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Chapter 1: General introduction

INTRODUCTION 

Children with cerebral palsy (CP) often develop an impaired gait, which is mainly 
characterized by reduced ankle dorsiflexion range of motion and limited push-off 
power. When left untreated, gait impairments will likely progress with age. CP is 
the most common cause of childhood movement impairments, affecting two 
cases in every 1000 children born (Yeargin-Allsopp et al., 2008; Wichers et al., 2001; 
Himmelmann & Uvebrant, 2018). CP is mainly characterized by movement and 
posture disorders related to non-progressive disturbances in the developing fetal or 
infant brain (Rosenbaum et al., 2007). The gross motor functioning levels in children 
with CP vary greatly and are classified using the Gross Motor Classifications System 
(GMFCS). Children with GMFCS levels I-II are considered mildly impaired and can 
walk without walking aids. Children with GMFCS level III require walking aids. 
Children with GMFCS levels IV-V are unable to walk independently with or without 
walking aids and are wheelchair bound. Spastic Cerebral Palsy (SCP) is the most 
common subtype of the motor disorders in CP (around 80% of children with CP) 
(Goldsmith et al., 2016; Himmelmann & Uvebrant, 2018). Symptoms of children with 
SCP are characterized by a disinhibition of the neuromuscular reflex arc through the 
descending neural pathways. Such disinhibition of this reflex results in excessive 
muscle activation in response to stretch, in particular to fast elongations (Sheean, 
2002). Besides spasticity, involuntary muscle background activations and soft-
tissue changes (e.g. muscle adaptations) result in functional limitations such as an 
reduced ankle dorsiflexion range of motion (van den Noort et al., 2017). Therefore 
we aim to extend our knowledge regarding mechanisms contributing to ankle joint 
hyper-resistance in children with SCP. 
 Hyper-resistance of muscles may in part explain joint hyper-resistance, limiting the 
active and passive range of joint motions. Understanding underlying mechanisms of 
increased joint and muscle hyper-resistance, including soft-tissue adaptations are 
important because joint hyper-resistance increases with age when neglected (Kerr 
Graham & Selber, 2003; Davids et al., 2014). In children with SCP, increases in ankle 
joint hyper-resistance results in ‘equines gait’ characterised by increased plantar 
flexion angles during the stance phase in gait (Goldstein & Harper, 2007). In typical 
gait, triceps surae muscles (TS) are predominantly responsible for: 1) generating 
sufficient plantar flexion moment over an adequate ankle range of motion to control 
the forward progression of the centre of mass during mid-stance), 2) providing 
lifting power to decelerate the falling centre of mass (in late stance), 3) generating 
propulsive power driving the leg into the swing phase (i.e. at pre-swing) (Zelik & 
Adamczyk, 2016), and (4) allow dorsal flexion of the foot during the swing phase 
by allowing extension of the TS muscles. In children with SCP, ankle joint hyper-
resistance results in an ‘equines gait’ characterized by a predominantly plantar-
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1flexed orientation of the foot during stance, causing: 1) a limited base of support, 2) 
insufficient propulsion, and 3) hindering initial contact with heel strike. In this thesis 
we focus on measurements and determinants of triceps surae muscle (TS) hyper-
resistance in ambulant children and adolescents with SCP (i.e. GMFCS-I-III).  

Interventions to reduce TS hyper-resistance
In ambulant children with SCP, clinicians frequently aim to improve and prevent 
progression of plantar flexion of the foot during stance, by interventions directed 
to reduce TS hyper-resistance. This is important in the growing child where the 
TS muscles need to adapt to match the growth of the lower leg. Depending on the 
suspected mechanisms contributing to TS hyper-resistance, different interventions 
may be applied to reduce TS hyper-resistance (Koman et al., 2004). Typically 
interventions start at a young age, aiming to increase or maintain joint range of 
motion. Such interventions often include weekly physiotherapy sessions stretching 
the muscles (from age ≈ 1 year), wearing ankle foot orthoses (AFO’s) (from age ≈ 
2 year). When effects of such interventions are insufficient because of spasticity, 
treatment might be augmented by medical interventions that aim to manage neural 
disturbances via efferent denervation (e.g. Bontulinum NeuroToxin-A injections 
combined with progressive casting) and/or via afferent denervation, (e.g. Selective 
Dorsal Rhizotomy). When such treatments remain insufficient, surgical lengthening 
of the TS is considered to increase the TS muscle-tendon complex length to reduce 
TS hyper-resistance (Perry et al., 1974). Despite early treatment initiation and a 
decreased necessity (or use) of correcting orthopaedic surgery, ankle dorsiflexion 
range of motion (ROM) in children with GMFCS II-III remains reduced by about 30 
degrees (Nordmark et al., 2009; Tardieu et al., 1982). Although most interventions 
show short-term improvements in ankle dorsiflexion ROM (Nieuwenhuys et al., 2016), 
recurrences on the long-term are frequently reported (Fry et al., 2007; Tedroff et al.; 
Moore et al., 2008).  Improving patient-specific clinical decision making and evaluation 
of treatment outcome requires comprehensive insight into mechanisms underlying 
ankle joint hyper-resistance and TS hyper-resistance in children with SCP. The aim of 
this thesis is to extend knowledge regarding mechanisms contributing to TS hyper-
resistance in children with SCP and their effects on ankle joint hyper-resistance. 

Determinants of length-force characteristics of the muscle-tendon 
complex
To extend knowledge of mechanisms contributing to TS hyper-resistance we need 
to evaluate how components constituting the TS muscle-tendon complex affect the 
passive and active length-force characteristics. The triceps surae muscle group (TS) 
consists of tri (three) muscles, the m. gastrocnemius medialis and lateralis and the 
m. soleus. In this thesis our main focus is on the m. gastrocnemius medialis (GM) 
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because of its functional significance in locomotion and because it is presumably 
morphologically altered in children with SCP (van den Noort et al., 2017). The GM 
originates from the medial femur condyle and inserts on the calcaneus, it is a bi-
articular muscle affecting both the knee and ankle joints.
 The muscle-tendon complex of the GM consists of a muscle belly arranged in 
series with a tendon between the origin and insertion. In response to neural excitation, 
the muscle belly contracts and pulls the origin and insertion towards each other. The 
force generated by the muscle-tendon complex generates a flexion moment at the 
knee joint and a plantarflexion moment at the ankle. The muscle-tendon complex 
is capable of resisting elongation both actively and passively, as such it can resists 
extension moments at the knee joint and dorsal flexion moments at the ankle joint. 
The extent to which a muscle-tendon complex is capable of generating the active 
and passive force are defined by the active and passive length-force characteristics 
of each muscle. Variations in structural and physiological properties of components 
constituting the muscle-tendon influence the length-force characteristics of a 
muscle. 
 The muscle belly of the GM consists of striated muscle fibres arranged in a certain 
orientation (pennation angle) with respect to the line of pull of the muscle belly. 
Muscle fibres are composed of myofibrils, which are constructed by the smallest 
contractile unit, the sarcomere. Sarcomeres comprise contractile proteins actin and 
myosin, arranged in parallel with the giant protein titin. The active force, generated 
by a single sarcomere depends on the amount of overlap and interaction between 
the actin and myosin proteins (i.e. sarcomere length) (Huxley & Hanson, 1954). 
Sarcomere maximum force is generated at its optimum length, which is the length 
at which actin and myosin have optimal overlap. The amount of passively generated 
force by the sarcomeres is mainly related to the length of titin (Wang et al., 1991). 
 Multiple sarcomeres arranged in series make up a long myofibril. Multiple 
myofibrils arranged in parallel are enclosed by the sarcolemma (i.e. the cell 
membrane) and together constitute a muscle fibre. Optimum muscle fibre force 
is proportional with the number of sarcomeres (i.e. myofibrils) arranged in parallel 
within the muscle fibre. Optimum muscle fibre length and length range of active 
fore exertion are proportional with the number of sarcomeres arranged in series. 
With more sarcomeres arranged in series (i.e. long fibres, low titin length changes) 
passive resistance to elongation is low (compliant). With more sarcomeres arranged 
in parallel (i.e. thick fibres with more titin proteins are arranged in parallel) passive 
resistance to extension is higher. This can be explained with the analogy of stretching 
a rubber band, imagine the effort of stretching one rubber band. Next, imagine 
stretching two similar rubber band arranged in parallel. Stretching the two parallel 
arranged bands the same distance doubles the effort. By increasing the amount of 
parallel arranged material, the resistance to extension increases.  



11

1Muscle fibres of the GM are oriented at an angle with respect to the line of pull 
(pennation angle), such orientations influences the length-force characteristics of 
the muscle-tendon complex. In a muscle in which the fibres are oriented parallel 
with respect to the line of pull (parallel-fibred muscles), length changes and force 
generated by the summed muscle fibres contribute fully to the length range of active 
force exertion and the force generating capacity of the muscle belly. However, muscle 
fibres in most muscles-tendon complexes (e.g. the GM) are oriented at an angle 
with respect to the line of pull (pennate-fibred muscles). Because of the pennation 
angle, optimum muscle force is smaller than the optimum force of the summed 
fibres (i.e. summed sarcomeres arranged in parallel). Similarly, when the pennation 
angle does not change during contraction, larger pennation angles decrease the 
length range of active force exertion. Such reduced length of active force exertion 
are compensated by rotations of muscle fibres during lengthening and shortening 
of the muscle belly, increasing the length range.  A pennate-fibred muscle built up 
by the same amount of contractile material compared to a parallel-fibred muscle 
can have more parallel arranged sarcomeres, thus have a higher force generating 
capacity. In addition, increases in parallel arranged sarcomeres in a pennate muscle 
contributes to increases in muscle-tendon length. 
 The tendon consists of parallel arranged collagen fibres that are constructed 
of fibrils made up of multiple tropocollagen molecules. Besides providing a force 
pathway between the origin and insertion (myotendinous pathway), it also increases 
optimum length and extensibility compared to a muscle-tendon complex without 
tendinous components. Because of the elastic properties of the tendon, the length 
range of active and passive force exertion increases with longer tendons (if material 
properties and thickness have not changed). In summary, dependent on tendon 
slack length, thickness and material properties, the tendon affects both the active 
and passive length-force characteristics of the muscle-tendon complex. In case of a 
pennate muscle, the aponeurosis contributes to the serial elastic component as the 
aponeurosis and tendon together are the tendinous structures. 
 Besides the above-mentioned structures contributing to the GM length-force 
characteristics, other structures such as the connective tissues between muscle and 
tendon fibres may provide alternative force pathways affecting the GM length-force 
characteristics of the muscle-tendon between their origin and insertion. Muscle fibres 
are surrounded by non-contractile connective tissues: 1) endomysium surrounds 
individual muscle fibres, 2) perimysium surrounds bundles of muscle fibres (i.e. muscle 
fascicle), and 3) epimysium surrounding the muscle belly. The quantity and quality of 
the connective tissues influence the active and passive length-force characteristics of 
the muscle-tendon complex in vivo (Alnaqeeb et al., 1984). 
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In summary, various components constituting the GM contribute to the active and 
passive length-force characteristics of the GM. Secondary to neural disturbances of 
the GM in children with SCP, aberrant adaptations of components constituting the 
GM are believed to influence the GM length-force characteristics and as such TS 
hyper-resistance  (van den Noort et al., 2017). To gain further insight into aberrant 
GM adaptations in children with SCP we first need to understand how the GM adapts 
in typically developing (TD) children. 

Gastrocnemius medialis muscle growth in TD children and 
adolescents 
Skeletal muscles are highly adaptable organs, able to adapt in size and force 
generating capacity to meet changes in functional demands. With growth, skeletal 
muscles need to increase in length to adapt to longer bones  (Haines, 1932), and 
increase the force generating capacity to accommodate increases in functional 
demands related to increases in body size.  Most of our knowledge of human 
anatomy is based on cadaveric studies. Thorough understanding of how the 
aforementioned tissues change and influence the length-force characteristics of 
muscle-tendon complexes are still mostly lacking in humans. In TD children aged 
5-12 years, it has been shown that GM length increases by uniform scaling of both 
fascicle length and increases of the physiological cross-sectional area (Bénard et al., 
2011). However, the mechanisms regulating growth during adolescence may differ 
from those regulating growth during childhood, as increases in sex hormone play an 
important role in the process of organ maturation (Round, 1999).
 
Gastrocnemius medialis muscle growth in SCP children 
In SCP children, besides neural disturbances, hyper-resistance may also be related 
to aberrant morphological adaptations of the GM compared to that in TD children 
(van den Noort et al., 2017). GM muscle morphology in children with SCP differs 
from that of TD children (Moreau et al., 2010; Noble et al., 2014). Muscle bellies of 
children with SCP are typically smaller and shorter compared to those in TD children, 
implying a potential growth defect (Noble et al., 2014; Barber et al., 2012; Tardieu 
et al., 1979). In children with SCP normalised GM volume has been shown to be 
22% smaller than that in TD children (Barber et al., 2011b, 2016). Deficits in muscle 
volume may be related to shorter muscle fascicle lengths (Mohagheghi et al., 2008; 
Barber et al., 2011a), a smaller physiological cross-sectional area (Afasc)  (Malaiya 
et al., 2007; Lieber et al., 2003; Barber et al., 2011a), or both. Since muscle volume 
strongly correlates to muscle power (Moreau et al., 2010), muscle volume deficits 
in children with SCP will probably affect its power generating capacity, particularly 
during the push-off phase. In addition, variations in GM geometry affect both active 
and passive length-force characteristics.
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1Shorter muscle fascicles, as seen in the gastrocnemii of children with SCP, likely 
result in a shift of optimum length towards shorter muscle-tendon complex lengths 
and in increased passive resistance to extension. Ambiguity in the literature exists 
whether fascicle lengths (! fasc) are different in children with SCP compared to TD 
(Malaiya et al., 2007). A smaller Afasc in SCP children results in lower maximal muscle 
force because of less parallel arranged sarcomeres. In addition, a smaller Afasc also 
likely results in a shift of optimum length towards shorter muscle-tendon complex 
lengths and reduces passive resistance to extension. For the pennate GM , ! fasc 
and Afasc largely determine the active and passive slack length and the length range 
of active force exertion. Shorter ! fasc or a smaller Afasc influence muscle-tendon 
complex hyper-resistance in children with SCP. 
 In contrast to shorter ! fasc and lower values of Afasc, tendon lengths (! t) are 
often found to be longer in SCP children compared to those in TD children (e.g. 
Gao et al., 2011). Increases in ! t are expected to result in a shift of the length-
force characteristics of the muscle-tendon complex towards longer lengths, and a 
decrease in the resistance to extension (Kalkman et al., 2018). To understand how 
adaptations of the GM influence TS hyper-resistance in children with SCP, we need a 
method to assess GM morphology and TS hyper-resistance.

