vivo in 3D rather than relying on the marker position on the skin surface (1). In
examining the static trials, the origin marker, which was initially positioned collinearly with the
vertical axis over the most superficial point of the medial condyle detectable at knee hollow,
underwent correction along the vertical axis (z-axis) (1). The distance of the correction
corresponded to the distance from the centre of the reflective marker to the most superficial
landmark of the medial condyle visible in the US images (hmarker + lcond, S€€ Figure 5C and
Equation 1) (1).

Equation 1. Correction formula for the origin marker. Corigin, corrected origin marker; hmarker, Mmarker

height, lcond, distance from the skin surface to the most superficial landmark of the medial condyle; x,y,z,

COrigin, Origin, 0
COrigin, | =| Origin, |- 0 (1)
COrigin, Origin, Nnarker + leond

The heel marker was corrected accordingly (hmarker *+ lcaic, S€€ Figure 5A and Equation 2).

coordinates.

Equation 2. Correction formula for the heel marker in static trails. CHeel, corrected heel marker; hmarker,
marker height, lcaic, distance from the skin surface to the most proximal attachment point of the AT at the

calcaneus; x,y,z, coordinates.
CHeel, Heel, 0
CHeel, |=| Heel, |— 0 (2)
CHeelz Heelz hmarker + lcalc
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The origin marker was corrected in the same manner for the dynamic trials as it was for the
static trials (1). However, the marker on the heel was modified along the direction defined by
the medially fixed footplate markers (Figure 6B) according to the distance from centre of the

marker to the insertion at the calcaneus detectable in the US images (Equation 3) (1).

Equation 3. Correction formula for the heel marker in dynamic trails. CoynHeel, Corrected heel marker;

hmarker, Marker height, lcaic, distance from the skin surface to the most proximal attachment point of the

AT at the calcaneus; X,y,z, coordinates; egy, ru,, Unit vector from the medial posterior footplate marker

to the medial anterior footplate marker.

CpynHeel, Heel, CFM,FMy,
CDynHeely = Heely + (hmarker + lcaic) * eFMipsz (3)
CpynHeel, Heel, W’

Finally, to determine the location of the MTJ in 3D, the normal vector nys.uster @and its unit

vector e, .. of the cluster plane was determined by calculating the cross product of the

vectors US,US; and US,US, (see Figure 6B and Equation 4). The vector represents the

direction of the vertical axis in the US image.

Equation 4. Formula for calculating the normal vector (nuscuster) of the cluster plane of the US
transducer. nygsquster, NOrmal vector of the US cluster plane; US,US;, vector from the US marker US: to

US marker US+; US,US,, vector from the US marker US2 to US marker US4; x,y,z, coordinates.

nUSclusterX USZ Uslx USZ US4X
<nUSc1ustery > =1 US, USly x| US, US4_y (4)
n
USclustery, USZ Uslz USZ US4Z

Furthermore, a second vector US,US, and its unit vector eys,us, were calculated representing
the horizontal direction of the US image. Subsequently, the MTJ position was then detected
using the height of the US probe and marker (hprobe + hmarker), the calculated vectors, and
horizontal (xus) and vertical (yus) coordinates of the MTJ derived from the US tracking (see
Figure 6B and Equation 5) (1).
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Equation 5. Formula for calculating the position of the MTJ of the GM MTU. US1, US marker 1; hprobe,
height of the US transducer/probe; hmarker, marker height; horizontal (xus) and vertical (yus) coordinates

of the MTJ derived from the US video tracking; unit normal vector of the four marker cluster

-
enUScluster ’

plane representing the direction of the vertical axis in the US image; ey, ys,, unit vector from marker

US1 to US:2 of the marker cluster mounted on the US probe representing the direction of the horizontal

axis in the US image; x,y,z, coordinates.

en o - p—

MT], USi, nySclustery US1USy,
MT]Y = USly + (hprobe + harker + Yus) * enUSclustery + (xys) * eU51U52y (5)

MT Us _ =

& 1z enUSclusterz €Us,Us,,

After correcting the origin marker and heel marker and determining the MTJ in vivo, the length
of the muscle belly was then calculated as the linear distance between the corrected origin
COrigin and the calculated MTJ (1). The length of the AT tendon was also calculated as the
linear distance between the MTJ and the corrected heel marker position CHeel for the static
trials or Cp,yHeel for the dynamic trails by applying the Pythagorean theorem (Equation 6,

Equation 7 and Equation 8 (1).

Equation 6. Formula for calculating the GM muscle belly length by applying the Pythagorean theorem.

COrigin, corrected origin marker; MTJ; calculated MTJ in vivo; x,y,z, coordinates.

MuscleLength = J(COriginx — MTJ,)? + (COriginy - MT]y)2 + (COrigin, — MT],)? (6)

Equation 7. Formula for calculating the AT length for static trials by applying the Pythagorean theorem.
CHeel, corrected heel marker; MTJ; calculated MTJ in vivo; x,y,z, coordinates.

TendonLengthggeic = J (CHeel, — MTJ,)? + (CHeel, — MTJ,)" + (CHeel, — MT},)? (7)
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Equation 8. Formula for calculating the AT length for dynamic trials by applying the Pythagorean

theorem. Cp,,,,Heel, corrected heel marker; MT]; calculated MTJ in vivo; X,y,z, coordinates.

TendonLengthgyy, = \/ (CoynHeel, — MTJ,)” + (CpynHeel, — MTJ,) + (CpynHeel, — MTJ,)"  (8)

The length of the GM MTU was calculated as the sum of both tendon and muscle length (1).
To evaluate the lengthening behaviour, individual lengths of the GM MTU, AT tendon, and GM
muscle belly were computed across the range from 0 Nm (representing the length in resting

position) to the maximum applied common torque of 5.5 Nm for all participants (1).

MRI measurements

Since the maximum FoV for the used CS-space sequence is 550 mm and due to limitations in
excitation, there is a significant decrease in SNR in frequency ranges at the edge of the
FoV (1). Therefore, two T1-space assessments were carried out with overlapping FoVs, which
were further composed to a single 3D volume, using the Numaris/X VA20A angio-compose
algorithm with the Siemens View&Go software in the Siemens reference space (1).

The GM MTU origin was assessed by identifying the transverse and longitudinal slices with
the largest marker diameter and marking the 3D position in the transverse plane (1). The
medial epicondyle and its most superficial landmark were identified and marked in all three
spatial planes by navigating through the coronal slices (Figure 9B) and the GM MTU insertion
was then identified by determining the transverse and coronal slices with biggest marker
diameter and referencing the 3D position in the coronal plane (1). The most proximal
attachment point of the AT at the calcaneus was determined in the referenced transverse slices
and marked in three spatial planes (Figure 9A) (1). In a third step the GM MTJ was located in
the transverse plane and marked in 3D (1). Since the origin, insertion, and MTJ of the GM MTU
were marked in three spatial planes, AT, GM muscle belly, and MTU length were directly
assessed in a single 3D volume for both legs using the transverse slices, measuring between

marker positions at a slice thickness of 1 mm (1).
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Figure 9. Direct 3D measurement of (A) AT length and (B) GM muscle belly length across three spatial
planes in MRI (for a spatially simplified illustration in the sagittal plane). The GM MTU origin was
determined by locating the most superficial landmark of the medial epicondyle. Insertion of the MTU
was defined as most proximal aspect of the tendinous insertion at the calcaneus. Finally, the MTJ was
determined as most distal point of the muscle belly. All three anatomical points were marked in three
spatial planes. Permission obtained from the copyright holder (© Thomas Zussner) to reproduce this

figure in this thesis.

2.1.6. Statistical analyses

Statistical analyses for this study were conducted using SPSS (version 22.0, SPSS Inc.,

Chicago, IL, USA), and the predetermined significance level was set at a = 0.05 (1).

Validity

A dependent t-test was utilized to compare the initial US assessments taken by both
investigators on the first day (1). The t-test indicated that there was no significant difference
between the raters, and thus the mean of the US data from raters 1 and 2 was employed for
further analysis (1). Bland-Altman plots were utilized to evaluate the absolute agreement

between the MRI measurement and the proposed 3D US approach (1).
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Reliability

For the reliability analyses, ICC(22) (95% confidence interval (Cl)) and coefficients of variation
(CV) were used (1, 74, 88, 178, 184, 185). Based on Koo and Li (184), ICC values < 0.5,
between 0.5 - 0.75 and 0.75 - 0.9, and values > 0.90 indicate poor, moderate, good, and
excellent reliability, respectively (1).

Moreover, the SEM was calculated to obtain the absolute reliability of the tissue length

measurements (see Equation 9) (1, 186, 187).

Equation 9. Calculation of the standard error of measurement, where SD is the mean SD of the

respective test-retest pair across the 15 participants (1, 186, 187).

The MDC with a 95% CI was then derived by Equation 10 (187).

Equation 10. Calculation of the minimal detectable change (1, 178, 187).

MDCgs = 1.96 * V2 * SEM (10)
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2.2. Study 2: Differences in morphological and mechanical properties of
the gastrocnemius medialis and Achilles tendon in children with

unilateral or bilateral spastic cerebral palsy

2.2.1. Study design

In this retrospective study, 33 datasets of children and adolescents diagnosed with unilateral
or bilateral SCP, which were included from two clinical studies that had been previously
conducted (clinical trial identifier: NCT04570358 (study I) and NCT05269745 (study II),
respectively), were analysed (2). The analysis included a total of 23 datasets from study | and
10 datasets from the second study (2). Both studies followed the identical methodology and
received positive approval from the Ethics Committee of the Medical University of Graz
(registration numbers: 31-130 ex 18/19 for study | and 32-115 ex 19/20 for study II) (2). In
each study, the parents of the participants gave written informed consent prior to their

involvement (2).