Measurements of triceps surae hyper-resistance
In clinical practice and in biomechanics in general (Honert & Zelik, 2016; Bobbert 
et al., 1986), assessment of TS hyper-resistance are commonly inferred from the 
assessment of foot sole range of motion (Gracies et al., 2010) and interpreted 
as ankle joint range of motion. Note that such an interpretation, mostly implicitly, 
assumes a rigid foot (Tardieu et al., 1976). Over the last 40 years, several studies 
have shown, in violation of the indicated assumption, that the foot deforms upon 
application of external forces (Iwanuma et al., 2011; Tardieu et al., 1976; Wrbaškić & 
Dowling, 2007; Tardieu et al., 1977; Carlson et al., 2000; Huijing et al., 2013; Bruening 
et al., 2012). In SCP children, such foot flexibility was found to be more prominent 
compared to that in TD children (Huijing et al., 2013; Tardieu et al., 1977) (hence 
the characteristic mid-foot break in gait). In a recent study by Huijing et al. (2013), 
X-ray images of the ankle joint were made. Fig. 1 shows that in a child with SCP, 
of 15 degrees of total dorsal flexion rotation of the foot, only 7 degrees of rotation 
correspond to true ankle dorsal flexion. Such differences suggest that limitations 
in ankle dorsiflexion range are underestimated and that the TS muscles remain 
relatively short, particularly during gait (Pothrat et al., 2015; Zandbergen et al., 2018). 
Foot deformations need to be taken into account to improve assessments of TS 
extensibility during physical examination. 
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In order to accurately estimate the contribution of TS hyper-resistance to dorsal foot, 
(“ankle”) hyper-resistance insight into foot flexibility is required. The contribution of 
triceps surae hyper-resistance to foot (“ankle”) hyper-resistance likely reduces with 
increases in foot flexibility. In children with SCP, increased foot flexibility is expected 
to contribute considerably to foot hyper-resistance compared to TD children. 

Figure 1. Analysis of X-rays for a SCP subject after talus alignment (adapted from Huijing et al. 2013) 
A) The foot in a position corresponding to externally applied 0 Nm moment. B) The foot in a position 
corresponding to externally applied 4Nm dorsal flexion. The talar bone was aligned with that in panel A. 
Such talar bone alignment allows distinction of foot deformation contribution to foot plate movements. 
This figure shows that in response to externally applied 4 Nm dorsal flexion, 7 degrees of in total 15 
degrees of foot dorsal flexion corresponded to actual talo-crural joint rotations. This indicates that the 
remaining 8 degrees of foot dorsal flexion corresponds to internal foot deformations. 

In-vivo measurements of GM geometry using ultrasound
At the beginning of the 21st century, with the ultrasound (US) imaging techniques 
becoming more accessible, investigating the muscle-tendon complex in-vivo 
became available. Ultrasound imaging allows for non-invasive quantification 
of various components constituting the GM muscle-tendon complex. However, 
ultrasound does not allow quantification of sarcomere numbers or their lengths. 
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1Ultrasound images are generated by specular and diffuse reflections of ultrasound 
waves at interfaces between tissues with different acoustic impedances. A large 
difference in acoustic impedance yields a large fraction of the ultrasound wave to 
be reflected. The location of a reflector (interface between tissues) is determined 
based on the time of flight and the estimated velocity of sound through the tissues. 
Most ultrasound sound waves received by the transducer arise from scattering of 
the ultrasound waves by diffuse reflection from small structures. Scattering results 
in varying intensities of the ultrasound waves received by the transducer due to 
constructive and destructive interactions of the ultrasound waves. This results 
in ultrasound images that are speckled or grainy in appearance. The interfaces 
between muscle fibres and connective tissues act as specular reflectors, reflecting 
the ultrasound waves from the ultrasound transducer back to the transducer. 
Such reflection allows for identification of the muscle belly and estimation of the 
orientation of muscle fibre bundles (fascicles). Mainly using US imaging, numerous 
studies investigated in-vivo GM geometry in humans. Most US assessments are 
performed using conventional two-dimensional (2D) B-mode US images, with the 
examiner choosing a, presumably, suitable orientation and location of the ultrasound 
transducer. Such 2D method restricts morphological measurements to one image 
plane, while the parameter of interest may not be observable within this plane. 
However, true morphological analysis requires a three-dimensional (3D) approach, 
providing out-of-plane measurements using 3D reference points. More recent US 
examination combined 2D B-mode US images with a motion capture system to 
generate 3DUS images (Prager et al., 1998). Recent applications of 3DUS imaging 
have enhanced insight regarding typical childhood growth of the GM. These 3DUS 
imaging approaches by our group have been proven time-consuming and technically 
limited, as only small segments of large anatomical structures (i.e. muscles) could 
be reconstructed, taking a long time to process. Since the width of the GM muscle 
belly exceeds the width of the ultrasound probe, images obtained by a single sweep 
do not cover the whole muscle. As such it is impossible to assess the GM muscle 
volume and GM physiological cross-sectional area. In order to also assess muscle 
volume and physiological cross-sectional area, technical advancements are required 
to combine US images obtained from multiple sweeps.
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GENERAL AIM AND OUTLINE OF THIS THESIS

The general aim of this thesis is to extend knowledge regarding mechanisms 
contributing to TS hyper-resistance in children with SCP.
 We first aim to assess how changes in GM geometry relate to changes in 
ankle dorsal flexion range of motion during adolescence. Chapter 2 presents the 
results of a cross-sectional study of how muscle geometry varies over an age 
range corresponding to the adolescent growth spurt period in typical developing 
adolescent males. 
 Chapter 3 describes technological advancements of the 3DUS ultrasound 
approach capable of assessing morphological characteristics of entire body 
segments including whole muscles. The validity of this approach was tested on 
cadaver muscles. 
 TS hyper resistance is typically assessed by quantification of dorsal foot sole range 
of motion and commonly interpreted as being directly related to TS extensibility. 
To discriminate between foot sole rotation related to deformation within the foot 
and rotations related to actual changes in TS length during physical examination, 
more insight in this mechanism is needed. In Chapter 4, we described a method to 
assess foot flexibility and we present results on how foot flexibility affects typical 
assessment of TS extensibility based on foot sole rotations in both TD and SCP 
children. 
 In Chapter 5, we compare GM geometry and GM extensibility in children with SCP 
to TD children. We aim to evaluate how alterations in GM geometry relate to GM 
extensibility. 
 In Chapter 6, we present a case study of a 6-year-old girl undergoing a standard 
intervention of combined serial casting, Botulinum NeuroToxin-A and physiotherapy 
to improve gait. The aim of the case study was to evaluate the effect of this combined 
intervention on gait, spasticity, foot flexibility and GM muscle  morphology. 
 Finally, in Chapter 7 the main findings of this thesis are summarised and 
discussed. This chapter also addresses clinical implications and suggestions for 
further research.
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ABSTRACT

Using a cross-sectional design, the purpose of this study is to determine how 
pennate gastrocnemius medialis muscle (GM) geometry changes as a function of 
adolescent age. Sixteen healthy adolescent males (aged 10-19 years) participated in 
this study. GM geometry was measured within the mid-longitudinal plane obtained 
from a 3D voxel-array composed of transverse ultrasound images. Images were 
taken at footplate angles corresponding to standardised externally applied footplate 
moments (between 4 Nm plantar flexion and 6 Nm dorsal flexion). Muscle activity, 
was recorded using surface electromyography (EMG) expressed as percentage of 
maximal voluntary contraction (%MVC). To minimize effects of muscle excitation, 
EMG inclusion criterion was set at <10% of MVC. However, in practice normalised 
EMG levels were much lower. For adolescent subjects with increasing ages, GM 
muscle (belly) length increased due to an increase in the length component of 
physiological cross-sectional area measured within the mid-longitudinal plane. No 
difference was found between fascicles at different ages, however aponeurosis 
length and pennation angle increased by 0.5 cm/year and 0.5 o/year, respectively. 
Footplate angles corresponding to externally applied 0 Nm and 4 Nm plantar flexion 
moments were not associated with different adolescent ages. In contrast, footplate 
angles corresponding to externally applied 4 Nm and 6 Nm dorsal flexion moments 
decreased by 10 degrees between 10 and 19 years. In conclusion: in pennate GM 
of adolescents, longitudinal muscle growth is mediated predominantly by increased 
muscle fascicle diameter.
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INTRODUCTION

Skeletal muscles have the ability to adapt size and length-force characteristics to 
meet functional demands in daily life. During the process of maturation, skeletal 
muscles need to adapt in length to accommodate for bone growth (e.g. Haines, 
1932) and increase in their physiological cross-sectional area (PCSA) to generate 
sufficient force over a muscular length range corresponding to the required range of 
joint motion in daily life movements.
 Length-force characteristics of a muscle can typically be described by optimum 
length, active slack length, and length range of active force exertion, as well as 
optimal active force. However, in vivo, feasibility of assessing such variables is 
extremely low. Major morphological determinants of variables of muscle length-force 
characteristics are muscle physiological cross-sectional area, muscle fibre length 
(i.e. number of sarcomeres arranged in series), lengths of serial elastic components 
(aponeurosis and tendon), as well as angle of pennation (g(fasc)) (Huijing, 1985). 
Morphological assessment of muscle geometry in vivo is feasible using ultrasound 
imaging (Bénard et al., 2009; Kawakami et al., 1993).
 Recent application of ultrasound imaging has enhanced insight regarding childhood 
growth of human m. gastrocnemius medialis (GM). During childhood (5-12 years), GM 
develops by uniform scaling: both fascicle length (! (fasc)) and length component of 
physiological cross-sectional area (! Af) increase, without any change in g(fasc) (Bénard 
et al., 2011). In adolescents, growth mechanisms may be different from that of 
childhood, as from the onset of puberty, sex hormones play an important role in tissue 
and organ growth (Round, 1999). During human adolescence, the muscle belly length 
and tendon and fascicle length of knee-extensors (mm.vastii medialis/intermedius/
lateralis as well as of m.rectus femoris) and m.gastrocnemius lateralis are reported 
to, increase proportionally (O’Brien et al., 2010; Morse et al., 2008). However relative 
increases in Af are bigger than those of fascicle length (O’Brien et al., 2010; Morse 
et al., 2008). Previous to ultrasound imaging techniques becoming widely available, 
most knowledge regarding changes in muscle geometry during adolescent growth 
has been derived from animal studies. During pre-adolescent development, for rats, 
an increase of GM muscle belly length is achieved without addition of sarcomeres in 
series (i.e. increase in ! (fasc)) (De Koning et al., 1987; Heslinga & Huijing, 1990; Woittiez 
et al., 1986). During adolescence, serum levels of growth factors are increased (Rogol 
et al., 2002; Clark & Rogol, 1996). For ex-vivo cultured mature muscle fibres such 
growth factors induce hypertrophy, and no addition of sarcomeres in series (Jaspers 
et al., 2008; Watt et al., 2010). Therefore, if elevated serum levels of growth factors are 
involved in muscle development their effects are likely to appear as hypertrophy rather 
than as addition of sarcomeres in series.



24

Chapter 2: Medial gastrocnemius muscle growth

The main objective of the present study was to investigate how human GM muscle 
geometry adapts during adolescence, and to investigate whether these adaptations 
involve muscle fascicle length increases, as seen in children, or exclusively involve 
muscle trophy (effects increasing physiological cross-sectional area (Af), as seen 
in adolescent rats. We hypothesised that GM longitudinal growth is mediated by an 
increase in the length component of the physiological cross-sectional area of the 
muscle rather than by an increase in fascicle length.

METHODS

Subjects 
Sixteen male Caucasian participants aged between 10 and 19 years volunteered 
to participate in this study. Before participating, subjects and parents (if subjects 
aged younger than 18 years) were informed about the nature of the experiment and 
signed for informed consent. The study complies with the declaration of Helsinki 
and was approved by the Faculty of Human Movement Sciences Ethics Committee. 
Prior to participation in this study, it was established that participants were free of 
major physical disorders and were not involved in training that may have dramatically 
affected muscular hypertrophy. Growth effects during adolescence were studied on 
participants with ages ranging from 10 to 19 years, since full epiphyseal unions of 
lower limb long bones are confirmed at the age of 20 years (Cardoso, 2008). 

Anthropometry
For all subjects, measurements were performed by the same assessor. Prior to 
subsequent assessments, body height and body mass were measured and tibia 
length ! (tib) of the target leg was approximated as the mean of distances measured 
medially and laterally from the tibia plateau to the most prominent spot of the 
malleolus on the appropriate side.

Gonio-dynamometer: Externally applied ankle moments induced 
footplate angles
Footplate angles attained in response to different external moments applied on the 
footplate were quantified to assess characteristics of the medial gastrocnemius 
muscle. Subjects were lying prone on an examination table with both feet protruding 
over the edge (i.e. free movements at the ankle). The right leg was positioned 
centrally on the table with the tibia aligned horizontally. If needed, supports were 
used to elevate the distal part of the lower leg to attain such alignment (Fig. 1A). 
Measurements were performed using  a custom designed apparatus (Bénard et al., 
2010), consisting of an adjustable footplate and a torque wrench equipped with an 
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inclinometer (below referred to as the gonio-dynamometer) (Huijing et al., 2013). 
The gonio-dynamometer could be docked in the footplate (Fig. 1A) and move the 
ankle (i.e. angle-fixator detached). Dorsal flexion angle and moments are indicated 
as positive values.
 The adjustable footplate allows adjustments aimed at fixing the sub-talar joint 
during footplate rotations (see for details Huijing et al., 2013). Externally moments 
or footplate angles were either applied or measured for a total of five conditions in 
the following order: 1) Footplate angle corresponding to 0 Nm (j0Nm). 2) Footplate 
angle corresponding to -4 Nm (jplantar -4Nm). 3) Footplate angle corresponding to 4 
Nm (jdorsal 4Nm). 4) Externally applied moment corresponding to 0 degrees footplate 
angle. 5) Footplate angle corresponding to 6 Nm (jdorsal 6Nm). For each condition, 
measurements were repeated eight times, each held for 5 seconds, with 5 seconds 
rest in between. In order to minimise effects of hysteresis, 2 minutes of rest were 
taken between consecutive measurement conditions. 

3D-ultrasound imaging
Based on moment-angle footplate results, ultrasound scans of a part of m. 
gastrocnemius medialis (GM) volume were collected at 0 Nm (j0Nm) and 6 Nm 
(j6Nm) dorsal flexion moment exerted. From these ultrasound scan, mid-longitudinal 
images were reconstructed to examine muscle geometry. 3D-ultrasound imaging 
was preferred over a more conventional 2D approach because of pilot work 
indicating improved results for the 3D approach: Table 1 shows results for two 
human cadavers, comparing 2D (2DUS) and 3D-ultrasound techniques (3DUS) to 
anatomical measurements after dissection.

Table 1. Comparison of 2D and 3D ultrasound imaging results to anatomical measurements.

Cadaver Method ! (fasc) (cm) g
(fasc) (

o)

1 Section 4.17 12.09

2DUS 3.95 (-5.3%) 10.12 (-16.3%)

3DUS 4.19 (+0.4%) 10.65 (-11.9%)

2 Section 3.40 28.33

2DUS 4.24 (+24.8%) 25.60 (-9.6%)

3DUS 3.48 (+2.48%) 29.79 (+7.9%)

Footplate angles were fixed at the angle corresponding to the footplate angle-
moment measurements (Fig. 1A). Once fixed, a continuous ultrasound scan was 
made along the middle of the muscle belly towards the distal end of the tendon with 
the ultrasound transducer in a transverse orientation using a B-mode ultrasound 
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device (Technos MPX, ESAOTE S.p.A., Italy) and a 5 cm linear array probe (12.5 
Mhz) (Fig. 1B). Ultrasound video was sampled at 25 Hz using an AD-video converter 
(Canopus ADVC-330, Grass valley) connected via a FireWire cable to a computer. 
During the scan, a single Optotrak 3020 system (Northern Digital, Waterloo, Canada) 
was used to track a 3 marker frame that was mounted to the probe. Position and 
orientation data were sampled at a frequency of 25 Hz. Prior to imaging, the setup 
had been calibrated by tracking a cross point of two wires in a water cube. For that 
purpose, probe position and orientation were changed while keeping the crosswire 
visible within the ultrasound video (Prager et al., 1998).
 The protocol used for ultrasound scans was as follows: First, skin markers 
indicating the location of lateral and medial condyles were applied, as well as 
markers indicating the lateral and medial border of GM along its length (Fig. 1B, 
markers 1-4, respectively). Thereafter, a thick layer of gel (about 5 mm) was used 
to cover the scanning area, thereby increasing the probe contact surface area and 
minimizing pressure exerted on the skin and underlying muscles. At the start of 
the scan, the probe was positioned, at a longitudinal orientation with respect to the 
GM, slightly lateral to the lateral condyle. Next, without changing orientation, the 
probe was moved towards the medial condyle. Subsequently, probe orientation was 
changed to being transverse with respect to GM, and the scan continued within the 
borders drawn on the skin towards the most distal part of the Achilles tendon (Fig. 
1B, marker 6).
 Post experimentally, using software, custom-programmed in MATLAB, ultrasound 
probe position, orientation and video output data were used to create a three 
dimensional image of the scanned muscle (Gee et al., 2004). Based on the probe 
position and orientation, 2-D ultrasound images consisting of pixels with gray values 
were placed within a designated 3D-volume consisting of voxels (3D-pixels). Voxels 
that were left empty were completed by nearest neighbour interpolation of nearby 
assigned voxels (Gee et al., 2004). 

Figure 1. Diagram of set-up of gonio-dynamometer and ultrasound measurements. A) Exerting 
moments: Lower right-leg is shown in a lateral sagittal view. This leg is supported to be in a 
horizontal orientation. The foot is fixed to the foot-fixation which in turn is rigidly connected to the 
hand-held gonio-dynamometer. The dynamo-meter is both used to apply an external moment and 
consequently measure the corresponding degree of sagittal footplate rotation. During the exertion 
of moments and measuring resulting footplate angle, the angle-fixator is not used. (B-D) Details of 
3D-ultrasound recordings. For scans with the ultrasound probe, the footplate angle is fixed with the 
angle-fixator at angles corresponding to those recorded during exertion of 0 Nm and 6 Nm dorsal 
flexion. A) An example of a path of the scan of ultrasound probe: The scan starts at the lateral femur 
condyle (marker 1), and continues towards the medial condyle (marker 2). Then, the probe is rotated 
to image GM transversally and the scanning path continues through the middle between lateral 
and medial markers (3 and 4) indicating GM borders towards the most distal part of the muscle 
belly (marker 5), subsequently, continuing along the Achilles tendon to the calcaneus marker (6).  
B) Three orientation markers are used to determine the mid-longitudinal plane. At ¼ distance between 
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the medial (marker 2) and lateral (marker 1) most prominent point of the femur condyles, was used to 
determine the GM origin (7), at the most distal part of the muscle belly (8) and at a line perpendicular to 
the tangent of the distal aponeurosis in the transverse plane (dotted line near marker 8) (9). An additional 
marker was placed at the central intersection of the Achilles tendon and the calcaneus to measure 
tendon length (10). C) Measurement of muscle geometry within the GM. In steps: 1) muscle belly length 
(! m) i.e. between origin and muscle-tendon junction. 2) Tendon length (! t) from distal end muscle belly 
to calcaneus bone. 3) ! 

(fasc) is calculated at 1/3 of the muscle belly, with the chosen orientation and 
the inclination between the specified proximal and distal aponeurosis. 4) fascicle-aponeurosis angle 
g(fasc) being the mean of the angle between the fascicle line and the proximal and distal aponeurosis. 
5) aponeurosis length (! a), determined as the longest side of the parallelogram (planimetric muscle 
model) constructed (consisting ! m, ! (fasc) and g(fasc). 6) Length component of physiological cross-
sectional area (! Af), perpendicular to both fascicle line and extrapolated aponeurosis line. D) Planimetric 
muscle model in which all geometric variables are displayed on site.

device (Technos MPX, ESAOTE S.p.A., Italy) and a 5 cm linear array probe (12.5 
Mhz) (Fig. 1B). Ultrasound video was sampled at 25 Hz using an AD-video converter 
(Canopus ADVC-330, Grass valley) connected via a FireWire cable to a computer. 
During the scan, a single Optotrak 3020 system (Northern Digital, Waterloo, Canada) 
was used to track a 3 marker frame that was mounted to the probe. Position and 
orientation data were sampled at a frequency of 25 Hz. Prior to imaging, the setup 
had been calibrated by tracking a cross point of two wires in a water cube. For that 
purpose, probe position and orientation were changed while keeping the crosswire 
visible within the ultrasound video (Prager et al., 1998).
 The protocol used for ultrasound scans was as follows: First, skin markers 
indicating the location of lateral and medial condyles were applied, as well as 
markers indicating the lateral and medial border of GM along its length (Fig. 1B, 
markers 1-4, respectively). Thereafter, a thick layer of gel (about 5 mm) was used 
to cover the scanning area, thereby increasing the probe contact surface area and 
minimizing pressure exerted on the skin and underlying muscles. At the start of 
the scan, the probe was positioned, at a longitudinal orientation with respect to the 
GM, slightly lateral to the lateral condyle. Next, without changing orientation, the 
probe was moved towards the medial condyle. Subsequently, probe orientation was 
changed to being transverse with respect to GM, and the scan continued within the 
borders drawn on the skin towards the most distal part of the Achilles tendon (Fig. 
1B, marker 6).
 Post experimentally, using software, custom-programmed in MATLAB, ultrasound 
probe position, orientation and video output data were used to create a three 
dimensional image of the scanned muscle (Gee et al., 2004). Based on the probe 
position and orientation, 2-D ultrasound images consisting of pixels with gray values 
were placed within a designated 3D-volume consisting of voxels (3D-pixels). Voxels 
that were left empty were completed by nearest neighbour interpolation of nearby 
assigned voxels (Gee et al., 2004). 

Figure 1. Diagram of set-up of gonio-dynamometer and ultrasound measurements. A) Exerting 
moments: Lower right-leg is shown in a lateral sagittal view. This leg is supported to be in a 
horizontal orientation. The foot is fixed to the foot-fixation which in turn is rigidly connected to the 
hand-held gonio-dynamometer. The dynamo-meter is both used to apply an external moment and 
consequently measure the corresponding degree of sagittal footplate rotation. During the exertion 
of moments and measuring resulting footplate angle, the angle-fixator is not used. (B-D) Details of 
3D-ultrasound recordings. For scans with the ultrasound probe, the footplate angle is fixed with the 
angle-fixator at angles corresponding to those recorded during exertion of 0 Nm and 6 Nm dorsal 
flexion. A) An example of a path of the scan of ultrasound probe: The scan starts at the lateral femur 
condyle (marker 1), and continues towards the medial condyle (marker 2). Then, the probe is rotated 
to image GM transversally and the scanning path continues through the middle between lateral 
and medial markers (3 and 4) indicating GM borders towards the most distal part of the muscle 
belly (marker 5), subsequently, continuing along the Achilles tendon to the calcaneus marker (6).  
B) Three orientation markers are used to determine the mid-longitudinal plane. At ¼ distance between 
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Electromyography
During gonio-dynamometer and ultrasound measurements, surface electro-
myography (EMG) of tibialis anterior (TA) and gastrocnemius lateralis (GL) muscles 
was collected in order to quantify muscle excitation. For the ultrasound measurement 
we need the surface of the GM to be free of electrodes, we assume that activity 
levels in both heads of the gastrocnemius to be similar. The preparation of the 
skin and placements of the EMG electrodes were performed according to SENIAM 
instructions (Hermens et al., 1999). According to SENIAM instructions, electrode 
longitudinal position was set at a 1/3 distance from origin to insertion. Based on 
palpation, the electrodes were positioned at the centre of the muscle width. Using a 
multichannel system (MOBI, TMS-International, The Netherlands) EMG signals were 
A/D converted at 1024 Hz and synchronously recorded on a PC. 
 Prior to gonio-dynamometer and ultrasound measurements, participants were 
asked to perform a 5 seconds isometric maximal voluntary contraction (MVC, 
against resistance supplied by the assessor) towards dorsal and plantar flexion. 
During this MVC participants lay prone on the table while the footplate angle was 
kept perpendicular to the tibia (i.e. at 0° angle). Post experimentally, EMG signals 
recorded during gonio-dynamometer and ultrasound measurements were high-pass 
filtered at 20 Hz, to suppress movement artefacts, rectified and subsequently low-
pass filtered at 5 Hz, to obtain the envelope. Filtered signals for TA and GL activity 
during gonio-dynamometer and ultrasound measurements were normalised for 
peak TA and GL MVC, respectively (EMG (%MVC)). To minimise effects of muscle 
excitation, data from gonio-dynamometer and ultrasound measurements were 
excluded from analysis if normalised peak EMG values exceeded 10% of MVC. 

DATA ANALYSIS

Externally applied footplate moments and resulting footplate 
rotation
Data obtained during gonio-dynamometer measurements were averaged over 5 
trials for each condition for each participant individually. 