2.2.2. Participants

As mentioned above, datasets from 33 children and adolescents diagnosed with SCP were
analysed, of which 15 had unilateral SCP, and 18 had bilateral SCP (2). The participants of
the study were recruited exclusively from the orthopaedic department of the Medical University
hospital (2). All children and adolescents involved in the study were ambulatory, capable of
understanding and following verbal instructions (2). Exclusion criteria compromised of
conditions other than SCP (e.g., ataxic, dyskinetic, athetoid, etc.) (2). Additionally, individuals,
who had previously undergone muscle-relaxing or oral antispastic medication, received
applications of botulinum toxin within the last six months, had undergone any prior surgery on
the plantar flexors within the previous 12 months, or had any other disorders affecting the lower
limb, were also excluded (2). The characteristics of the participants are displayed in Table 3.
The individual characteristics of the participants can be found in the Supplementary Table 1.
The evaluation of the selective voluntary motor control was carried out using the “Selective
Control Assessment of the Lower Extremity” (SCALE, (149)) (2). In individuals with unilateral
SCP, the assessment focused on the affected leg, for children and adolescents with bilateral

SCP, the evaluation targeted the more affected leg (2).
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Table 3. Participant characteristics of the children and adolescents with unilateral spastic cerebral palsy
(USCP) and those with bilateral spastic cerebral palsy (BSCP). Mean (SD) [range]. Table and adapted
caption reproduced from (2) with permission of the publisher (Elsevier).

Anthropometric USCP BSCP
Number 15 18
Gender (female/male) 7/8 711

Age (years) 10.2 (2.4) [6-15] 10.8 (2.5) [7-15]
Body mass (kg) 41.2 (16.3) 41.6 (16.2)
Body height (cm) 144.0 (15.1) 144.1 (16.0)
Lower leg length (cm) 34.5(4.1) 34.0 (4.3)

Clinical characteristics
GMFCS Level I/11/111 13/2/0 11/4/3
SCALE (points: 2/1/0) 0/12/3 3/14/1

The grading of the SCALE is presented for the more affected leg or the affected leg in children with
BSCP and those with USCP, respectively. Scoring was limited to the ankle joint, with a score of 2 points

for normal function, 1 point for impaired function, and 0 points for inability to perform.

2.2.3. Data Collection and processing

2.2.31. Ankle range of motion and isometric muscle strength

The ankle plantarflexor muscle strength of the lower leg was assessed using an isokinetic
dynamometer (CON-TREX MJ, CMV AG, Duebendorf, Switzerland) through isometric
maximum voluntary contraction (IMVC) (2). Initially, the participants assumed a seated position
with their body upright at a 70° angle, ensuring that their knees did not make contact with the
seat (2). Afterwards, the foot was fixed to the adjustable footplate by means of straps, ensuring
that the knee is in an extended position and the centre of the ankle joint was aligned with the
axis of rotation of the dynamometer (Figure 10) (2). To familiarize the participants with the
measurement procedure, they completed submaximal trials, during which they were provided
with a live visual display of the applied torque (2). After familiarization, the participants
performed IMVCs at an ankle angle, which corresponded to 50% of the individual ankle joint
RoM, for a period of 5 seconds (2). This was followed by a two-minute rest period, with the aim
of preventing fatigue (2). The trial was discarded and repeated if the participant did not follow
instructions or did not apply the maximum force against the footplate (2). The RoM was

determined in a passive condition prior to the IMVCs as described elsewhere (188, 189). The
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isometric peak torque was used for the further analyses and was additionally normalized to

body mass (2).

Figure 10. Measurement setup for assessing IMVC using an isokinetic dynamometer. The participant

is in a seated position with their body upright at an 70° angle. The foot is fixed to the adjustable footplate
by means of straps, ensuring that the knee is in an extended position and the centre of the ankle joint is

aligned with the axis of rotation of the dynamometer. This figure was created by the author of this thesis.

2.2.3.2. Muscle and tendon properties
2.2.3.2.1. Morphological and architectural muscle-tendon properties

Free-hand 3D US was used to investigate the morphological characteristics of the GM and AT
in a passive state at fixed ankle joint positions (2, 92). At first, the participants were asked to
lie down on an examination bench in a prone position with their feet hanging over the edge of
the bench (2). A custom-made footplate was attached to the foot and fixed with straps to allow
ankle movement in the sagittal plane and stabilize the subtalar joint (2, 180, 182). The footplate
is also fitted with a connector for attaching a pluggable torque wrench fitted with an
inclinometer (2). After the footplate was fixed to the foot, an elevation was placed under the
distal end of the lower leg to keep the knee angle at approximately 20° to ensure a comfortable
lying position for the subject (2). The initial step involved determining the resting angle of the

ankle joint, which corresponded to an ankle joint position with 0 Nm of external torque applied,
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and the ankle angle, which corresponded to a dorsiflexion position of 4 Nm of externally applied
torque (2). After these two angles were determined, a one-centimetre-thick layer of US gel was
applied to cover the entire backside of the lower leg, serving as a buffer for the US
measurements to prevent any pressure from the US probe being applied to the skin
surface (2). From the knee to the calcaneus, several transverse US scans (i.e., full sweep)
were taken, covering the medial and lateral condyles, the entire GM muscle belly and AT
(Figure 11A) (2, 92). The scans started medially and overlapped laterally by approximately
1 cm (2). In addition to the full sweep, a single transverse scan was also recorded (2). This
scan started from the lateral condyle, covered the medial condyle, and proceeded towards the
MTJ and then the calcaneus (Figure 11B) (2). Two complete full sweeps and two single sweeps
were performed, with those sweeps with better image clarity being selected for further
analysis (2). A B-mode US device (LA523, MyLab60; Esaote S.p.A., Genova, Italy) with a
6 cm linear array transducer was used to capture the 3DfUS data (2). During the US scanning,
the position of a rigid four-marker cluster mounted on the US probe was tracked at a frequency
of 100 Hz by a 3D motion capture system consisting of 10 calibrated infrared cameras (Miqus
M3, Qualisys AB, Gothenburg, Sweden) (2). As it is not possible to place electrodes on the
gastrocnemius muscle during the full sweeps due to the US gel covering, EMG signals were
recorded from the tibialis anterior (TA) muscle (EMG, Noraxon Ultium, Noraxon U.S.A. Inc,
Scottsdale, Arizona, USA) to ensure that the tissue was scanned in a relaxed state (2). The
EMG of the GL was measured during each single sweep in addition to the TA muscle (2). The
EMG signals were recorded at a frequency of 2000 Hz and checked for muscle activity
immediately after each scan (2). Skin preparation and placement of surface electrodes
(Blue Sensor N, Ambu A/S, Ballerup, Denmark) were performed according to SENIAM
guidelines (179) and additionally verified by US (2).

By combing the 3D coordinate position of the reflective four-marker cluster captured by the 3D
motion capture system and the video data from the B-Mode US scans, a 3D reconstruction of

the GM MTU was computed by a custom-made software programmed in MATLAB (2, 92).

52



Figure 11: A: Green marked pathways of the multiple transverse US scans (i.e., full sweep) from the
knee to the calcaneus, starting medially and continuing to the lateral side until the lateral condyle and
the entire GM is scanned; B: Green marked pathway of the single sweep starting from the lateral
condyle, covering the medial condyle, and proceeding towards the MTJ and the calcaneus. This figure

was created by the author of this thesis.

The volume of the GM muscle was assessed by outlining the borders of the GM muscle belly
in the transverse planes starting from the origin, which was defined as the plane in which the
most superficial landmarks of the lateral and medial condyles were visible, to the MTJ using
the Medical Imaging Interaction Toolkit (MITK © German Cancer Research Center) based on
3D reconstructed images of the full sweep (Figure 12) (2). At approximately 2 cm intervals, the
boundaries of the GM muscle belly were segmented (2). Next, ITK-SNAP (190) was used to
generate a 3D model of the GM muscle by interpolating the space between the segmented
cross-sections (see Figure 12B) (2). The calculation of the volume of the GM muscle was

performed by adding voxels of the segmented and interpolated 3D GM muscle model (2).
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Figure 12: Outcomes of the 3DfUS analysis: A) the segmented boundaries of the GM muscle in the
transverse plane as displayed in a red mask, B) the reconstructed 3D model of the segmented GM
muscle belly (highlighted in red), C) the assessment of the GM fascicle length within the mid-longitudinal
muscle plane, and D) the assessment of the length of the GM muscle belly and AT. Figure and adapted

caption reproduced from (2) with permission of the publisher (Elsevier).