Variables of GM geometry 
Using a custom made image analysis tool, programmed in MATLAB, variables of 
muscle geometry were measured (described in detail (Bénard et al., 2011)). The mid-
longitudinal plane of the muscle belly was determined by placing markers at the 
following three locations (Fig. 1C, markers 7-10, respectively). Within the transverse 
plane, a first marker was positioned at a 1/4 distance between the most prominent 
aspects of the medial and lateral femur condyles. The position of this marker serves 
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as a representative of the most proximal part of the muscle belly, thereby neglecting 
the fact that the origin of the GM runs into the popliteal fossa. The second marker 
was positioned at the most distal end of GM muscle belly in the middle of the distal 
aponeurosis within the transverse plane. The third marker was placed within the 
same transverse plane perpendicular to the distal aponeurosis from the second 
marker. Based on a cadaver study by Bénard et al. (2010), the plane composed of 
these three markers has proven to be a good estimate of the orientation of the mid-
longitudinal plane regardless of individual variation of GM detailed anatomy. Finally, 
within the transverse plane a final marker was placed at the attachment point of the 
Achilles tendon (most proximal) onto the calcaneus bone allowing measurement of 
tendon length. Repeatability of finding the target plane within the 3D-reconstruction 
was tested in a pilot study. Two consecutive scans were compared for 5 subjects. 
Repeatability being expressed in terms of the coefficient of variance of distance 
between the anatomical landmarks (COV=(SD/mean)*100%). Results show a high 
repeatability COV=1.00% (range: 0.36%-1.54%). 
 Within the GM mid-longitudinal plane, muscle geometry variables were assessed 
(Fig. 1D): A) Within this plane at a distance corresponding to 2/3 of muscle belly 
length from the estimated origin, between the proximal and distal aponeurosis, a 
line was plotted and rotated as a visual aid to match orientation of the target muscle 
fascicles. B) For measurements of fascicle length, five markers were positioned 
on both the proximal and distal aponeurosis surrounding the intersection with the 
target muscle fascicle. To determine aponeurosis orientations, polynomials were 
plotted best fitting the 5 markers for each aponeurosis. Using the marked locations, 
the following variables were assessed and calculated within the mid-longitudinal 
plane constituting a modelled parallelogram (planimetric muscle model (Van der 
Linden et al., 1998a)) (Fig. 1E): 1) muscle belly length (! m) i.e. distance between 
estimated origin and distal end of the most distal fascicle, 2) ! (fasc) calculated 
as the distances along the line representing the fascicle and its intersection with 
the fitted polynomials. 3) Fascicle aponeurosis angle g(fasc) being the mean of: a) 
the sharp angle between the fascicle line and the tangent of the polynomial at 
the intersection with the distal polynomial and b) the sharp angle between the 
fascicle line and the tangent of the polynomial at the intersection with the proximal 
aponeurosis polynomial. 4) Aponeurosis length (! a), determined as the longest side 
of the modelled parallelogram constructed by ! m, ! (fasc) and g(fasc). 5) The length 
component of the physiological cross-sectional area (! Af), being the sum of all fibre 
diameters within the muscle including associated extracellular matrix materials 
within the mid-longitudinal plane (Fig. 1E) (Van der Linden et al., 1998b). 6) Muscle-
tendon complex length, being the distance between the representation of the most 
proximal part of the muscle belly and the most proximal attachment point of the 
Achilles tendon on the calcaneus. 
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 A pilot study for the present subject population indicates that making use of more 
than three independent estimates of the mid-longitudinal plane standard variation did 
not decrease further. Within each selected plane, three analyses of muscle geometry 
were used in further statistical analysis, so that means of in total nine variables 
were calculated. Standard deviations of variables of muscle geometry (within each 
individual) were relatively small (max <9%, on average) and did not decrease any 
further at higher number of estimates made. Additional pilot study shows a high 
repeatability (expressed in terms of coefficient of variation) in variables of muscle 
geometry measured post-experimentally between two reconstructed scans (COV 
~4% in both fascicle length and pennation angle).

Statistics
Relations of anthropometric variables and age were examined by linear regression 
analyses, the relations were assessed in scatter plots. Regression line slopes and 
Pearson’s coefficients of correlation were calculated using SPSS (version 20.0, SPSS 
Inc.,2008). The relations between dependent variables of muscle geometry (i.e.  
! m, ! t ! (fasc), g(fasc), ! a, ! Af) and independent variable age were examined using 
generalised estimating equations techniques (GEE, SPSS, version 20.0, SPSS 
Inc.,2008), allowing correction for dependency of repeated measures of one factor 
(i.e. condition), was used to test for main effects of net ankle moments and age. 
In addition to age, tibia length plays an important role in muscular development of 
adolescents. In order to examine effects of tibia length on muscle development, 
length variables of muscle geometry were normalised for tibia length. GEE was 
used as well to test for significant effects of age on normalised dependent length 
variables ! m/! tib, ! t/! tib, ! (fasc)/! tib, ! a/! tib, ! Af/! tib and as independent variable 
age. The level of significance for all statistics was set at p < 0.05.

RESULTS

Anthropometric variables 
Sixteen male adolescent Caucasian subjects (mean age ± SD age = 15.2 ± 3.1 years, 
ranging from 10-19 years) participated in this study. 
 Body mass, body height and tibia length increased by 4.2 kg/year, 4.2 cm/year 
and 0.8 cm/year, respectively (Table 2; Fig. 2). With age, for every 1 cm increase in 
body height, body mass increased by 1.0 kg. For each 1 cm gain in tibia length, body 
mass increased by 5.2 kg. 
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Table 2. For ages between 10-19 years, intercept at age 10 and increases per year of anthropometrics 
and correlation coefficient r with age are presented. The increase and intercept values are based on 
regression analysis. 

Variable

Increase  
per year

Intercept at age 10 
years

Correlation with 
age (r)

Age (years) 1 10 1*
Body height (cm) 4.2  146.4 0.9*
Body mass (kg) 4.2    35.5 0.9*

! (tib) (cm) 0.8    34.5 0.7*

The increase and intercept values are based on regression analysis, * = p < 0.05

Figure 2. Growth related changes of anthropometrical variables of adolescence boys as a function of 
age. A) Body height (cm) as a function of age in years. B) Body mass (kg) as a function of age in years. 
C) Tibia length (! (tib)) (cm) as a function of age in years. All of the presented anthropometric variables 
changed significantly with factor adolescent age. Correlation coefficient r with adolescent age is shown 
for each anthropometric variable. 

Degree of muscle excitation
During gonio-dynamometer and ultrasound measurements, EMG activity recordings 
were used to quantify muscle excitation. For all participants, maximal muscle 
excitation of both m. tibialis anterior (TA) and m. gastrocnemius lateralis (GL ranged 
between 0.3-7.9 %MVC and mean ± SD = 1.2 ± 1.1 %MVC. Such low levels of muscle 
excitation scored well below the criterion a priori set at 10 %MVC. 

Potential contributions of foot deformation to changes of footplate 
angle
To check for potential age related changes of contributions to dorsal flexion footplate 
rotation by deformations of fore- and midfoot, the following arguments were 
considered: If growth of tibia lengths were the only factor considered, muscle-tendon 
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complex length (! m+t ,being  the sum of muscle belly and tendon length) normalised 
for tibia length (! m+t/! tib), should attain equal values for equal footplate angles at 
different ages, unless some changes in footplate angle would be allowed by acute 
foot deformation (Huijing et al., 2013). At footplate angle=0 degrees, 
! m+t/! tib did not differ (p=0.59) between the younger (10-14 years) and older 
subjects (15-19 years) of the adolescent group (Fig. 3). Therefore we have no 
indication that potential contributions of deformation of fore-and midfoot at dorsal 
flexion footplate angles, change as function of age. 

Figure. 3. Test for effects of age on potential effects of foot deformation on footplate angles.  
It has been shown by Huijing et al. (2013) that deformation within mid- and forefoot potentially contributes 
to changes in dorsal flexion footplate angle. This would cause differences in muscle-tendon complex 
lengths when compared at equal angles. However, differences in tibia length between the youngest and 
oldest participants (see also Fig. 2C) would create similar inequalities, that should however, be removed 
after normalization for tibia length. Mean values and SE of muscle-tendon complex length normalised 
for tibia length (! m+t/! tib) are plotted as a function of footplate angle. Footplate angle is presented as 
its deviation from its value with tibia bone perpendicular to the footplate. At footplate angle=0 degrees, 
! m+t/! tib did not differ (p=0.59) between the younger (10-14 years) and older subjects (15-19 years) of 
the adolescent group. Therefore we have no indication that potential contributions of deformation of 
fore-and midfoot at dorsal flexion footplate angles, change as function of age. 

During adolescence, dorsal flexion ROM decreased significantly (Fig. 4). Footplate 
angles corresponding to externally applied 4 and 6 Nm (dorsal flexion) decreased 
significantly by -1.03 o/year and -0.99 o/year, respectively (Fig. 4). In contrast, footplate 
angles at 0 Nm and -4 Nm (plantarflexion) were not age related. (Table 3, Fig. 4).

0 Nm

0 degrees

6 Nm DFL

aged 10-14 y
aged 15-19 y      

Footplate angle
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Table 3. For ages between 10-19 years, intercept at age 10 and increases per year of standardised 
ankle moments and resulting footplate angles and correlation coefficient r with age are presented.

Condition Increase  
per year

Intercept at age 10 
years

Correlation with 
age (r)

j dorsal 6Nm (°) -1.0 20.3 -0.6*

j dorsal 4Nm (°) -1.0 15.0 -0.7*

j 0Nm (°) -0.2 -7.8 -0.2

j plantar -4Nm (°) 0.8 -46.6 0.4

The increase and intercept values are based on regression analysis, * = p < 0.05

Figure 4. Externally applied ankle moments and induced footplate rotation. Induced footplate angles 
at 6 Nm dorsal, 4 Nm dorsal, 0 Nm and 4 Nm plantar flexion are shown over age. Individual values are 
plotted, corresponding measured angles for 4 Nm and 6 Nm dorsal flexion (dfl) changed significantly 
with age. Whereas, 0 Nm and 4 Nm plantar flexion (pfl) did not change with age. Correlation coefficients 
r with age are shown for the 4 conditions. 

Adolescent growth; Effects on variables of GM geometry
Adolescent growth is accompanied by increases of GM belly length at a rate of 0.5 
cm/year (Fig. 5A). During adolescence, potential increases of ! t are fully obscured 
statistically by substantial inter-individual variation not related to growth, so no 
significant effects could be shown. However the data suggest that growth rates 
of 0.4 cm/year seem feasible (Fig. 5B.), so that final judgement regarding tendon 
length should be deferred. The intramuscular length variables ! Af and ! a increased 
significantly with age (increases of 0.3 cm and 0.5 cm, respectively) (Fig. 5D-E). 
However, ! (fasc) was not associated with age. (Fig. 5C). As ! (fasc) is to be considered 
unchanged, major increases in ! m can only be ascribed to net effects of geometric 
changes found in ! Af and ! a, and more minor possible effects of g(fasc). The latter 
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Figure. 5 Effects of age on GM geometry during adolescence at induced footplate angles 
corresponding to neutral (0 Nm) and 6 Nm dorsal flexion. A) A linear regression line is plotted, if  
a significant age effect is present, otherwise there no regression line present. (A) Muscle belly length  
(! m). B) Tendon length (! t). C) Fascicle length (! (fasc)). D) Fascicle angle with the aponeurosis 
(g(fasc)). E) Aponeurosis length (! a). F) Length component of physiological cross-sectional area  
(! Af). General estimated equations (GEE) indicated that all variables except for (! t and ! (fasc)) changed 
significantly with age. Correlation coefficients r with age are shown for geometry variable at both 0 Nm 
and 6 Nm dorsal flexion. 
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Figure 6. Effect of age on GM geometry normalised for tibia length at induced footplate angles 
corresponding to neutral (0 Nm) and 6 Nm dorsal flexion. A) Normalised muscle belly length (! m/! tib). 
B) Normalised tendon length (! t/! tib). C) Normalised fascicle length (! (fasc) /! tib). D) Normalised length 
component of physiological cross-sectional area (! Af/! tib). E) Normalised aponeurosis length (! a/! tib). 
A linear regression line is plotted, if a significant age effect is present, otherwise there no regression 
line present. Statistical analysis with GEE indicated that after normalization only the normalised length 
component of physiological cross-sectional area change with age. Thus, tibia length cannot fully 
explain changes in ! Af. 
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variable increased significantly (at a rate of 0.5 o/year), which, if present in isolation, 
would yield small decreases of ! m. The fact that g(fasc) does increase indicates 
that effects of increasing ! a are not sufficient to fully accommodate increases in 
summed fibre diameters (trophy) within the mid-longitudinal GM plane (Fig. 6).
 
Does segment length explain growth in muscular length variables?
Fig. 7 presents length variables of GM normalised for tibia length. GEE indicates 
that for none of the length variables normalised for tibia length (! t/! tib, ! a/! tib, 
! (fasc)/! tib) a significant main effect can be shown, with as notable exception for 
! Af, normalised for ! tib. This indicates that effects of increasing Af (i.e. trophy) of 
muscle fibres as a function of age are explained by more factors than just tibia 
growth. Changes of other normalised length variables are quantitatively explained by 
tibia growth, unless true deviations from this principle are obscured by substantial 
variation of these variables inter-individually.

Figure 7. Scaled planimetric model with growth rates in absolute values per year between 10-19 
years: ! m by 0.5 cm, ! t by 0.4 cm (not significant), ! (fasc) by 0.05 cm (not significant), ! Af by 0.3 cm, ! 
a by 0.5 cm and g(fasc) by 0.5 o.

These results indicate that during adolescent growth, muscle belly length increases 
are mediated by fascicle trophy and concomitant increases of aponeurosis length 
and angle of pennation between muscle fibres and aponeurosis (g(fasc)).

DISCUSSION

In agreement with our hypothesis, our present results indicate that, during adolescence, 
medial gastrocnemius muscle geometry adapts to changing functional demands by 
increasing the length component of the physiological cross-sectional area without 
changing fascicle length. Simultaneously dorsal footplate angles measured at 
standardised conditions decrease. In contrast, footplate angles at standardised 
neutral and plantar flexion positions were not associated with age (Fig. 4).
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2 
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Limitations of the study
The following limitations regarding the 3D-ultrasound and gonio-dynamometer 
technique are described extensively and discussed by Bénard et al. (Bénard et al., 
2011, 2009, 2010):

1. Images obtained using 3D-ultrasound have a lower spatial resolution than 
images obtained with 2D-ultrasound.

2. Externally applied moments are measured on the footplate. Ideally, we 
would like to know the net moment at the talo-crural joint. 