To examine the individual sweeps, the anatomical landmarks of the origin, MTJ, and insertion
were evaluated three times in all three planes using the MITK software (2). The mean of the
three determined landmarks were subsequently used for further analysis (2). The architectural
and morphological properties of the muscle and tendon were evaluated in the mid-longitudinal
muscle plane, which passes through the previous determined origin and MTJ, using a
custom analysis routine programmed in MATLAB, which has been described elsewhere in
detail (2, 92, 182). By analysing the single sweeps, the length of GM muscle belly, AT, GM
MTU, muscle fascicle, and the pennation angle were determined (2). Fascicle length was
measured three times for each subject and single sweep at the point that corresponds to
two-thirds of the distance from the origin to the MTJ of the GM muscle belly (2), following the
method described by Weide et al. (92). For further analysis, the mean of the two lowest

deviating fascicle lengths was calculated and used, while the third length was discarded (2).
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2.2.3.2.2. Gastrocnemius medialis muscle belly and Achilles tendon lengthening

behaviour

The method for calculating the dynamic lengthening behaviour of the GM muscle belly and AT
is described in section 2.1 and in the study by Habersack et al (1). Following the 3DfUS
measurements, which has been described in the previous chapter, reflective markers were
positioned over the origin and insertion of the GM MTU (2). In addition to these markers,
a 59-mm linear array US transducer (LogicScan 128; Telemed, Vilnius, Lithuania) was placed
on the lower leg and fixed with straps to visualize the most distal muscular part of the GM
muscle belly (2). At a sampling frequency of 60 Hz, the US transducer recorded the MTJ
shift (2). To determine the dynamic lengthening behaviour of the GM muscle belly, AT and GM
MTU, external torque was applied to the footplate to rotate the ankle joint continuously within
the sagittal plane from the individual maximum plantar flexion (as shown in Figure 13A) to

maximum dorsal flexion (Figure 13B) at slow velocity (~20°/s) (2).

Figure 13. Measurement of the dynamic lengthening behaviour of the AT and GM muscle belly during
passive ankle movement from maximum plantarflexion (A) to maximum dorsiflexion (B). Figure and

adapted caption reproduced with modifications from (2) with permission of the publisher (Elsevier).

During sagittal ankle dorsiflexion rotations, various parameters were measured synchronously,
including externally applied torque, US video data, marker positions captured by the 3D motion
capture system, and TA and GL EMG activity (2). Two dorsiflexion movements were performed

and their mean values have been used for the statistical analysis (2).

In the post-processing phase, the muscle and tendon displacement was determined by
manually tracking the movement of the MTJ in the US videos using Tracker software (Tracker,

version 4.91) to receive the vertical and horizontal coordinate of the MTJ in the US
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video (2, 183). Additionally, the positions of the reflective markers were mathematically
corrected to align with the anatomical landmarks in vivo (2), as described in the previous
chapter 2.1.5. The length of the muscle belly was calculated as the linear distance between
the corrected origin and the MTJ, while the length of the tendon was determined as the
distance between the MTJ and the corrected heel marker (2). The MTU length was then
calculated by adding the GM muscle and AT lengths (2). The changes in the lengths of the GM
muscle belly and the AT were assessed over a standardised torque interval from 0 Nm to

6 Nm (2). All participants were able to reach this torque interval comfortably (2).

2.2.4. Statistical analyses

Statistical analyses were conducted by using SPSS (version 26, SPSS Inc., Chicago, lllinois)
and the level of significance was set at a = 0.05 (2). In a first step, data normality was tested
using Q-Q plots, histograms and the Shapiro-Wilk test (2). Group differences were calculated
using an independent t-test for normally distributed data or the Mann-Whitney-U-test for non-
normally distributed data, respectively (2). In addition, effect sizes (Cohen’s d) were also
calculated (2), with 0.2 indicating a small effect, 0.5 a medium effect, and 0.8 a large
effect (191).
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3. Results

3.1. Study 1: 3D Ultrasound validation and reliability study

Validity

Data analysis showed that the proposed 3D US approach systematically yielded shorter tissue

lengths compared with MRI (1). Bland-Altman plots (Figure 14) showed mean differences

between the methods ranging from -1.42 mm to -5.57 mm (max. error=1.2%), with the

smallest deviation for the length of the muscle belly (< - 1.7 mm), followed by the length of AT
(= -3.8mm) (1).
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Figure 14. Difference of US and MRI assessments of GM MTU length, GM muscle belly length, and AT

length. Bland—Altman Plots showing difference of the US and MRI measurements against their mean.

SD, standard deviation. Figure and adapted caption reproduced from (1) with permission of the publisher

(Springer Nature).
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Reliability

Static length measurements

The mean CVs of the static length assessments using the 3D US approach ranged from
0.1% to 1.6% for muscle belly length, from 0.1% to 1.6% for tendon length, and from 0.02% to

1.0% for MTU length (Table 4) (1).

Table 4. Summary of static US assessments showing mean (mm), SD (mm), CV (%) for session 1

and 2 for the left and right leg. Table and adapted caption reproduced from (1) with permission of the

publisher (Springer Nature).

Session 1 Session 2
Left side mean = SD cv mean = SD cv
Muscle belly length Intra-Rater
Rater 1 244,71 £ 24.45 0.12 242.18 £ 21.60 0.16
Rater 2 246.27 + 22.22 0.12 242.34 £22.13 0.32
Inter-Rater
Pre 245.49 £ 23.21 1.20 - -
Post — - 242.26 £ 21.69 1.32
Tendon length Intra-Rater
Rater 1 197.34 £ 31.09 0.17 194.28 £ 30.15 0.19
Rater 2 196.98 + 29.03 0.13 197.55 £ 30.68 0.37
Inter-Rater
Pre 197.16 £+ 30.00 1.18 - -
Post — - 195.92 + 30.35 1.58
MTU length Intra-Rater
Rater 1 442.05 £ 34.84 0.03 436.46 + 34.81 0.03
Rater 2 443.24 + 33.94 0.02 439.89 + 33.80 0.03
Inter-Rater
Pre 442.65 + 34.34 0.49 - -
Post - - 438.18 + 34.24 0.71
Right side
Muscle belly length Intra-Rater
Rater 1 244.00 £ 23.80 0.13 240.27 £ 20.62 0.18
Rater 2 246.77 £ 21.34 0.21 243.39 £ 22.30 0.15
Inter-Rater
Pre 245.39 £ 22.42 1.55 - -
Post — - 241.83 £ 21.34 1.32
Tendon length Intra-Rater
Rater 1 195.70 £ 32.77 0.20 193.26 £ 33.07 0.21
Rater 2 194.86 + 33.92 0.25 194.81 £ 31.95 0.19
Inter-Rater
Pre 195.29 + 33.29 1.12 - -
Post — - 194.04 + 32.47 1.07
MTU length Intra-Rater
Rater 1 439.70 * 36.61 0.02 433.53 + 35.75 0.02
Rater 2 441.63 £ 35.76 0.02 438.20 + 33.66 0.02
Inter-Rater
Pre 440.67 £ 36.10 0.58 - -
Post - - 435.87 + 34.60 1.01

Pre, results from session 1; Post, results from session 2.
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Excellent intra- and inter-rater reliability was calculated for all tissue lengths and both sides
with ICC22) values = 0.97 (Table 5) (1). The values of the SEM ranged from 0.10 mm to

0.63 mm, while the values of the MDC were less than 1.8 mm (1).

Table 5. Summary of static US measurements showing intra- and inter-class correlation coefficients
(ICC22)) and their confidence intervals (95% ClI), pooled SD (mm), SEM (mm), and MDCgs (mm) for the

left and right leg. Table and adapted caption reproduced from (1) with permission of the publisher

(Springer Nature).

ICC22) 95% CI Pooled SD SEM MDCos
Left side
Muscle belly Intra-Rater
length
Rater 1 0.983 0.950 — 0.994 3.1 0.41 1.13
Rater 2 0.970 0.911-0.990 3.65 0.63 75
Inter-Rater
Pre 0.987 0.963 — 0.995 2.88 0.33 0.91
Post 0.984 0.953 — 0.995 3.06 0.39 1.07
Tendon length Intra-Rater
Rater 1 0.994 0.967 — 0.998 3.00 0.23 0.65
Rater 2 0.996 0.988 — 0.999 1.95 0.12 0.34
Inter-Rater
Pre 0.995 0.987 —0.998 2.29 0.16 0.45
Post 0.993 0.956 — 0.998 3.04 0.25 0.71
MTU length Intra-Rater
Rater 1 0.994 0.978 — 0.998 2.88 0.22 0.62
Rater 2 0.994 0.983 — 0.998 2.85 0.22 0.61
Inter-Rater
Pre 0.997 0.991 - 0.999 2.14 0.12 0.32
Post 0.994 0.963 — 0.998 3.08 0.24 0.66
Right side
Muscle belly Intra-Rater
length
Rater 1 0.975 0.928 — 0.992 3.60 0.57 1.58
Rater 2 0.990 0.970 - 0.997 213 0.21 0.59
Inter-Rater
Pre 0.981 0.941 - 0.994 3.74 0.52 1.43
Post 0.982 0.929 — 0.995 3.15 0.42 1.17
Tendon length Intra-Rater
Rater 1 0.994 0.983 — 0.998 2.75 0.21 0.59
Rater 2 0.996 0.988 — 0.999 2.16 0.14 0.38
Inter-Rater
Pre 0.996 0.990 - 0.999 2.17 0.14 0.38
Post 0.997 0.990 — 0.999 1.85 0.10 0.28
MTU length Intra-Rater
Rater 1 0.993 0.973 - 0.998 3.46 0.29 0.80
Rater 2 0.996 0.988 — 0.999 2.25 0.14 0.40
Inter-Rater
Pre 0.995 0.985 - 0.998 2.53 0.18 0.50
Post 0.989 0.934 — 0.997 4.22 0.44 1.23

Pre, results from session 1; Post, results from session 2
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Dynamic length measurements

The dynamic length measurements for both raters had mean CV of < 0.9% (1) (Table 6). The
inter-rater reliability showed slightly elevated values, with the muscle belly length recording the
highest CV of 2.2% (1).

Table 6. Summary of dynamic US assessments showing mean values of the common applied torque
interval (0 - 5.5 Nm) for absolute length changes (mm) and CV (%) for session 1 and 2. Table and

adapted caption reproduced from (1) with permission of the publisher (Springer Nature).

Session 1 Session 2
mean * SD cv mean * SD Ccv
Muscle belly Intra-Rater
Rater 1 16.91 £ 4.97 0.59 17.69 £ 5.19 0.52
Rater 2 15.53 £ 5.05 0.88 15.33£6.16 0.85
Inter-Rater
Pre 16.20 + 4.97 2.24 - -
Post - - 16.56 £ 5.69 1.74
Tendon Intra-Rater
Rater 1 4.06 £2.76 0.35 3.50+2.29 0.59
Rater 2 1.90 £ 1.94 0.58 1.20 £ 1.57 0.66
Inter-Rater
Pre 2.95+2.58 1.82 - -
Post - - 2.39+2.27 1.38
MTU Intra-Rater
Rater 1 20.30 £ 5.51 0.24 21.20 £ 5.67 0.22
Rater 2 16.85 + 4.36 0.29 16.53 £ 5.26 0.27
Inter-Rater
Pre 18.51 £5.16 1.40 - -
Post - - 18.95 £ 5.87 1.26

Pre, results from session 1; Post, results from session 2

Values for the ICC of 20.94 demonstrated excellent reliability for both intra- as well as inter-
rater assessments of length changes (refer to Table 7) (1). However, the inter-rater comparison
resulted in a wider range of Cl, while the SEM, ranging from 0.2 to 1.3 mm, was minimal for
both intra- and inter-rater reliability (1). For all tissue length changes, the MDC values for intra-
rater reliability were less than 1.4 mm (1). The inter-rater comparison revealed that the MDC

values were consistently below 3.6 mm (1).
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Table 7. Summary of dynamic US measurements showing mean values of the common applied torque

interval (0 - 5.5 Nm) for intra- and inter-class correlation coefficients (ICC22)) and their 95% CI, pooled

SD (mm), SEM (mm), MDCogs (mm). Table and adapted caption reproduced from (1) with permission of

the publisher (Springer Nature).

ICC(2,2) 95% ClI Pooled SD SEM MDCos
Muscle belly Intra-Rater
Rater 1 0.983 0.946 — 0.994 2.73 0.36 0.99
Rater 2 0.977 0.928 — 0.993 3.22 0.49 1.35
Inter-Rater
Pre 0.938 0.448 — 0.985 5.17 1.29 3.57
Post 0.958 0.430-0.990 4.01 0.82 2.28
Tendon Intra-Rater
Rater 1 0.995 0.986 — 0.998 2.63 0.19 0.52
Rater 2 0.992 0.976 — 0.997 2.93 0.26 0.73
Inter-Rater
Pre 0.988 0.964 — 0.996 3.73 0.41 1.13
Post 0.994 0.981 - 0.998 2.75 0.21 0.59
MTU Intra-Rater
Rater 1 0.990 0.970 - 0.997 3.83 0.38 1.06
Rater 2 0.995 0.982 — 0.998 2.77 0.20 0.54
Inter-Rater
Pre 0.974 0.770 - 0.994 6.01 0.97 2.69
Post 0.982 0.376 — 0.997 5.41 0.73 2.01

Pre, results from session 1; Post, results from session 2
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3.2. Study 2: Differences in morphological and mechanical properties of
the gastrocnemius medialis and Achilles tendon in children with

unilateral or bilateral spastic cerebral palsy.

Children and adolescents with bilateral SCP and those with unilateral SCP did not differ
significantly (p = 0.05) in anthropometric characteristics (2). Thus, possible differences in
muscle architecture and function cannot be attributed to anthropometric group differences (2).
All data sets (15 for unilateral and 18 for bilateral SCP) were included in the analysis of ankle
joint function and isometric muscle strength (2). Nevertheless, there were no significant
differences (p = 0.38) between children and adolescents with bilateral SCP and those with

unilateral SCP in isometric muscle strength and ankle joint variables (Table 8) (2).

Table 8. Isometric muscle strength and ankle joint function in children and adolescents with USCP or
BSCP. Negative ankle values in maximum plantarflexion and maximum dorsiflexion correspond to a
plantar flexed position. In addition, isometric strength is normalized to body mass. Data are presented

as mean (SD). Table and adapted caption reproduced from (2) with permission of the publisher

(Elsevier).
Mean
p- Cohen's
Parameter USCP BSCP difference
value d
(%)

Max. DF [°] -7.86 (11.91) -6.83 (8.35) -13.06 0.77 -0.10
Max. PF [°] -45.49 (4.49) -44.40 (3.38) -2.40 0.43 -0.28
RoM [] 37.61 (11.43) 37.57 (8.47) -0.12 0.99 0.01
Isometric strength [Nm] 18.94 (12.62) 24.24 (20.71) 28.01 0.99 -0.30
Norm. isometric strength

0.48 (0.27) 0.59 (0.46) 24.07 0.38 -0.30
[Nm/kg]

Max. DF: maximum dorsiflexion; Max. PF: maximum plantarflexion; RoM: range of motion; Norm:
normalized.

Due to technical issues, certain data sets pertaining to the mechano-morphological muscle-
tendon properties and the GM muscle architecture were unable to be included and analysed
(Supplementary Table 2 & 3) (2). The analysis of the GM muscle architecture and the static
lengths of the muscle-tendon morphological properties, including GM muscle length, AT length
and MTU length and their respective ratios, was based on 15 datasets for unilateral SCP and
10 for bilateral SCP (2). 15 datasets for unilateral SCP and 14 for bilateral SCP were included

to examine the dynamic lengthening behaviour of the GM muscle, AT and MTU (2).
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No significant differences (p = 0.25) were observed in either the mechano-morphological

muscle-tendon properties or the GM muscle architecture between the groups (Table 9) (2).

Table 9. Morphological muscle-tendon and architectural GM muscle properties in children and
adolescents with USCP or BSCP. Muscle volume is normalized to body mass. The lengths of the GM
muscle, AT and MTU as well as their respective length changes are normalized to the length of the lower
leg, which is measured from the lateral tibial plateau to the lateral malleolus (mm). Data are presented

as mean (SD). Table and adapted caption reproduced from (2) with permission of the publisher

(Elsevier).
Mean
p- Cohen's
Parameter UscpP BSCP difference
%) value d
Muscle-tendon morphological properties
GM muscle length [mm] 189.57 (26.64) 184.12 (30.96) -2.87 0.64 0.19
Norm. GM muscle length 0.55 (0.06) 0.54 (0.06) -1.87 0.66 0.18
AT tendon length [mm] 155.72 (32.72) 162.61 (32.72) 442 0.61 -0.21
Norm. AT tendon length 0.45 (0.06) 0.48 (0.06) 5.78 0.29 -0.45
MTU length [mm] 345.29 (47.24) 346.73 (53.81) 0.42 0.94 -0.03
Norm. MTU length 1.00 (0.04) 1.02 (0.05) 1.90 0.31 -0.43
Ratio GM - MTU length [%] 55.12 (5.38) 53.20 (4.83) -3.47 0.35 0.37
Ratio AT - MTU length [%] 44.88 (5.38) 46.80 (4.83) 4.27 0.35 -0.37
GM muscle lengthening [mm] 12.71 (4.28) 12.93 (5.06) 1.71 0.90 -0.05
Norm. GM muscle lengthening 0.04 (0.01) 0.04 (0.02) 5.36 0.72 -0.13
AT lengthening [mm] 6.40 (4.02) 5.15 (2.57) -19.47 0.38 0.38
Norm. AT lengthening 0.02 (0.02) 0.01 (0.01) -27.50 0.58 0.37
MTU lengthening [mm] 17.95 (3.98) 16.77 (5.31) -6.55 0.55 0.25
Norm. MTU lengthening 0.06 (0.02) 0.05 (0.01) -14.99 0.25 0.56
Muscle architectural properties
Fascicle length [mm] 36.31 (10.50) 39.28 (10.78) 8.15 0.50 -0.28
Norm. fascicle length 0.11 (0.04) 0.12 (0.02) 7.41 0.59 -0.23
Muscle thickness [mm] 11.97 (2.67) 13.16 (3.47) 9.95 0.34 -0.40
Norm. muscle thickness 0.04 (0.01) 0.04 (0.01) 10.48 0.29 -0.46
Pennation angle [°] 18.85 (4.96) 18.20 (4.26) -3.41 0.74 0.14
GM volume [ml] 66.36 (23.31) 58.16 (39.39) -12.35 0.34 0.25
Norm. GM volume [ml/kg] 1.73 (0.46) 1.57 (0.72) -9.06 0.52 0.26
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4. Discussion

4.1. Study 1: 3D Ultrasound validation and reliability study

To investigate the lengthening behaviour of human MTUs, it is crucial to use examination
methods that are easily applicable, valid, and reliable (1). The methods should not be limited
by prerequisites and should accurately represent the properties of the tissues without
oversimplification. Therefore, a 3D US approach was developed and evaluated for its validity
in comparison to MRI for assessing the GM muscle belly, AT, and GM MTU length, as well as
for the reliability of static and dynamic length measurements (1).

The results demonstrated that the proposed approach had good accuracy (with a mean error
of approximately 1.1%) and excellent intra- and inter-rater reliability (1). A comparative analysis
with MRI showed a slight underestimation of static lengths by approximately 0.7%, 1.5%, and
1.1% for the muscle belly, AT, and MTU lengths, respectively (1). Excellent intra- and inter-
rater reliability was also found with high ICC (=0.94), low SEM (< 1.3 mm), and good MDCogs
(= 3.6 mm), especially for the lengths assessed in a static condition (e.g., SEM<0.6 mm;
MDCg5<1.8 mm) (1).