3. The measured footplate angles at the standardised moments are not solely 
an effect of GM architecture. 

4. Implicit assumption of homogeneity of fascicle-related variables (length 
and angle).

However, two additional limitations should be pointed out:
1. Comparing geometry during adolescence requires examination at a (at 

least similar) reference length. Ideally this length would be muscle optimum 
length (i.e. muscle length at which actively optimal force is attained). 
For adult plantar flexors, muscle optimum length was approximated (to 
be between +15o < jfootplate <+20o (Sale et al., 1982)). For adolescents, 
the joint ankle at which plantar flexor muscles attain optimum length is 
unknown and may even change with age. In order to properly determine 
in-vivo muscle optimum length, new techniques need to be developed for 
determining in vivo sarcomere lengths. Until such time, we are limited to 
making comparisons with external conditions set as similar as possible, or 
not study the phenomena at all.

2. Comparing anthropometric and geometric variables with chronological 
age during adolescence yields substantial variances (Nordentoft, 1964; 
Nottelmann et al., 1987), possibly caused by individual variation, and 
effects of factors such as pubertal stage or hormonal levels. These factors 
may confound results particularly with a cross-sectional study design, and 
to overcome effects of these factors, ideally a longitudinal study design 
should be executed. However, such approach was not feasible for us 
presently.

Anthropometric changes during adolescence and its implications 
for GM muscle adaptation
In our cross-sectional sample (10-19 years old), comparison of mean growth rates 
of body mass show that, body mass increased four times with body height as a 
function of age. Such proportional growth rates resemble those reported for a large 
cohort of similar aged adolescents (WHO, 2007); body mass: 5 kg/year and body 
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height: 3.87 cm/year). Comparison of anthropometric changes reported for children 
(5-12 years old), reveals that mean growth rates for body mass and height of children 
(3.9 kg/year and 5.78 cm/year, respectively (WHO, 2007)) differ from adolescents. 
For each centimetre increase in body height, children gain 0.67 kg of body mass 
while adolescents gain 1.29 kg body mass (according to WHO, 2007). This implies 
that with a comparable amount of body height growth, adolescents need to account 
for relatively twice as much body mass as children. 
 Comparison of tibia length growth of adolescent and children indicates substantial 
differences. Mean tibia growth rates for adolescents (0.97 cm/year (present data)) 
are half that of children (1.91 cm/year) (Oeffinger et al., 2010; Bénard et al., 2011). 
Along with the decrease in body height growth, tibia length growth decreases. With 
every 1 cm increase in tibia length, children gain 2.04 kg while adolescents gain 5.15 
kg of body mass. To account for the higher body mass imposed moment’s muscular 
adaptations are necessary to provide sufficient force over the muscle length range 
corresponding to daily life movements.

Geometrical adaptations in human GM during adolescence
Given the changes in body mass and tibia length during adolescence, it is expected 
that during adolescence GM muscle tendon-complex will increase its optimum length 
and physiological cross-sectional area (O’Brien et al., 2010; Morse et al., 2008). It has 
been postulated that muscle length is regulated such that muscle optimum length 
is attained at joint angle(s) at which a muscle is most frequently active (Herring 
et al., 1984; Huijing & Jaspers, 2005). Our present results regarding absolute GM 
muscle-tendon complex length at externally applied 0 and 6 Nm moments agrees 
to a large extend with that postulation, as during adolescence GM length increased 
proportionally to tibia length. However, an increase in tendon length, as a function 
of age, could not be confirmed statistically. Even so, it is likely that such lack of 
statistical evidence is caused by high individual variation of muscle belly and tendon 
lengths (e.g. comparatively short tendons observed in two subjects).
 To determine how GM muscle belly adapts during adolescence we measured 
variables of GM geometry at different ages. A major finding was that fascicle length 
did not change in subjects with increasing age. In contrast, for children, increases 
in ! (fasc) as well as ! Af have been shown for GM (Bénard et al., 2011). It should be 
noted that, because of GM’s very high degree of pennation, in addition to increases 
in fascicle length, ! Af will also contribute to muscle belly length (Swatland, 1980). 
However, finding high fascicle angles with the aponeurosis does not necessarily 
imply that the muscle is more pennate, since for the degree of pennation also 
angular orientation with respect to the line of pull should be considered (Zuurbier 
& Huijing, 1993) (angle alpha could also be small in combination with high values 
of fascicle angle with the aponeurosis (Willems & Huijing, 1992). Whenever angle 
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alpha is small, increases in ! Af will not contribute much to increases in muscle belly 
length. Present results show that, during adolescence, ! Af increases contributes 
substantially to GM length growth. Note that, ! Af increases induced by trophy are 
more likely to occur than those induced by hyperplasia (c.f. (Goldspink, 1972; Rowe 
& Goldspink, 1969)).
 Most knowledge regarding changes in muscle geometry during adolescent 
growth is derived from studies conducted in young adult rats (De Koning et al., 1987; 
Heslinga & Huijing, 1990; Heslinga et al., 1995; Woittiez et al., 1986) of comparable 
human adolescent ages (c.f. Quinn, 2005; rats reach sexual maturity at ~50 days 
and humans at ~11.5 years). Similar to our present findings GM muscle belly length 
in adolescent rats was shown to increase due to trophy, as no increase in fascicle 
length was found (De Koning et al., 1987; Heslinga & Huijing, 1990; Woittiez et al., 
1986). Muscle fibre lengths did not change as no sarcomeres in series were added. 
Apparently, addition was not necessary as trophy-induced increases in muscle belly 
length matched increases in tibia length (Heslinga et al., 1995). In contrast to very 
pennate rat GM, less pennate rat m. soleus increased predominantly by addition of 
sarcomeres in series as a result of the strain induced ! (tib) length growth (Heslinga 
et al., 1995). These studies imply that mechanical factors responsible for addition 
of serial sarcomeres with fibres of similarly strained muscle are less in very pennate 
muscle than a much less pennate muscle. Therefore, we conclude that the fascicle 
orientation affects the mechanism of muscular adaption. 
 Our present results are in accordance with results on muscle characteristics in 
human adolescents mainly focusing on muscle fibre size (trophy) (Oertel, 1988; 
Vogler & Bove, 1985; Aherne et al., 1971). In boys aged 0-14 years, post-mortem 
examination of gastrocnemius muscle shows fibre size increased (by 124 μm2/year) 
(Aherne et al., 1971). Different rates of increase were reported for different muscles 
(m. quadriceps, m. vastus lateralis, m. rectus femoris, m. deltoideus, m. biceps 
brachii,) (Oertel, 1988; Vogler & Bove, 1985; Aherne et al., 1971). However, rates of 
fibre size increase normalised for values at age=10 are quite similar as shown by our 
calculations from these studies. Mean muscle fibre size growth after adolescence 
(>19 years) stops (Lexell & Taylor, 1991; Lexell et al., 1992). 
 In-vivo, ultrasound data of boys and adults indicate that the muscle belly, tendon 
and fascicle length of the knee-extensors and the m. gastrocnemius lateralis (GL) 
adapt proportionally (O’Brien et al., 2010; Morse et al., 2008). Our finding is not in 
agreement with such results for medial gastrocnemius muscle. However relative 
increases in physiological cross-sectional area precede increases in fascicle 
length in knee extensors as well as GL similar to our GM results, indicating that 
adult muscles are to be considered more suitable for force generation. Morse 
et al. (2008) made measurements on ultrasound images of GL in boys (n = 11,  
age = 10.9 ± 0.3 year) and men (n = 12, age = 25.3 ± 4.4 year). It should be noted 
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that no information on moments exerted was considered. They reported that, in vivo, 
lengths of the muscle belly, tendon and fascicle adapt proportional with muscle-
tendon complex length allowing pennation angles (of fascicles with the aponeurosis 
g(fasc)) to remain similar. For knee extensors, O’Brien et al. (2010) reported similar 
findings for such comparisons between men and boys. Our present findings are not 
in accordance with these reports. Despite the fact, that a part of m. gastrocnemius 
has been the object of study in our work and that of Morse et al. (2008), such 
differences are quite likely affected by differences in muscle geometry, as well as in 
functional role between these two different heads. The GL is less pennate and has 
longer fascicles (more serial sarcomeres) than GM, making the GL more suitable 
for activity at higher shortening velocities (e.g. Huijing, 1985; Maganaris et al., 
1998; Abe & Fukashiro, 2001). In addition, the conditions of measurements may 
have contributed to the differences. For example, in order to reach 20° footplate 
dorsal flexion in our youngest subjects, we had to apply an external moment of 6 
Nm. Since we found that, the footplate angle corresponding to 6 Nm dorsal flexion 
decreased as a function of age, an even higher additional external moment (> 6 Nm) 
must have been applied by Morse et al. to attain the same footplate angle in adults. 
This makes it conceivable that, in their case, some acute stretching of fascicles 
may have confounded measurement of effects of longer term adaptation of fascicle 
length in adults. GM has to adapt to both length and force conditions altered by the 
effects of growth. However, during adolescence apparently increases in ! Af match 
GM length to the increased tibia length without persistent straining of muscle fibres 
that would lead to increases in serial sarcomeres numbers within fibres. In contrast, 
for children (5-12 years), having a less pennate GM (Bénard et al., 2011), increases 
of ! Af are not sufficient to allow increases of ! m and ! t to match with longitudinal 
bone growth, inducing persistent higher muscle fibre strains, until this stimulus for 
addition of serial sarcomeres is removed by adding sarcomeres in series which 
become apparent as higher fascicle lengths in ultrasound images.

Adaptation of GM geometry during adolescence affects footplate 
range of motion.
During adolescence in males, dorsal flexion footplate angles (at 4 and 6 Nm) decrease 
by approximately 1o/year. With growth, decreasing ROMs are found commonly 
(Cheng et al., 1991; Vandervoort et al., 1992). Note, however, that depending on the 
direction of movement, differences may exist, as we did not find any decrease in the 
footplate angle at plantar flexion (at -4 Nm applied external moment). Passive joint 
resistance may be affected by changes in joint capsules, ligaments and muscle-
tendon complexes (Cheng et al., 1991; Gajdosik et al., 1999; Latash & Zatsiorsky, 
1993). However, contributions of each of these structures to altering dorsal ROM 
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are still unknown. Contribution of GM to ankle joint stiffness has been quantified 
by several studies (Riener & Edrich, 1999; Silder et al., 2007). Within the muscle-
tendon complex, joint resistance may be affected by 1) intracellular elements; via 
cross-linking of actin-myosin filaments, titin filaments and collagen composition in 
connective tissues (i.e. tendons, aponeurosis, endomysia, perimysia, and epimysia) 
(Gajdosik, 2001; Hoang et al., 2007; Clark & Rogol, 1996; Rogol et al., 2002). A likely 
explanation for a decreasing footplate dorsal flexion ROM, i.e. with GM increasing in 
! Af, is that resistance to muscle lengthening increases due to more parallel arranged 
materials.
 In conclusion, in the cross-sectional sample, increases of tibia length and 
subsequent GM lengthening allow adaptation as a function of age to be mediated by 
increases of ! Af. Simultaneously, dorsal footplate ROM becomes smaller. Therefore, 
it is concluded that increases of ! Af contribute both to longitudinal muscle belly 
growth and to increased muscle and joint stiffness. The former is sufficient to 
match tibia length increases, so that long-term adaptation of fascicle length and 
presumably serial number of sarcomeres within muscle fibres is not necessary.
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ABSTRACT

The development goal of 3D ultrasound imaging was to engineer a modality to 
perform 3D morphological ultrasound analysis of human muscles. 3DUS images 
are constructed from calibrated freehand 2D B-mode ultrasound images, which 
are positioned into a voxel array. Ultrasound (US) imaging allows quantification of 
muscle size, fascicle length and angle of pennation. These morphological variables 
are important determinants of muscle force and length range of force exertion. The 
presented protocol describes an approach to determine volume and fascicle length of 
m. vastus lateralis and m. gastrocnemius medialis. 3D ultrasound imaging facilitates 
standardization using 3D anatomical references. This approach provides a fast and 
cost-effective approach for quantifying 3D morphology in skeletal muscles. In health 
care and sports, information on the morphometry of muscles is very valuable in 
diagnostics and/or follow-up evaluations after treatment or training.
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INTRODUCTION

In health care and sports, information on the morphology of muscles is very valuable 
in diagnostics and/or follow-up evaluations after treatment or training(Reeves et 
al., 2004). Ultrasound (US) imaging is a tool commonly used for visualization of 
soft tissue structures in muscle diseases (Engel-Hoek et al., 2012), critical illness 
(Seymour et al., 2009, 2010), cardiovascular diseases (Ho, 2016), neurological 
disorders (Barber et al., 2011; Huijing et al., 2013; Shortland et al., 2002) and effects 
of physical training (Farup et al., 2012; Barber et al., 2011; Timmins et al., 2016). US 
imaging enable quantification of muscle size, fascicle length and angle of pennation. 
These morphological variables are important determinants of muscle force and 
length range of force exertion (Huijing, 1996; Van der Linden et al., 1998; Woittiez et 
al., 1984; Lieber & Blevins, 1989; Weide et al., 2015).
 Currently, US measurements are mostly performed in 2D images, with the 
examiner choosing a, presumably, suitable orientation and location of the ultrasound 
probe. Such 2D methods restrict morphological measurements to one image plane, 
while the parameter of interest may not be present within this plane. Morphological 
analysis requires a 3D approach, providing out of plane measurements using 3D 
reference points. Such a 3D morphological representation of soft tissues is known to 
be provided by Magnetic Resonance Imaging (MRI) (Fukunaga et al., 1992; LeBlanc 
et al., 2000; Lindemann et al., 2016; Gopalakrishnan et al., 2010; Wakahara et al., 
2015). However, MRI is expensive and not always available. Also, visualization of 
muscle fibres requires special MRI sequences, such as diffusion tensor imaging 
(DTI) (Pamuk et al., 2016). A cost-effective alternative to MRI is 3D ultrasound (3DUS) 
imaging. 3DUS approach provides several advantages over MRI techniques, e.g. it 
imposes less space limitations for positioning the subject during an examination. 
3DUS imaging is a technique sequentially capturing 2D (B-mode US) images and 
positioning them into a volume element (voxel) array (Prager et al., 1998; Solberg et 
al., 2007a; Gee et al., 2003). The process of 3DUS image reconstruction consists of 
five steps: 1) Capturing a series of freehand 2D US images. 2) Tracking the position 
of the US probe, using a Motion Capture (MoCap) system. 3) Synchronizing the 
MoCap position and US images. 4) Calculating the location and orientation of the 
ultrasound images within the voxel array using a calibrated system of reference, and 
5) placing these images into this voxel array. 
 The 3DUS approach has been successfully applied for assessment of morphology 
of skeletal muscle (Bénard et al., 2011; Fry et al., 2004; Barber et al., 2011; Weide 
et al., 2015; MacGillivray et al., 2009; Rana & Wakeling, 2011). However, previous 
approaches (Bénard et al., 2011; Huijing et al., 2013; Haberfehlner et al., 2016; Weide 
et al., 2015) have proved cumbersome, time consuming and technically limited, as 
only small segments of large muscles could be reconstructed. 
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 To improve the 3DUS approach, a new 3DUS protocol has been developed that 
allows reconstruction of complete muscles within a short period of time. This 
protocol article describes the use of 3DUS imaging for morphometry of the m. 
vastus lateralis (VL) and m. gastrocnemius medialis (GM).