4.1.1. Validity

This study presents a novel US approach for measuring the total GM MTU length, including
separate evaluations of tendon and muscle belly lengths (1). Prior research has evaluated the
reliability of 2D US approaches, but only a minority of studies have compared the validity with
a gold standard such as MRI (86, 91) or cadaver measurements (75). Validity was reported for
either muscle belly (91) or tendon length (75, 86). For example, Barber et al. (91) found a high
level of validity using the 3DfUS approach, although the estimated length of the GM muscle
belly was slightly underestimated by 1.3 + 2.2%, i.e., 3.0 £ 5.4 mm (1). Barfod et al. (86)
showed a satisfactory correlation between MRI and their novel US measurement with an
underestimation of the AT length by 4 mm (1). In two separate studies, Silbernagel et al. found
a high validity of a hybrid motion capture—US method (27) (error of less than 1%) and of EFOV
imaging (75) (ICC = 0.895), when compared to anthropometric measurements on cadavers or
a lamb shank, respectively (1). In both studies, the AT lengths determined with the respective
US method were shorter than those detected via the gold standard (1, 27, 75).

Consistent with previous studies, the proposed 3D US approach resulted in an underestimation
of GM muscle belly and AT lengths, albeit only by approximately 1.6 mm (0.7%) and 3.3 mm
(1.5%), respectively (results including both legs and raters) (1). Therefore, the proposed 3D

US approach exhibits less deviation compared to MRI in relation to previous studies (1). Due
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to the underestimated muscle belly and tendon lengths, MTU length was shorter by 4.9 mm
(1.1%) when assessed with the 3D US approach (1). The differences observed in tissue
lengths as assessed by US and MRI may be attributed to imaging difficulties of crucial
anatomical landmarks with B-mode US (1). These sites include the most superficial point of
the medial femoral condyle, the MTJ, and the proximal tendon insertion (1). The anatomical
sites can be easily identified during post-processing of the MRI images in all three spatial
planes (1). However, factors such as handling of the US probe, probe positioning, and pressure
applied during the imaging procedure may directly affect the determination and visibility of
anatomical landmarks in the US images (1). In particular, when it comes to tendons, loss of
contact and anisotropy may also play a significant role (58). Therefore, the use of a gel pad for
detecting AT insertion is recommended in addition to the 3D US approach for future

assessments (1).

4.1.2. Reliability
4.1.21. Static length assessments

To assess the length of the AT and GM muscle belly under static conditions, several reliable
US methods are available (1). For instance, Silbernagel et al. (27) used a combination of
B-mode US and motion capture techniques to evaluate the length of the AT (1). They reported
excellent test-retest reliability for their method with an ICC of 0.97, SEM of 4 mm, and MDC of
11 mm (1). Cenni et al. (3, 89) found comparable results when examining the within-session
reliability of an US pointer method (US-PaP) and their previously evaluated 3DfUS method (1).
The ICC values for determining AT length using the US-PaP method were > 0.97, with
SEM < 3.3 mm, and MDC < 9.4 mm after performing two analyses (3). The 3DfUS approach
also showed similar reliability (3, 89). For the measurement of GM muscle belly length, both
the US-PaP method and the 3DfUS approach produced similar results with an ICC of 0.98,
SEM of no more than 3.6 mm, and MDC of no more than 10.0 mm (3, 89). The reliability of the
measurement of GM MTU length was slightly better, with an ICC of 0.99, SEM of no more than
2.5 mm, and MDC of no more than 6.0 mm (3, 89).

Compared to previous studies, the proposed 3D US approach demonstrated superior reliability
for static length assessments (1). The CVs were < 1.2%, the SEM was < 0.6 mm, and the
MDC values were < 1.8 mm for intra- and inter-rater reliability of AT and GM muscle belly
lengths (1). Values for the ICC (= 0.975) were also excellent (1). Moreover, the length
assessment of the GM MTU was even more reliable, with CV < 0.7%, SEM < 0.3 mm,
MDC < 0.8 mm, and ICC 2 0.993 (1). Comparable reliability outcomes have only been
documented for assessing the AT, either utilizing the 3DfUS (90) or the Copenhagen AT length
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measure (83). From a clinical perspective, this MDC values of the 3D US approach suggest
that changes of approximately 2 mm are required for changes in length to be considered as
real changes due to treatments (1, 187). This outcome is significant for investigating training
effects and therapeutic treatments on the MTU (1). Furthermore, the proposed 3D US
approach has the potential to identify muscle and tendon changes associated with specific
disorders or diseases, such as CP (1).

Other measurement approaches, such as those combining US and tape measurements (25,
81, 86) or US and skin markings (72), have also mostly reported excellent intra- and/or inter-
rater reliability (1). However, their results are slightly less reliable than those presented for the
proposed 3D US approach or 3DfUS (1). Brouwer et al. (72) examined the reliability of the
methodology outlined by Barfod et al. (86) in comparison to AT length assessments conducted
with EFOV measurements (1). The study found that the US tape measure approach had better
intra- and inter-rater reliability compared to EFOV (1, 72). Additionally, Ryan et al. (74)
evaluated the test-retest reliability of the measurement of the AT length by using panoramic
US (1). Although they reported an excellent ICC value of 0.954, the SEM of 4.4 mm and MDC
of 12.3 mm were relatively high compared to other study results reported above (1).
Conversely, Silbernagel et al. (75) demonstrated high test-retest reliability for tendon length
assessments using EFOV imaging following the protocol of Ryan et al. (74). They reported an
SEM of 0.7 mm, ICC of 0.944 (95% CI: 0.852 — 0.979), and MDC of 1.83 mm (1). Ryan et
al. (74) concluded that the panoramic US tendon length assessment reliably detects length
changes as observed in various clinical settings (1). However, their reliability results suggest
that experience with EFOV/panoramic US needs to be gained (1). Therefore, a potential
explanation for the discrepancies between the two studies could be the difference in
sonographer experience (1). However, the first study (Ryan et al. (74)) did not report the years
of experience of the sonographer, while the second study (Silbernagel et al. (75)) used a
sonographer with 3 years of experience. Therefore, it is recommended to use a simple and

straightforward length assessment method, such as the one presented in this thesis (1).

4.1.2.2. Dynamic lengthening assessments

While several 2D US approaches mentioned earlier appear reliable for assessing muscle-
tendon tissue lengths at rest or in specific static positions, they may not be the best option for
evaluating tissue behaviour during dynamic tasks (e.g., 3DfUS and EFOV imaging) (1). Since
mechanical tissue behaviour can be affected by length adaptations or interventions, it is also

essential to assess tissue lengthening behaviour (1). Previous studies have used a
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combination of 2D B-mode US and 3D motion capture to assess muscle and tendon length
changes during training (88) as well as clinical studies (192), however, the reliability of these
approaches in measuring lengthening behaviour or length changes has rarely been
investigated (1). Nakamura et al. (193) investigated the test-retest reliability of the
displacement of GM MTJ within a range of 0° to 30° ankle dorsiflexion and demonstrated high
reliability using their combined approach (ICC = 0.985, pre-post difference = 0.83%). However,
it must be noted that that the MTJ location was determined solely in 2D (1). Further, other
studies have rather focused on active conditions (194) or static lengths (88, 192), but did not
provide reliability measures specifically for muscle-tendon tissue displacement during passive
conditions (1). The proposed 3D US approach demonstrated high intra-rater reliability in
assessing the length changes of the whole MTU and its components, including the GM muscle
belly and AT (1). Hence, the 3D US approach can be reliably and effectively utilized by a single
rater in training or clinical studies to accurately assess length changes, thereby providing a
basis for subsequent stiffness calculations (1). Furthermore, excellent inter-rater reliability was
found for the AT and also for MTU length changes with CV values < 1.8%, SEM < 1.0 mm, and
MDC < 2.7 mm (1). Reliability values for changes in GM muscle belly length were slightly
decreased, with a CV of <2.2%, SEM of < 1.3 mm, and MDC of < 3.6 mm (1). Variations in ClI
values were more pronounced for MTU and muscle belly length changes (1). This variability
could be attributed to discrepancies among investigators in the handling of the measuring
devices, potentially influenced by variations in anthropometric factors such as body height and
hand size, which might have impacted the results (1). The taller person with larger hands might
have had a more stable positioning in front of the examination table, therefore, an advantage
to adequately move the inclino-dynamometer steadily guiding the foot sole into greater
dorsiflexion within the sagittal plane. However, the shorter person with smaller hands may have
unknowingly experienced difficulties in moving the joint, therefore, addressing the GM muscle
belly differently. However, also other factors (e.g., movement velocity) should be considered.
Further research is therefore required.

The present study has some limitations. The position of subjects in supine or prone positions
could have affected passive forces exerted on the GM muscle belly, despite maintaining the
same configuration of the joint (91), and thus influenced the results (1). Nevertheless, given
the minimal disparities noted between the 3D US approach and MRI in this investigation, both
factors might be negligible (1). Additionally, it is important to note that the assessment of the
approach was solely conducted for the GM MTU (1). Validation for other muscles of the lower
leg and/or different muscle groups could be explored in subsequent studies (1). Nonetheless,

the findings demonstrate the potential of the 3D US concept (1).
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4.2. Study 2: Differences in morphological and mechanical properties of
the gastrocnemius medialis and Achilles tendon in children with

unilateral or bilateral spastic cerebral palsy

This study is the first to have a comprehensive collection of information on the function of the
ankle joint, isometric muscle strength, and morphological muscle-tendon properties in children
with unilateral SCP and compare it with children with bilateral SCP (2). Despite indications of
possible deviations between groups at the muscle-tendon level due to skeletal and
functional impairments, no significant differences were found in any of the parameters
studied (2).

Individuals with unilateral SCP present a different aetiology compared to those affected
bilaterally, resulting in deviant pathogenesis and differing symptoms between the two
groups (2). In summary, individuals with unilateral CP typically experience mild functional
impairments without cognitive impairments or comorbidities (107, 109). On the other hand,
bilaterally affected individuals have a higher risk of mobility loss with aging compared to their
unilaterally affected peers (142). Furthermore, differences in lower limb strength, walking
patterns, and foot abnormalities between the groups are likely to result in variations in the
utilization and impact on the movement-generating MTUs of their lower limbs (2). Alterations
in MTU ratios can hinder the efficient transmission of force, resulting in difficulties in generating
force for activities such as standing up from a seated position, walking, or climbing stairs (2).
For example, research by Schranz et al. (195) demonstrated a correlation between ankle
power during gait and the morphology of both the GM muscle belly and the AT (2).
Consequently, alterations in MTU length and ratios can result in various abnormal gait
patterns (2). Itis crucial to comprehend these implications to customize interventions that meet
the distinct needs of people with CP (2). Considering the finding of decreased growth rate of
GM muscle in young children with unilateral CP (167), the study in this thesis aimed to identify
differences in muscle strength, ankle joint function, and muscle-tendon properties between
children with unilateral or bilateral SCP (2). However, the results of this study do not support
this hypothesis as no significant differences were found in any of the investigated parameters
between groups of unilateral or bilateral CP (2). Moreover, the results contradict the
assumption that lower growth rates of the GM muscle in children with unilateral CP, when
compared with those with bilateral CP, would result in reduced calf muscle size (167) in older
children (2). In contrast to the study by Barber et al. (167), which examined the volume of the
calf muscle in relatively young children (mean age 5.5 + 1.5 years for unilaterally affected and

5.3 £ 1.6 years for bilaterally affected children), the participants in the current study were older,
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ranging from approximately 8 to 13 years (mean age 10.2 + 2.4 years for unilaterally affected
and 10.8 = 2.5 years for bilaterally affected children) (2). As both studies only considered
chronological age and not biological age, it is possible that the study populations were in
different stages of development and growth (2). These different stages of growth may have
influenced the group differences observed in the current study (2). Furthermore, it is important
to consider that the proposed study exclusively included individuals with SCP, while the study
by Barber et al. (167) did not specify the type of CP in their participants (2). Additionally,
variations in treatment history among participants could have influenced the results (2). Finally,
it is important to note that both studies used a cross-sectional design, which limits their ability
to provide insights into longitudinal growth-related developments between individuals with
unilateral or bilateral CP (2).

The study found no significant differences in GM MTU, muscle belly, and AT properties, as well
as plantar flexor muscle strength between children with bilateral SCP and those with unilateral
SCP (2). This lack of difference is likely due to the high level of functionality exhibited by all
participants included in the study, as they were all ambulatory (2). Children with unilateral CP
appear to be more physically active than their bilaterally affected peers (196, 197), although
they may compensate for deficits in muscle activation by relying more on the unaffected
limb (2, 167, 198, 199). Consequently, the increased physical activity might provide a similar
stimulus to the affected leg as experienced by children with bilateral CP, who equally load both
affected legs (2). However, this hypothesis lacks substantial evidence to support it (2).

It is important to consider age and gender factors when assessing physical activity in people
with unilateral SPC (2). Studies have shown that younger children and males tend to display
higher levels of physical activity compared to females and adolescents (2, 196, 200-203).
Moreover, the activity level of individuals with CP typically declines, and symptoms
may worsen, with this decline potentially being more pronounced in bilaterally affected
individuals (2, 142). Therefore, it is possible that differences in joint function, muscle strength,
and muscle-tendon pathology between the groups may be more noticeable in adolescents and
young adults than in children (2). The results of the study suggest that pre-pubertal groups
may experience similar loading stimuli on their muscles and tendons, even if there is varying
muscle growth (2). It is recommended to analyse gait kinetics, kinematics, and joint contact
forces to investigate the loading stimuli during gait in both groups (2). Although the study found
no significant differences between children with bilateral or unilateral SCP in terms of muscle-
tendon properties and lengthening behaviour of the GM MTU and its components, it is
important to note that the small sample size may have limited the statistical power to detect

subtle differences (2). For instance, the results suggest a possible decrease in the normalised
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length of the GM MTU (-2%, Cohen's d = -0.43) in children with unilateral SCP (2). Additionally,
there was an increased thickness of GM muscle (+10.5%, d = 0.46), greater normalised MTU
lengthening (+15%, d = 0.56), and higher normalised muscle volume (+9.1%, d = 0.26) (2).
Therefore, further studies with larger sample sizes are necessary to investigate potential
differences in muscle-tendon properties between individuals with unilateral or bilateral
SCP (2). Longitudinal studies, which take into account biological age, are also crucial for a
comprehensive understanding of these differences, even though assessing biological age in

children with CP may be challenging (2).

4.3. Strengths and weaknesses of the thesis

The results of the validation and reliability study (study 1) indicate that the US approach can
accurately and reliably assess the lengths and lengthening behaviour of the GM MTU, GM
muscle belly, and AT (1). Previous studies have frequently used the cadaveric regression
model proposed by Grieve et al. (204) to determine the length changes of the MTU during
passive measurements (183, 205, 206). This model allows for the calculation of the MTU length
change based on the ankle joint angle (183, 205, 206). When combined with US data on
muscle length change, this method allows for the estimation of the AT length change (183). It
is important to note that the equation used in this model was derived from measurements taken
from eight cadavers who passed away before the age of 60 (204). It is widely acknowledged
that both the aging process (207, 208) and SCP (153, 189) can significantly alter the properties
of muscle and tendon tissues. This raises the question of whether this model is still appropriate
for estimating MTU length changes in children, particularly those with SCP. Therefore, the first
study (1) presented in this thesis introduced a new 3D US approach to measure length
changes directly. The tissue length values obtained from this approach can be used as an
accurate estimation of the true muscle belly and tendon lengths. This is considered as a
strength of the approach due to the excellent validity and reliability results. The validity check
revealed that the approach slightly underestimated the static tissue lengths when compared to
MRI (1). The cause of this underestimation is unclear, as it is likely due to a combination of
factors rather than a single measure or action. For instance, the localization of landmarks using
US and the manual placement of markers on the skin may introduce some inaccuracy.
Ultrasound provides a cross-sectional image, while MRI can precisely determine localization
in all three spatial directions. Magnetic resonance imaging is better than US at visualising
cartilage, which may affect the localization of the origin and insertion. However, it should be

noted that the 1% underestimation corresponds to approximately 1-2 mm of the entire muscle
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or tendon length, which might be not clinically relevant and is still highly accurate for a low-
cost alternative to MRI.

Another advantage of this measurement methodology is its versatility. It can be used to
determine both the static lengths of the GM MTU and its components at specific foot angles,
as well as the lengthening behaviour throughout the entire RoM of the ankle joint. Both static
and dynamic measurements can be performed using the same measurement method and
equipment, which is advantageous compared to 3DfUS and EFOV imaging. Additionally, by
synchronously recording the applied torque to the footplate, an estimation of the stiffness of
the individual tissue types (e.g., entire MTU, muscle belly, and tendon) can be made.

Another advantage of this approach is that the foot does not need to be positioned in a specific
way, and there are no specific requirements for the placement of the US device. The
anatomical points in vivo can be calculated mathematically, regardless of the location of the
foot. One important advantage is that the lengths are calculated in three dimensions, allowing
for the measurement of real lengths rather than just the projection of tissue lengths onto the
skin, as it is the case with tape measurements.

Moreover, the presented approach only requires a short training and practice period. Unlike
3DfUS and EFOV, where the skills and experience of the examiner are crucial, long-term
experience does not seem to play a significant role in this approach. There are no special
considerations to be made during the measurement, such as uniform pressure, as it is the
case with 3DfUS. Therefore, this measurement method is applicable following a short training
period.

Furthermore, only a short time is required to measure tissue lengths. Subject preparation is
the most time-consuming aspect, taking only a few minutes, which includes locating the origin,
MTJ, and insertion points, placing markers, and positioning the US probe. The recording itself
only takes a few milliseconds under static conditions. Therefore, this method is particularly
suitable for individuals who may have difficulty remaining still due to age or disability. However,
this method has the disadvantage of not providing real-time results and requiring post-
processing of the data. Nonetheless, with the installation of a simple and user-friendly data
processing routine and an associated interface, this can be completed in just a few minutes.
The delayed receipt of information about the outcome parameters makes this approach less
suitable for daily clinical use. Furthermore, clinics often do not have the necessary 3D motion
analysis system due to its high cost. As a result, this measurement methodology is primarily
suitable for biomechanical laboratories and studies that require precise and dependable length
data.

71



Moreover, a limitation of this approach is that it only allows for investigating the passive
lengthening behaviour of the GM MTU and its components (1). Furthermore, the measurement
methodology cannot be directly applied to other muscle groups or extremities. To adapt this
approach for the use with other muscle groups or extremities, it is important to detect the origin
and insertion of the respective MTU using US. Therefore, this approach can be easily adapted
for superficial muscles such as the GL. The origin and insertion of the muscle are easily visible
by US, and markers can be placed over the defined anatomical landmarks. However, for
deeper muscles such as the soleus, defining the origin reliably is more challenging due to its
wide-ranging shape. Furthermore, it is recommended to adapt the mathematical calculations
for other muscle groups and follow the same procedures as described above. If any alterations
are made to the placement of markers or mathematical calculations, it is crucial to carry out
new tests regarding reliability and validity.