PROTOCOL

All procedures involving human subjects have been approved by the medical ethics 
committee of the VU medical center, Amsterdam, the Netherlands.

1. Instrumentation
1.1. Connect the ultrasound device to the measurement computer. If needed, use 
frame-grab hardware and/or software to store sequential ultrasound images. 

Note: A 5-cm linear-array probe (12.5 Mhz) is used to generate B-mode images (25 
Hz). Before each measurement imaging depth, acoustic frequency and power are 
optimised to visualise interfaces of extra-and intramuscular connective tissues. 
During the measurement, these settings are not changed. 

1.2. Connect the Motion Capture (MoCap) system to the measurement computer. 

1.3. Rigidly connect a MoCap cluster marker to the ultrasound probe in order to 
track the position and orientation of the US probe.  

1.4. Connect the synchronization device (piezo crystal) to the trigger input of the 
MoCap system.

Note: Activation of the synchronization device momentarily activates the piezo 
crystal, sending sound waves towards the transducer. The received soundwaves 
create a distinct artefact in the US image at system initiation (Fig. 1A, Arrow). 

1.5. Fill the custom-made calibration frame (phantom) with water. 
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2. Calibrate
Note: Perform a spatial calibration to calculate a transformation matrix (toT from) from 
the US images with respect to the probe coordinate system. This calibration process 
has been described previously (Prager et al., 1998). Please see below for a brief 
description.

2.1. Place the phantom filled with water, holding a crosswire (i.e. two submerged 
crossing wires) at a known position within the phantom coordinate system (Phxyz 
Fig. 1B, arrow), on a stable surface.

2.2. Measure the water temperature with a thermometer. 

2.3. Use the MoCap pointer tool to record the position and orientation of the phantom 
in the global coordinate system (Gl).

2.4. Start US image sampling and activate MoCap data acquisition (described in 
step 3.3.3).

2.5. Submerge the head of the US probe (Pr) in the water and translate and rotate 
the US probe for 40 s (sampling at 25 Hz) in all directions, maintaining visibility of 
the crosswire in the US images (Im). 

2.6. Stop data acquisition.

2.7. Synchronise MoCap data and US images by identifying the first US frame 
containing the piezo crystal created artefact and crop the US image sequence 
accordingly (described in step 3.4.1.1).

2.8. Identify relevant US images in which the crosswire is clearly visible and track 
the position of the crosswire in these US images (iImxyz),, correct position for water 
temperature. 

2.9. Determine position of the crosswire with respect to the moving Pr by a series 
of transformations from Ph to Pr (Eq. 1) at time instances (i = 1:n) corresponding to 
crosswire identification in step 2.9.
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Calculate the Im to Pr transformation matrix (PrTIm) by solving equation (2) involving 
all identifications of the crosswire in Im (measured in step 2.9) at the time matched 
(i = 1:n) coordinates of the crosswire in Pr (calculated in step 2.9). 

Figure. 1. Schematic of 3DUS algorithm. A) A Motion Capture (MoCap) system is used to track a 
cluster of markers rigidly connected to the ultrasound probe, within the global coordinate system (Gl). 
Synchronization of MoCap and ultrasound data is accomplished making use of an artefact (arrow) 
introduced by Optotrak triggered piezo crystal. B) The position and orientation of the ultrasound image 
coordinate system (Im) is calculated relative to the probe coordinate system (Pr) by identifying a 
known point within the Pr and Im. For this purpose a custom-designed phantom is used filled with 
water, holding a crosswire (i.e. two submerged crossing wires) at a known position within the phantom 
coordinate system (Ph). C) With a series of transformations, this known point is calculated in the PWith 
a complete series of known transformations, images from the Im can be transformed into any voxel 
array coordinate system (Va).

3. Experimental protocol
The experimental protocol describes two commonly performed protocols involving 
3DUS imaging, i.e. morphometry of the m. gastrocnemius medialis (GM) and the m. 
vastus lateralis (VL) (Fig. 2A).

3.1. Subject positioning
3.1.1. For the GM experiment
3.1.1.1. Ask the subject to lie prone on an examination table with both feet 
overhanging the edge of the table. 
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3.1.1.2. Align the lower leg horizontally, by placing a support under the tibia. Fix the 
thigh to the examination table with padded lashing straps to prevent knee extension 
during the experimental protocol. 
3.1.1.3. Fit the foot of the leg to be scanned into the custom-made footplate. 
(Bénard et al., 2010). 
3.1.1.4. Connect the custom-made torque wrench with attached goniometer to 
the footplate (Bénard et al., 2010). Find the footplate angle corresponding to an 
externally applied moment e.g. 0 Nm (Fig. 2A). 
3.1.1.5. Fix the footplate in the orientation corresponding to the 0 Nm net dorsiflexion 
moment, by using an extendable rod which is connected to the table (Fig. 2A, arrow).

3.1.2. For the VL experiment
3.1.2.1. Ask the subjects to lie supine on an examination table. 
3.1.2.2. Set the knee flexion angle (i.e. operationalised as the angle between the lines 
connecting the centers of the malleolus lateralis with epicondylus lateralis and the 
latter with the trochanter major) to 60°, by positioning the lower legs on a support.
3.1.2.3. Place a triangular shaped beam underneath the buttocks to prevent hip 
movement. 
3.1.2.4. Fix the lower leg to the support with two padded lashing straps to prevent 
leg movement during the experimental protocol. 
3.1.2.5. Set the hip angle (i.e. operationalised as the angle between lines connecting 
os coracoides with the trochanter major and the latter with the epicondyle lateralis 
femoralis) to 95° by changing angle of the back support of the examination table. 

Note: This described pose has been chosen, as it resembles joint angles during 
optimal isometric knee extension measurements (de Ruiter et al., 2004; Kooistra 
et al., 2008). 

3.2. Localization of bony landmarks and region of interest (ROI) 
This is done for guidance of the 3D ultrasound examination and for post-experimental 
quantification of the subjects upper-, lower leg and foot posture. Identify and record 
positions of the anatomical bony landmarks in the global coordinate system using 
the MoCap pointer tool.
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3.2.1. For the GM experiment.
3.2.1.1. Identify the following landmarks by palpation and mark them using a 
surgical skin marker: most prominent dorsal aspects of the medial and later femur 
epicondyles, the centers of the malleoli of tibia and fibula.
3.2.1.2. Using the US device identify and mark using a surgical skin marker the most 
superficial points of the medial and lateral femur condyles (on the dorsal side of the 
leg) and the most proximal location of the insertion on the calcaneus. 
3.2.2. For the VL measurement.
3.2.2.1. Identify the following landmarks by palpation and mark using a surgical skin 
marker: the medial and lateral malleoli (as above), most proximal insertion of the 
patella tendon of the tuberositas tibiae, medial and lateral epicondyles (as above), 
apex of the patella and the most medial, proximal and lateral insertion boundaries 
on the patella and os coracoides on the shoulder.
3.2.2.2. Identify with the US device and mark the most superficial aspect of the 
trochanter major and most proximal insertion of the VL on the trochanter major.
3.2.3. For all muscles, use the MoCap pointer tool to record the marked landmarks 
(described in sections (3.2.1 and 3.3.2) in the global coordinate system. Move the 
MoCap pointer tool to the identified anatomical landmarks, and use the MoCap 
software to record the position by pressing the “record” button. 
3.2.4. Use ultrasound to identify the medial and lateral muscle border, mark the 
medial and lateral borders on the skin using a surgical skin marker. 

3.3. 3D ultrasound examination
3.3.1. Instruct the subject not to move during the 3D ultrasound examination.
3.3.2. Apply ample ultrasound gel on the ROI to ensure proper contact between the 
skin and US probe. 

Note: Such application of gel allows limiting probe pressure and thus tissue 
deformation necessary to get a clear US image. 

3.3.3. Open frame grabber software (e.g. WinDV) on the measurement computer 
and start US image acquisition by clicking on the “record button”. 
3.3.3.1. Subsequently, initiate the MoCap data acquisition and activate MoCap 
data acquisition by pressing the “start” button on the synchronization device. This 
automatically activates the synchronization device (i.e. piezo crystal) located close 
to the US probe creating a distinct artefact in the US image at the instance of MoCap 
initiation (Fig. 1A, Arrow). 
3.3.4. While exerting minimal probe pressure yet ensuring image quality, move the 
probe at a constant speed over the ROI; this is referred to as a “sweep”. Make sure 
that clear anatomical cross-sectional US images of the target muscle are recorded.
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3.3.5. Visually check for movement of the subject during the examination, if the 
subject moves abort the sweep and repeat from step 3.3.1.
3.3.6. Sweep protocol for the GM experiment.
3.3.6.1. Place the US probe proximally to the femur condyles on the medial aspect 
of thigh. Perform a sweep (as described in section 3.3.1-3.3.5) in proximo-distal 
direction along the medial border of the GM, ensuring visibility within the anatomical 
cross-sectional images of the medial border of GM, and Achilles tendon all the way 
down to its insertion on the os calcaneus.
3.3.6.2. Add additional sweeps (as described in section 3.3.3-3.3.5) until the entire 
ROI is scanned and the medial border of the muscle is imaged completely (Fig. 2B). 
Use the trace in the gel of the previous sweep to guide the next sweep, slightly 
overlapping (0.5 cm) the previous swept area.
3.3.7. Sweep protocol for the VL experiment.
3.3.7.1. Place the US probe on the lateral aspect of the tibia plateau. Start a sweep 
in distal-proximal direction over the lateral border of the VL, ensuring visibility of the 
lateral border of VL, all the way up to the origin on the trochanter major.
3.3.7.2. Add additional sweeps (as described in section 3.3.3-3.3.5) until the entire 
ROI is scanned and the medial border of the VL is imaged completely (Fig. 2B). 
Use the trace in the gel of the previous sweep to guide the next sweep, slightly 
overlapping (0.5 cm) the previous swept area.

Note: During the sweep protocol, movement of the subject should be prevented, as 
movements negatively affects positioning of the 2D US images in the voxel array. 
The number of sweeps are determined by the width of the probe and the width of 
the target muscle. Typically, with a probe width of 4 cm and a muscle width of 12 
or 18 cm, 5 or 7 sweeps respectively are needed to cover the ROI including the 
borders. 

3.4. 3D ultrasound voxel array reconstruction 
Reconstruct a single 3DUS voxel array (3DUS image) from a single sweep over 
the skin of a specific anatomical region of interest (ROI) (e.g. muscle, tendon) by 
bin-filling and inpainting the 3DUS voxel array using a custom-script. In order to 
reconstruct a 3DUS voxel array, take the following post-experimental steps.
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Figure. 2. Schematic of the experimental setup and sweeps of the ultrasound probe over the target 
muscles (m. gastrocnemius medialis (GM) setup and m. vastus lateralis (VL) setup). A) Specific 
joint configurations of the subject for the two experimental conditions. The objects displayed in green 
are adjustable to set the position and orientation of the limbs. Arrow indicates an extendable rod that 
is used to fix the footplate angle. B) Path of multiple sweeps of the ultrasound probe over the regions 
of interest. The blue arrows represent single sweeps over the region of interests. Left: sweeps over the 
GM, Right: sweeps over the VL.

3.4.1. Synchronise MoCap data and US images by identifying the first US frame 
containing the piezo crystal created artefact and cropping the US image sequence 
accordingly with VirtualDub software (VirtualDub). First, place the frame selection 
slider at the identified starting frame and press the home button on the keyboard. 
Next, move the slider to the end of the measurement (last skin contact) and press 
the end button. Press the F7 button to export the cropped image sequence. 
3.4.2. Define a voxel array (Va) coordinate system which can be filled with US 
images, using a custom-script. Ensure that the Va is oriented in accordance with the 
scanning direction and sized to fit all the US images of a single sweep. 

Note: Initially, the Va consists of rectangular shaped voxels, with the longer axes in 
the direction of the sweep, this shape improves filling efficiency. 