Furthermore, the proposed methodology is currently not adjusted to accurately quantify the
dynamic expansions of the GM MTU during activities such as walking or jumping. This is
because these movements do not only involve flexing and extending the ankle joint, but the
knee joints also undergo a degree of flexion and extension during walking, which introduces a
higher level of complexity. As a result, marker placement and calculation methods must be
modified accordingly. During the development of this application, it is important to consider
various factors and difficulties that may arise. For example, marker shifts caused by skin
movement, particularly in the knee joint, must be taken into account. Additionally, the influence
of gravity and inertia due to mass and movement should not be overlooked. It is worth noting
that the size of the resulting error will depend on the direction of the shift if slipping occurs.
When the US transducer is moved distally, it might have little effect on the calculation of tissue
length. This is because the MTJ is only moving in the US video and is being tracked frame by
frame. However, moving the transducer in a medial-lateral direction has a greater effect as it
alters the plane in which the MTJ is defined. To mitigate this issue, it is essential to use a
custom-made probe holder and fixation with straps and tapes. However, it may not be possible
to completely eradicate this issue, especially when increasing the cadence.

In addition to the proposed 3D US approach, tissue length changes can also be computed by
musculoskeletal simulations, for example OpenSim, a widely recognized biomechanical
modelling software (209, 210). While both the 3D US approach and musculoskeletal
simulations offer valuable insights into MTU length dynamics, each method possesses its own
set of advantages, limitations, and potential biases. Musculoskeletal simulations provide a
platform for biomechanical modelling, allowing for intricate simulations and analysis, especially

during gait and movement (211). Its widespread usage within the biomechanics community
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speaks to its versatility and standardized approach, allowing for comparison of results across
various studies (209). Moreover, the user-friendly interface and extensive library of
musculoskeletal models make it accessible to researchers with diverse backgrounds and
expertise levels. However, with regard to MTU length assessments, the reliance on
generalized muscle properties and assumptions derived from cadaveric studies or literature
data may result inaccuracies when applied to individualized anatomical variations or specific
conditions, such as CP, potentially leading to inaccuracies in simulated MTU behaviour (209).
Another challenge with OpenSim lies in validating its simulations against in vivo data, which
can be complex due to the limitations of available measurement techniques (209). In contrast,
the 3D US approach proposed in this thesis offers a more direct and patient-specific approach,
thereby capturing muscle and tendon behaviour with high accuracy (1). However, this method
may be limited by factors such as image resolution and operator variability, which might impact
the accuracy and reliability of the measurements (1). Furthermore, the proposed 3D US
approach is not yet adapted for dynamic length measurements during gait (1). Therefore, it is
essential to have a comprehensive understanding of the strengths, weaknesses, and
applicability of each approach in order to interpret and contextualise the study results.

In summary, the study concludes that the proposed 3D US approach is a reliable and valid
method for assessing the length and lengthening behaviour of the GM MTU, muscle belly, and
AT under both static and dynamic conditions. The assessment of MTU plasticity is crucial in
understanding the effects of (neuro-)muscular diseases or disorders, whereby measuring
individual muscle belly and tendon length is a helpful technique.

In the second study of this thesis, the 3D US approach was employed to investigate the
morphological and mechanical properties of the plantar flexor MTU in children with SCP.
Although the study employs a broad measurement methodology to accurately and reliably
measure morphologic muscle properties, it does not take into account all biomechanical
parameters (2). To further elucidate the morphological properties of the plantar flexor MTU,
future studies could incorporate additional biomechanical parameters such as muscle
stiffness (2). In the current study, the muscle stiffness can only be estimated by combining the
lengthening behaviour and the applied torque to the ankle joint (2). However, promising
techniques such as shear wave elastography or tensiomyography offer a non-invasive
assessment of muscle stiffness (212, 213). By measuring the speed of shear waves
propagating through the muscle tissue, shear wave elastography offers insights into muscle
quality and function in SCP (212, 214).
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In interpreting the findings of this study, it is essential to consider the limitations of a focused
examination solely on the GM MTU and ankle joint (2). While these components represent
significant contributors to lower limb function, they represent only a fraction of the intricate
musculoskeletal system involved in movement (2). Therefore, to gain a more comprehensive
understanding of the biomechanical adaptations in individuals with CP, future studies should
adopt a broader approach (2). The incorporation of additional muscles into the analysis such
as the TA, soleus, GL, and hamstrings would provide a more nuanced perspective on the
complexities of motor function in CP (2). By additionally investigating possible adaptations of
these muscles, the holistic nature of musculoskeletal adaptations and their implications for
functional outcomes in SCP can be better evaluated (2).

The absence of data on the physical activity levels of children with USCP or BSCP is a notable
gap in the methodology, which could have provided valuable context for interpreting the
results (2). Physical activity plays a pivotal role in the shaping of musculoskeletal adaptation,
influencing muscle-tendon properties, and ultimately impacting functional outcomes (2, 196,
197). By integrating assessments of physical activity, future research can elucidate the
relationship between activity levels and musculoskeletal properties in individuals with USCP
or BSCP (2).

Furthermore, the sample size of the study may have constrained its ability to detect subtle
differences between groups, thereby limiting the generalisability of the findings (2). A larger
cohort would offer a more robust foundation for drawing meaningful conclusions and informing
clinical practice effectively (2).

Notwithstanding these constraints, the findings of the proposed study represent a significant
advance in the understanding of the complexities of musculoskeletal adaptations in USCP and
BSCP (2). Building upon the findings of this study, future studies can pursue on more
comprehensive research questions aimed at investigating the intricate mechanisms underlying
musculoskeletal adaptation in USCP and BSCP (2).

4.4. Future directions

Shear wave elastography is a promising US-based technique that offers the potential for
quantitative, in vivo measurement of tissue material properties (213). This modality may find
widespread application in clinical settings and has already been used to evaluate stiffness in
various muscles, such as the gastrocnemius, TA, and hamstrings (215). Researchers have
used this technique to investigate muscle stiffness in children with CP, revealing increased

stiffness compared to their TD peers (216). Shear wave elastography could be a useful tool for
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evaluating the biomechanical properties of muscles and tendons in children with CP,
particularly when assessing the impact of new interventions.

To gain a comprehensive understanding of all levels of the ICF (217), it is necessary to extend
the investigations by including assessments of active tissue dynamics. The study in this thesis
only included the passive dynamic lengthening behaviour of the GM MTU using the 3D US
approach, as previously mentioned. In children with CP, a disruption in the interaction of muscle
and tendon length changes during walking may limit the effective generation and transfer of
force to the joints required for movement due to the neurological control of the muscle being
affected. Therefore, future studies should investigate whether individuals with unilateral or
bilateral SCP differ in terms of active length changes during walking.

An additional aspect that should be investigated in future studies is the use of clinical 3D gait
analysis, which is a well-established method to describe and analyse the gait pattern from a
kinematic (joint angles) and kinetic (joint moments) point of view, which further serves as an
input data for musculoskeletal simulations. These simulations can be used to improve the
understanding of the biomechanical pathomechanisms associated with CP and to estimate
internal joint forces and cartilage loading, which cannot yet be measured non-invasively (218,
219). The second study in this thesis showed that there are no differences at the muscle-
tendon level between individuals with unilateral or bilateral SCP, but there are functional
deviations found in previous studies (2, 107, 109, 139-147). These deviations may affect the
loading and joint forces during gait, which can have an impact on the tibiofemoral and
patellofemoral joint contact forces, potentially leading to degenerative joint wear.

In addition to the musculoskeletal differences between unilaterally affected and bilaterally
affected individuals, there may be differences in cardiovascular parameters and metabolic
factors that may limit the activity levels and also affect muscle growth. In addition, exercise
limitations and altered muscle metabolism may cause differences in metabolic factors such as
energy expenditure and nutrient supply. These factors may affect musculoskeletal function and
muscle growth. Further research is needed to investigate these potential differences and to

better understand their influence on the health and well-being of individuals with CP.

4.5. Conclusion

The 3D US approach proposed in this study demonstrated excellent validity in assessing the
GM MTU, muscle belly, and AT length separately (1). Although it slightly underestimated tissue
lengths compared to MR, the difference between the two methods was minimal (< 1.5%) (1).

Additionally, the US approach showed high reliability in assessing tissue lengths and
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lengthening behaviour under both static and dynamic conditions (1). The results of the study
suggest that the presented 3D US approach can be used to assess the effects of treatments
or short and long-term training interventions (1).

Therefore, this approach was used in combination with other methodological approaches to
firstly investigate potential differences in isometric muscle strength, mechano-morphological
properties of the GM MTU, and ankle joint function in children with bilateral SCP compared to
those with unilateral SCP (2). The results of the study revealed no significant differences in
any outcome measures between the two groups (2). Based on this finding, it seems that study
designs and treatment approaches for muscle-tendon pathology do not need to be modified
based on the subtype of CP involvement (2). However, future studies should include kinematic
and kinetic gait parameters and investigate associated tissue and joint dynamics, such as MTU
elongation during gait and muscle forces, in order to gain a full understanding and draw valid

conclusions (2).
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6. Appendix

Supplementary Table 1. Individual characteristics of the children with USCP and BSCP. Table and

adapted caption reproduced from (1) with permission of the publisher (Springer Nature).