3.4.3. Assign the voxels in the Va with pixel grey-values from the US images, using a 
custom script. This process is described as forward mapping or bin-filling (eq. 3) 
(Fig. 1C) (Solberg et al., 2007; Gee et al., 2003). 
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Note: Forward mapping of 2D US images in the Va according to the orientation 
and position of the images in the Va coordinate system. In short, the positions of 
all pixels of one image (Imxyz(1:n)),, at time instance (i), are simultaneously mapped 
forward into the voxel array. The bin-filling procedure only fills the addressed 
voxels, leaving the non-addressed voxels empty (i.e. black). Note: 𝑻𝑻𝑮𝑮𝑮𝑮$𝟏𝟏𝒊𝒊

𝑷𝑷𝑷𝑷    indicates 
the inverse of the previously described transformation matrix (i.e. a Pr to Gl 
transformation matrix).

3.4.4.  Using a custom script identify gaps inside the voxel array (i.e. black voxels). 
Take the following steps by using binary image processing:
3.4.4.1. Create a bin-filled binary voxel array in which all filled voxels are labelled. 
Use binary image dilation and erosion, with the same size structuring-element, to 
label all relevant voxels (i.e. grey-valued voxels) inside the scanned region. Detect 
gaps by subtracting the bin-filled binary voxel array (with gaps) from the relevant 
voxels (no gaps).

Note: Subsequent dilation and erosion operations are image-processing steps to 
complete binary images. By performing these steps one after another, outside 
boundaries remain while gaps inside are removed. 

3.4.5. Fill the identified gaps using an “inpaint procedure” using surround grey-
valued voxels (D’Errico, 2004).

Note: This inpaint technique we chose can be used to: “fill gaps with a smooth 
interpolant based upon minimizing the sum of squares of the second derivative 
at each labelled voxel measured by finite differences on the grid” (D’Errico, 2004).

3.4.6. Equalise voxel dimensions of the Va by ‘bicubic’ interpolation and save the 
voxel array as a stacked tiff image (3DUS image).



56

Chapter 3: 3D ultrasound imaging

3.5. Multiple sweeps reconstruction
3.5.1. Reconstruct all individual sweeps (described in section 3.4) covering one 
larger ROI according to the same Va coordinate system to merge multiple sweeps.
3.5.2. Create a new Va coordinate system, sized to accommodate all individual 
reconstructed sweeps.
3.5.3. Place the individual Va’s step by step into the larger Va. If a voxel is already 
assigned by another Va, this voxel will only be overwritten if the new voxel has a grey 
value ≥ 10 on an 8-bit scale, otherwise the new voxel grey value is discarded. 

4. Measurement of variables of muscle morphology
4.1. Use Medical Interaction Toolkit (MITK) to load the 3DUS image and retrieve the 
coordinates of the origin, insertion and distal end of the muscle belly. 
4.1.1. After loading the 3D image, set the slicing to ‘Coupled crosshair rotation’. 
Align the axes with muscle or bony structures to precisely retrieve the coordinates. 

Note: MITK is preferred over other 3D imaging analysis software for the assessment 
of anatomical points, because it allows fast and interactive voxel array slicing in any 
direction (“Coupled crosshair rotation”), facilitating the identification procedure.

4.2. In order to measure muscle volume use MITK to identify muscle belly boundaries 
between origin and distal end of the muscle belly. Use the build-in MITK segmentation 
to manually segment multiple anatomical cross-sections evenly distributed along 
the muscle belly length (Fig. 3A).
4.2.1. Open the ‘segmentation tool’ and create a ‘new segmentation’. Start 
segmenting the muscle boundaries identified in a cross-section halfway along the 
muscle belly. Press ‘A’ on the keyboard to add a manual segmentation and draw by 
pressing left mouse button and moving the cursor following the muscles boundaries. 
Press ‘S’ to remove parts of segmentation. 
4.2.2. Press the key corresponding to the last selected mode (i.e. ‘A’ or ‘S’) to 
move the crosshair to other cross-sections along the muscle belly, repeat 4.2.1 to 
segment the new selected cross-section. Repeat this step for at least 6 times, before 
continuing to the next step.. 
4.2.3. Set ‘Interpolation’ to ‘enable’, review the proposed segmentations of the 
muscle boundaries (yellow lines) in all cross-sections along the muscle belly length. 
4.2.4. Add additional segmentations in cross-sections in which the proposed 
interpolated segmentation (yellow line) does not match the muscle boundary in the 
image, repeat step 4.2.2.
4.2.5. Press ‘Confirm for all slices’ button and select the plane in which the 
segmentations were made. 
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4.2.6. Save the binary volume as a nearly raw raster data (NRRD) file and calculate 
the labelled volume size using a custom-script.

4.3. Find the orientation of the mid-longitudinal fascicle plane of the muscle belly, 
containing full length of fascicles (Fig. 3) (Bénard et al., 2009).

Note: The mid-longitudinal plane is defined by three points. The origin and distal 
end of the muscle belly are the first two points. The third point is found in an 
anatomical cross-sectional image halfway between the origin and distal end of the 
muscle belly. Within this anatomical cross-sectional image, the midpoint between 
the first two points projected onto the tangent of the distal aponeurosis yields a 
third point that together with the origin and distal-end of the muscle belly defines 
the mid-longitudinal plane.

4.4. From the mid-longitudinal plane, measure fascicle length at a pre-defined 
standardised position between origin and distal end of the muscle belly (e.g. 50%). 
Segment the muscle boundaries. Place a line halfway and rotate this line until it 
matches the direction of the underlying fascicles. The intersections of this line with 
the muscle boundaries represents the estimate of the fascicle length (Fig. 3B).

Note: Previously, it proved necessary to take into account the, sometimes curved, 
orientation of the distal aponeurosis (Bénard et al., 2009), as seen in an anatomical 
cross-sectional image taken (Fig. 3B), taken halfway between origin and distal and 
of the muscle belly.
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Figure. 3. Schematic of 3DUS analysis. A) Identification and segmentation of the target muscle 
boundaries in an anatomical cross-sectional image halfway along the muscle belly. The solid green line 
represents the orientation of the mid-longitudinal plane (i.e. oriented perpendicular to the orientation 
of the distal aponeurosis (blue dotted line). B) Measurement of fascicle length is performed within the 
mid-longitudinal fascicle plane. The red transparent region is segmented by identification of muscle 
boundaries. A dotted yellow line is placed halfway the muscle belly and rotated until it matches the 
direction of underlying fascicles. The intersections of this line with the proximal and distal aponeuroses 
(connected by thick solid yellow line) represents the estimate of fascicle length. The solid green 
line represents the position and orientation of the anatomical cross-sectional plane. Top: GM (m. 
gastrocnemius medialis) and bottom: VL (m. vastus lateralis) muscle. 

REPRESENTATIVE RESULTS

The described 3DUS technique was used to collect morphological data of the GM 
and VL in four male human cadavers, age at death 76.8 ± 7.9 years (mean ± SD). The 
cadavers were obtained via the donation program of the Department of Anatomy 
and Neuroscience of the Vrije Universiteit Medical Center (VUmc), Amsterdam, The 
Netherlands. The bodies were preserved using an embalming method aimed at 
maintaining morphological features of the tissue (Fix for Life Embalming, 2017). 
 Prior to dissection a 3DUS image was made of the GM and VL according to the 
methodology described. During dissection, skin, subcutaneous tissue and fasciae 
overlaying GM and VL were removed. A mid-longitudinal section was cut, taking the 
orientation of the distal aponeurosis into account. Using a calliper, fascicle length 
was measured, halfway between origin and the distal end of the muscle belly. 
Subsequently, after tenotomy, the muscle belly was dissected and submerged in a 
calibrated water column. Using ImageJ, the volumes were measured on photographs 
of the water column with and without the muscle belly, muscle volume was calculated 
from the difference (ImageJ). Fascicle length and volume were measured three 
times and mean and standard deviation values were calculated. Criterion validity 
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between 3DUS method and dissection measurements was tested using a Pearson’s 
correlation for average fascicle length and muscle volume. Intra-rater reliability of 
3DUS method derived fascicle length and volume measurements was quantified 
using a two-way mixed model intra-class correlation coefficient (ICC3,3) (Weir, 2005), 
and after logarithmic transformation of the data coefficient of variation (CV) was 
calculated. The validity of fascicle length and muscle volume was confirmed with 
significant and high correlations (r= 0.998, p<0.01 and r=0.985, p<0.01, respectively). 
Intra-rater reliability of 3DUS method derived measurements of fascicle length and 
volume was high (ICC3,3 0.983, CV 7.3% and ICC3,3 0.998, CV 5.4%, respectively). It is 
concluded that the 3DUS approach presented is a valid and reliable tool for volume 
and fascicle length assessment of human VL and the GM (Table 1).
 
Table 1. Cadaver Validation Data.

Volume (ml) Fascicle length (cm)

Cadaver Muscle Dissection 3DUS Dissection 3DUS

C1
GM 122   121±10 4.1   4.2±0.4

VL 274    285±13 7.5   7.5±0.3

C2
GM 131 133±5 4.4   4.5±0.3

VL 380 366±4 8.7   7.9±0.1

C3
GM 143 138±4 3.0   3.4±0.2

VL 539    500±16 7.6   8.3±0.9

C4
GM 106  106±7 4.0   3.6±0.2

VL 292     290±18 10.3 10.1±1.4

Notes: C# is Cadaver number, GM is m. gastrocnemius medialis, VL is m. vastus lateralis. Dissection 
are results from cadaver dissection, 3DUS are the average results from three determinations of volume 
and fascicle length with 3DUS image analysis of cadavers (mean ± SD).

DISCUSSION 

A valid and reliable 3DUS technique is presented that allows fast analysis of 
morphometric variables of skeletal muscles. Different 3DUS approaches for soft 
tissues imaging have been available for approximately a decade (Prager et al., 
1999; Solberg et al., 2007), however 3DUS approaches are still not used commonly. 
Magnetic resonance imaging (MRI) is considered to be a ‘gold standard’ for 
estimation of in vivo muscle volumes (e.g. Fukunaga et al., 1992; LeBlanc et al., 
2000; Lindemann et al., 2016; Gopalakrishnan et al., 2010; Wakahara et al., 2015). 
MRI validity has been tested and confirmed in studies comparing either phantoms 
or cadaveric organs of known volume to MRI-based volume estimates (Mitsiopoulos 
et al., 1998; Jackowski et al., 2006). However, MRI availability for research is limited 
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and scans are time consuming and costly. In addition, experimental subject postures 
are limited by the bore seize of MR scanners. Typical MR images generate insufficient 
contrast to perform measurements of variables of muscle geometry (fascicle length 
and angles). However, 3D muscle geometry can be assessed also using MRI, by using 
additional techniques, e.g. diffusion tensor imaging (DTI) technique (Pamuk et al., 
2016). Similar to MRI, US imaging provides adequate distinction at interfaces between 
different types of tissues, providing a valid modality for soft tissues (i.e. visible within 
US images) volume assessment (Reeves et al., 2004; Mitsiopoulos et al., 1998; Weller 
et al., 2007; Barber et al., 2009; Delcker et al., 1999; Haberfehlner et al., 2016; Cenni 
et al., 2016). In contrast to MRI, 3DUS images have sufficient contrast to perform 
analysis on both volume and muscle geometry from the same measurement. 
 In addition, the technique presented allows combining images of multiple 
sweeps into one array, for study of larger muscles. This new 3DUS method provides 
a potential tool for clinical assessment of muscle morphology. This method can 
be used also for imaging soft-tissue structures other than muscle (e.g. tendons, 
internal organs, arteries).

Modifications to improve offline processing time
Modifications of the 3DUS approach were mainly aimed at improving processing 
time and measuring larger muscles. The offline processing time of a 3DUS image 
depends on voxel array settings, sampling frequency, size of ROI, duration and 
speed of the sweep, number of sweeps and the used workstation. Previously, a 
reconstruction time of ≈2 hours was necessary for reconstructing only one sweep 
yielding 750 US images (30 seconds at 25 Hz) (Haberfehlner et al., 2016; Bénard et 
al., 2011; Weide et al., 2015). With the present 3DUS method the same sweep takes 
only 50 seconds reconstruction time (improving ‘offline’ processing time by ≈99%). 
This improvement can be explained by the enhanced filling algorithm that utilises 
large vector operations to fill the voxels frame by frame instead of pixel per pixel and 
increased random access memory (RAM) of workstations to construct larger voxel 
arrays. With the new 3DUS approach a typical reconstruction, representing a sweep 
length of 30 cm at a speed of 1 cm/s, with a target voxel size of 0.2x0.2x0.2 mm3 and 
a sampling frequency of 25 Hz, takes the following time to reconstruct.

a.  Approximately 10 s to identify the synchronization pulse and select 
relevant US images.

b.  Approximately 120 s to determine the calibration transformation matrix 
(PrTIm).

c.  Approximately 10 s for the bin-filling stage. 
d. Approximately 30 s for executing the gap-filling steps. 
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In total taking 170 s. Note, step b only needs to be performed once, assuming rigid 
connection of the MoCap markers to the probe, leaving 50 s for the reconstruction 
of a single sweep. Combining two single sweep reconstructed voxel arrays takes 
approximately 10 seconds. 

Limitations and critical steps 
Several aspects of 3DUS imaging should be taken into account: 

1. US image quality: Higher spatial resolution of 2D US images provide more 
pixels to be placed within the voxel array. This would allow the voxel dimensions 
to decrease, leading to higher voxel density. Several currently available ultrasound 
machines use spatial compounding to reduce the noisy granular texture, allowing 
for better artefact-free distinction of interfaces tissues. Another option to reduce 
speckle is edge enhancement, however it should be noted that this approach is not 
desirable, since it deforms the image in an attempt to create distinct interfaces, 
thereby distorting the true anatomical position of the interfaces.