Number Study Paresis Sex ”(‘3)6 GMFCS  SCALE B°d(‘|’(;')‘ass H(iig')‘t L°Wer(r':g)'e"9th
1 1 uscP  f 9 | 1 29.0 129.0 315
2 1 uscP  f 9 I 0 41.0 142.0 335
3 1 USCP  m 10 | 1 38.0 155.0 370
4 1 usce  f 12 | 1 62.0 151.0 360
5 1 UscP m 12 | 1 50.0 163.0 415
6 1 uscP 11 | 1 36.0 142.0 335
7 1 usce 15 | 1 50.0 162.0 380
8 1 UscP m 9 | 0 28.0 138.5 350
9 1 uscP 11 | 1 43.0 1475 360
10 1 UsCP m 12 | 1 56.0 151.0 380
11 2 USCP m 9 | 1 315 138.0 320
12 2 USCP m 8 | 1 34.0 138.0 320
13 2 usce f 6 I 1 18.0 113.0 250
14 2 USCP m 7 | 1 22,0 123.0 300
15 2 UscP m 13 | 0 80.0 167.0 380
16 1 BSCP m 10 | 2 48.0 150.0 380
17 1 BSCP m 9 | 2 42,0 147.0 355
18 1 BSCP m 13 M 1 73.0 168.0 380
19 1 BSCP m 12 M 0 49.0 140.0 325
20 1 BSCP f 7 M 1 19.0 117.0 275
21 1 BSCP m 11 I 1 35.0 136.5 320
22 1 BSCP  f 14 | 1 60.0 163.0 420
23 1 BSCP f 13 | 1 55.0 160.0 385
24 1 BSCP f 13 | 1 59.0 156.0 370
25 1 BSCP m 9 | 1 28.0 137.0 325
26 1 BSCP f 10 | 1 31.0 1375 335
27 1 BSCP f 7 | 1 25.0 121.0 270
28 1 BSCP m 11 | 2 66.0 162.0 380
29 2 BSCP m 15 | 1 46.0 162.0 375
30 2 BSCP m 7 I 1 32.0 128.0 300
31 2 BSCP m 13 I 1 33.0 151.0 340
32 2 BSCP f 8 I 1 24.0 121.0 290
33 2 BSCP m 12 | 1 23.0 136.0 300

Abbreviations: SCALE: Selective Control Assessment of the Lower Extremity; USCP: unilateral spastic
cerebral palsy; BSCP: bilateral spastic cerebral palsy; GMFCS: Gross Motor Function Classification
System; m: male; f: female; Study 1: Data from clinical trial NCT04570358; Study 2: Data from clinical
trial NCT05269745.
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Supplementary Table 2. Individual morphological muscle-tendon properties of the children with USCP

and BSCP. Table and adapted caption reproduced from (1) with permission of the publisher (Springer

Nature).
GM AT wTu oMo RAOAT oy AT MTU
ID usce/ muscle tendon length MTU - MTU lengthening lengthening lengthening
BSCP length length [mm] length Ielzgth [mm] [mm] [mm]
[mm] [mm] [%] [%]
1 USCP 169.52 134.04 303.56 55.84 44.16 15.69 6.09 21.77
2 USCP 184.75 134.07 318.82 57.95 42.05 16.24 - -
3 USCP 182.26 193.28 375.54 48.53 51.47 10.33 10.64 20.97
4 USCP 229.11 135.29 364.41 62.87 37.13 12.79 8.08 20.86
5 USCP 222.45 207.10 429.55 51.79 48.21 15.12 227 17.38
6 USCP 170.96 186.95 357.90 47.77 52.23 11.37 5.02 16.38
7 USCP 199.32 195.28 394.60 50.51 49.49 10.66 11.33 22.00
8 USCP 173.33 164.63 337.96 51.29 48.71 8.58 9.32 17.90
9 uscp 220.50 132.01 352.51 62.55 37.45 18.04 2.39 20.43
10 USCP 191.74 178.08 369.82 51.85 48.15 1212 8.97 21.10
11 uscp 199.46 125.80 325.25 61.32 38.68 15.10 - -
12 USCP 207.57 125.96 333.52 62.23 37.77 11.05 0.84 11.89
13 USCP 144.73 101.85 246.58 58.70 41.30 9.53 0.89 10.42
14  USCP 140.57 136.58 27715 50.72 49.28 20.74 - -
15 USCP 207.22 184.92 392.15 52.84 47.16 3.32 10.97 14.30
16 BSCP 187.75 180.70 368.45 50.96 49.04 13.36 7.60 20.95
17 BSCP - - - - - 19.56 - -
18 BSCP - - - - - - - -
19 BSCP - - - - - 9.86 9.25 19.11
20 BSCP 143.74 113.45 257.19 55.89 4411 - - -
21 BSCP - - - - - 12.40 4.50 16.90
22 BSCP - - - - - 15.14 8.73 23.87
23 BSCP 192.66 194.90 387.56 49.71 50.29 - - -
24 BSCP 205.21 164.12 369.33 55.56 44.44 21.34 2.68 24.03
25 BSCP - - - - - 9.23 6.28 15.50
26 BSCP - - - - - 15.15 3.12 18.27
27 BSCP - - - - - - - -
28 BSCP 199.63 217.37 417.00 47.87 52.13 12.68 4.23 16.91
29 BSCP 220.64 186.13 406.77 54.24 45.76 14.90 - -
30 BSCP 145.26 155.75 301.01 48.26 51.74 3.96 5.20 9.16
31 BSCP 229.37 130.77 360.14 63.69 36.31 18.73 - -
32 BSCP 161.56 128.45 290.00 55.71 44.29 5.79 4.00 9.79
33 BSCP 155.36 154.49 309.85 50.14 49.86 8.91 1.1 10.03

Abbreviations: GM: gastrocnemius medialis; AT: Achilles tendon; MTU:

unilateral spastic cerebral palsy; BSCP, bilateral spastic cerebral palsy

muscle-tendon unit; USCP,
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Supplementary Table 3. Individual architectural muscle-tendon properties, ankle joint function and
isometric muscle strength of the children with USCP and BSCP. Negative ankle values correspond to a
plantar flexed position. Table and adapted caption reproduced from (1) with permission of the publisher

(Springer Nature).

D Léss(éI;I | Fascicle thl\incuksnc(;zs Pennati?n ml?snf:le Maxo. Ma)g. PF RoM [°] I:g'::;:ilf
ength [mm)] [mm] angle [°] vcEImque DF [°] [°] [Nm]
1 USCP 25.22 8.40 18.22 37.81 3 -42.4 454 10.62
2 USCP 39.43 12.09 17.33 - -18.4 -47.5 29.1 14.11
3 uscpP 31.89 11.46 19.71 81.91 -1.9 -46.7 44.8 35.86
4 USCP 41.14 17.28 23.18 - -5.3 -46.4 411 37.18
5 USCP 34.14 11.18 17.38 85.70 -7.8 -46.1 38.3 22.76
6 uscpP 20.21 9.14 25.78 53.78 11.8 -42.9 54.7 12.39
7 UscpP 30.63 11.26 20.09 82.77 5.4 -46.8 52.2 46.89
8 USCP 21.65 8.18 19.35 4713 -14.6 -44.7 30.1 10.69
9 UscpP 35.62 11.21 17.36 76.63 -15.4 -48.7 33.3 9.87
10 USCP 25.40 12.40 29.06 71.59 -8.5 -41.4 32.6 6.13
11 USCP 41.60 13.00 16.23 76.64 8.9 -50.2 59.1 13.83
12 USCP 45.96 14.05 16.96 93.08 -11.4 -37.8 26.4 30.54
13  USCP 51.91 10.81 9.61 31.26 -12.4 -41.1 28.7 10.31
14  USCP 49.44 11.90 11.04 29.97 -18.5 -43.1 246 8.39
15  USCP 50.47 17.20 21.41 94.39 -32.8 -56.6 23.8 14.51
16  BSCP 40.33 19.20 23.36 - -13 -49 36 45.72
17 BSCP - - - - -9.3 -46.4 37.1 33.08
18  BSCP - - - - -14.6 -37.8 23.2 5.71
19 BSCP - - - 36.18 0.4 -47.1 47.5 6.57
20 BSCP 27.41 6.96 13.77 24.70 -13.3 -46.3 33 1.29
21 BSCP - - - 33.17 -9.5 -40.9 314 11.63
22 BSCP - - - - -13.9 -43.9 30 29.19
23 BSCP 38.33 12.33 15.90 88.62 -6.9 -44.1 37.2 36.78
24  BSCP 45.16 15.41 20.50 - -21.7 -50.9 29.2 2.98
25 BSCP - - - 19.98 -0.9 -41.3 40.4 8.88
26  BSCP - - - 39.37 -3 -45.8 42.8 8.36
27 BSCP - - - 26.32 -25 -42 39.5 11.15
28 BSCP 38.41 14.22 20.07 113.61 11.2 -46.6 57.8 77.22
29 BSCP 60.43 17.01 15.31 148.20 -1 -46.3 45.3 45.76
30 BSCP 26.04 12.51 24.80 55.73 -7.9 -41.9 34 26.42
31 BSCP 49.76 11.90 14.50 87.19 6.1 -42.5 48.6 41.74
32 BSCP 27.62 11.67 21.03 46.66 -5.8 -39.9 34.1 38.15
33 BSCP 39.26 10.41 12.80 36.40 -17.4 -46.5 291 5.75

Abbreviations: GM: gastrocnemius medialis; AT: Achilles tendon; MTU: muscle-tendon unit; Max. DF:
maximum dorsiflexion; Max. PF: maximum plantarflexion; RoM: range of motion; Norm: normalized;

USCP, unilateral spastic cerebral palsy; BSCP, bilateral spastic cerebral palsy.
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