2. MoCap Accuracy: Pixels can only be accurately placed into a voxel, if the 
position sensor accurately quantifies the coordinates of the probe. With an increase 
in image resolution, MoCap accuracy becomes more important. The presented 
3DUS setup works best with a voxel dimensions of 0.2x0.2x0.2 mm3 using a MoCap 
system with an accuracy of 0.1 mm, providing ample accuracy to reconstruct the 
3DUS voxel array.

3. Sample frequency: The lowest temporal resolution of either the US images 
or MoCap data stream determines the sample frequency. This affects the sweep 
time or the voxel array settings. For instance, doubling the sample frequency from 25 
to 50 Hz allows a sweep to be performed in half the time. Alternatively, not changing 
the sweep speed, provides more images to fill the voxel array, leaving fewer gaps to 
be filled thereby potentially increase the voxel array resolution. However, increasing 
the voxel array resolution, without increasing the sampling frequency, requires a 
slower scan, which will increase the potential of movement artefacts. 

4. Image reconstruction time: Fast reconstructions require a powerful 
workstation with sufficient available RAM. In addition, reconstruction time varies 
largely based on the voxel array volume and complexity of the gap-filling process. 

5. Experimental protocol: Standardization of the experimental protocol, as 
exemplified in the present study for the VL and GM, is essential for comparison 
of morphological measurements (e.g. fascicle length, fascicle angle, muscle belly 
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length, tendon length, and aponeurosis length) between subjects and monitoring 
within subjects in longitudinal studies. However, note that the morphology assessed 
in rest may alter during muscle activation. For example, for the VL experiment, 
knee extensor morphology during maximal contraction may demonstrate a high 
pennation angle and shorter fascicles in 60 degrees knee flexion in comparison 
with morphology at rest (de Brito Fontana & Herzog, 2016). In certain conditions 
(e.g. spasticity), EMG may be used to verify resting muscle activity levels during 
examination.

6. Probe pressure and tissue deformation: If ample ultrasound gel is applied 
on the ROI, the amount of pressure to remain full contact between probe and the 
skin is limited. As guidance, we would advise that scanning a ROI should feel like 
hovering over the skin, pressure should only be applied to keep in contact with the 
gel and thereby the skin. However, slight tissue deformation may be inevitable, even 
with a generous amount of ultrasound gel. Probe size and a curved ROI affect the 
required amount of pressure or gel used. Larger probe size and a more curved ROI, 
requires more pressure and/or more gel, than smaller probes with a similar curved 
ROI. Another possible solution would be to discard the reverberation (i.e. non skin-
contact) region of the US images. In addition, tissue deformation is most likely to 
occur in first tissue layers, such as skin and subcutaneous adipose tissue layers. 
Note that subjects with little to no subcutaneous adipose tissue are therefore more 
prone to adverse effects of pressure. In addition, tissue deformation occurs most 
likely at the centre of the probe, which is typically not the region of overlap with other 
sweeps. 

7. Imaging and anatomical knowledge: Another important consideration in 
using any imaging modality is that knowledge of both anatomy and the imaging 
modality is essential to obtain meaningful interpretation. Anatomical variation 
between subjects and image artefacts need to be recognised and taken into account 
in the identification process of anatomical structures. Even with healthy and/or 
well developed muscles, clear identification can be difficult because it requires 
anatomical knowledge to differentiate between different components of one muscle 
or between muscle groups (Engstrom et al., 1991). However in atrophied muscle 
(i.e. elderly, in case of pathology, or cadaver), clear identification is even more 
complicated because of a smaller size, decreased image contrast and therefore 
less distinct tissue interfaces (Fig. 4). We believe that without prior anatomical 
knowledge we would have been limited in making correct judgements in designing 
this 3DUS approach and in performing the 3DUS measurements. For example, for GM 
experiments, different footplate angles do not necessarily cause expected changes 
in muscle tendon complex lengths, due to deformation within the foot (Huijing et al., 
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2013). Also detailed anatomical information on curvature of the distal aponeurosis 
was essential for an adequate selection of the mid-longitudinal plane in all subjects 
(Bénard et al., 2009).

Figure. 4. Variation and quality of reconstructed anatomical cross-sectional 3DUS images of the 
quadriceps muscle halfway the thigh. A) Example of a male human cadaver shows an image of an 
atrophied state at death (age at death: 81y). Identification of the boundaries of individual heads of 
quadriceps muscle is difficult.  B) Example of a sedentary male (aged 30y). C) Example of a male athlete 
rower (aged 30y). Note: The white squares for scale represent 1 cm x 1cm.

Future applications 
3DUS approach provides an imaging tool that can be used for various purposes and 
settings in sports and clinics. In clinical interventions effectiveness is related to the 
physical fitness level (Warburton et al., 2006). Using 3DUS imaging for monitoring 
patients who are at risk of losing muscle mass is important  (e.g . Moisey et al., 2013; 
Weijs et al., 2014; English & Paddon-Jones, 2010) and potentially allow adjustment of 
the treatment. Another potential application of 3DUS lies in monitoring morphological 
adaptation of muscle in response to (training) intervention and/or injury.
 This protocol described a cost- and time-effective method of measuring soft 
tissue structure of the human body based on freehand 3DUS sweeps. Moreover, 
assessment of meaningful morphological parameters of m. vastus lateralis and m. 
gastrocnemius medialis proved to be valid and reliable.
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ABSTRACT

Accurate assessments of the talo-crural (ankle) joint angle at physical examination 
are important to estimate the extensibility of the m. triceps surae (TS) in children 
with spastic cerebral paresis (SCP). To assess TS extensibility, the examiner applies 
force on the forefoot driving the foot into dorsiflexion. The resulting dorsiflexion 
range of the foot sole is often interpreted as being directly related to TS extensibility. 
Such a proportional relationship between foot sole rotation and TS extensibility, most 
implicitly, assumes a rigid foot. The aim of this study was to quantify foot flexibility 
during standardised measurements of TS muscle-tendon complex extensibility (i.e. 
based on foot-sole rotation) in SCP children, and typically developing (TD) ones. 
Additionally, we aimed to define a method that minimises the confounding effects 
of foot flexibility on estimates of talo-crural joint angles. 
 Children, aged 6-13 years, with SCP (GMFCS I-III, n=13) and TD children (n=14) 
participated in this study. Externally applied -1 Nm, 0 Nm, 1 Nm, and 4 Nm dorsal 
flexion moments were imposed. Resulting foot sole (jFoSo) rotations and changes 
in talo-crural joint angle (jTaCr) were measured. Foot flexibility was quantified as  
∆(j TaCr -j FoSo) across the 0 Nm to -4 Nm dorsal flexion conditions. 
 In both groups, jFoSo rotations of approximately 20° were observed between  
0 Nm and  4 Nm, of which approximately 6° (≈30 %) could be explained by the foot 
flexibility. Foot flexibility correlated to jFoSo (r=0.69) but not to jTaCr (r=0.11). For 
jFoSo no significant differences were found between groups at 4 Nm. However, for 
SCP the mean estimate of jTaCr was 4.3° more towards plantar flexion than for the 
TD group (p<0.05). 
 In both SCP and TD children aged 6-13 year, estimates of TS length and 
extensibility based on foot sole assessments were confounded by foot flexibility. 
Assessments of TS extensibility at physical examination will be more accurate when 
based on measurements of talo-crural joint angles.
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INTRODUCTION 

Children with spastic cerebral paresis (SCP) often develop a limited ankle dorsiflexion 
range of motion, that impedes walking performance. This impairment may be caused 
by (1) hyper excitation and/or (2) increased stiffness of m. triceps surae (TS) or parts 
thereof and/or (3) relative shortening of the muscle-tendon complexes because of 
soft tissue adaptations (van den Noort et al., 2017; de Bruin et al., 2014), and/or (4) 
by interaction of TS with other muscles and tissues (Huijing & Baan, 2001). 
 Because of the anatomical specifics of the talo-crural joint, it is not easy to 
measure the talo-crural joint angle precisely during physical examination. In clinical 
practice, but also in sports sciences and in general biomechanics (Honert & Zelik, 
2016; Bobbert et al., 1986; Vinti et al., 2018), TS extensibility is commonly inferred 
from foot sole range of motion being interpreted as ankle joint range of motion. 
Typically, at physical examination, the examiner applies a force on the forefoot 
driving the foot manually into dorsal flexion. As such the examiner assesses, 
either by observation (estimation) or by measurement (handheld goniometry or 
inclinometry), how much change in orientation of the foot sole is affected (Gracies 
et al., 2010; Tardieu, 1954). This is referred to as dorsal ankle range of motion and 
commonly interpreted as being related directly to TS extensibility.(c.f. Weide et al., 
2015). However, such a proportional relation between TS extensibility and foot sole 
rotation, mostly implicitly, assumes a rigid foot  (e.g..Tardieu et al., 1976).
 Over the last 40 years several studies have shown that this assumption is violated 
because, the foot deforms internally upon application of external forces (Iwanuma 
et al., 2011; Tardieu et al., 1976; Wrbaškić & Dowling, 2007; Tardieu et al., 1977a; 
Carlson et al., 2000; Huijing et al., 2013; Bruening et al., 2012). Moreover, in SCP 
children, such foot flexibility was found to be more prominent when compared to 
that in typically developing (TD) children (Huijing et al., 2013; Tardieu et al., 1977a).
In view of the above, to allow accurate assessment of TS extensibility during physical 
examination, net effects of foot flexibility need to be accounted for. A method is 
needed to discriminate foot sole rotation due to deformation within the foot from the 
actual angular talo-crural joint changes. Such approach has been proposed as early 
as 1977 by Tardieu et al., (1977a), where they estimated talo-crural joint angular 
changes by correcting the foot sole angle with an estimate of foot flexibility. 
 Inspired by this approach, the aim of this study is to quantify net effects of foot 
flexibility during standardised TS extensibility experiments in children with spastic 
cerebral paresis and compare  those to typically developing children. Additionally, we 
aim to define a method that minimises the confounding effects of foot flexibility on 
estimates of talo-crural joint angles.
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METHODS

Subjects
Thirteen children aged 6-13 years with uni- or bilateral Spastic Cerebral Paresis 
(SCP) (GMFCS I-III) (Palisano et al., 1997) were selected from a population visiting 
the Amsterdam University Medical Centre. Selected children for the SCP group 
had not undergone any surgical intervention of the muscles of the lower limb at 
all nor chemical denervation (Botulinum NeuroToxin-A) in the 6 months prior to the 
measurements. A sample of typically developing children (TD) within the identical 
age range participated as the control group. For both groups, the presence of any 
other disease affecting the musculoskeletal system would exclude participation. 
Written informed consent for all participants from both parents were obtained. The 
study was approved by the medical ethics committee of the Amsterdam University 
Medical Centre. 
 For all subjects, measurements were performed by the same assessor. The leg 
yielding the most resistance to ankle dorsal flexion was examined in the SCP group, 
while the right leg was examined in the TD group. 

Anthropometry
Body mass, body height, and foot length were measured. Lower leg length of the target 
leg was approximated as the mean of distances, measured medially and laterally, 
from the most prominent point of each femur epicondyle to the most prominent 
point of the corresponding malleolus. Mean malleoli height was defined as the mean 
of the distances measured medially and laterally from the most prominent point on 
the malleolus perpendicular towards the foot sole. These measurements were done 
using a 3D pointing stylus, tracked by a motion capture system (NDI Optotrak 3020).

Electromyography
In order to assess muscle excitation during inclino-dynamometry, as well as 
during foot sole and 3D stylus measurements, surface electromyography (EMG) of 
gastrocnemius lateralis and tibialis anterior muscles were collected (MOBI, TMS-
International, The Netherlands). Preparation of the skin and placements of the 
EMG electrodes were performed according to SENIAM instructions (Hermens et 
al., 1999). Using a multichannel system, EMG signals were A/D converted at 1024 
Hz and recorded synchronously on a PC. Prior to the measurements, participants 
were asked to perform a 5 seconds isometric maximal voluntary contraction (MVC, 
against resistance supplied by the assessor) towards dorsal and plantar flexion. 
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Inclino-dynamometer: Externally applied ankle moments and 
induced foot plate angles
Subjects were lying prone on the examination table with both feet hanging over the 
edge (allowing free movements of the feet). The orientation of the selected foot was 
imposed using a custom designed apparatus (Bénard et al., 2010), comprising a 
torque wrench equipped with an inclinometer for angular measurements (this system 
will be referred to below as inclino-dynamometer) (Bénard et al., 2010; Huijing et al., 
2013). The inclino-dynamometer was connected to an adjustable foot plate (Fig. 1A). 
Similar to the stabilization of the foot during physical examination or during fitting of 
an ankle-foot orthoses, the subtalar joint was stabilised as much as possible during 
foot sole rotations by adjusting the foot plate (Huijing et al., 2013). Procedure in short: 
1) positioning of the calcaneus in a neutral position under the tibia, 2) adduction of 
the forefoot until the midline of the calcaneus points between 2nd and 3rd ray of the 
forefoot, 3) applying additional fore- and midfoot supination until no movement within 
the subtalar joint can be detected by palpation (Huijing et al., 2013). 

Foot sole angle and 3D stylus measurements
Foot sole angles were measured corresponding to externally applied dorsal flexion 
moments (i.e. -1 Nm, 0 Nm, 1 Nm and 4 Nm exerted to the foot plate). The angle of 
the foot sole was defined as the angle between the lateral rim of the foot sole, (i.e., 
the line between the most distal point at the lateral heel and the most distal point 
of the fifth metatarsophalangeal joint) and the lower leg (i.e. the line connecting 
the centre of the bi-malleolar line and the centre of the line connecting the femoral 
epicondyles) (Fig. 1). At each foot sole angle, 3D coordinates of bony-landmarks (i.e. 
medial and lateral femur epicondyles, medial and lateral malleoli and TS insertion on 
the calcaneus) were recorded using 3D stylus measurements. 

Data Analysis
For each externally applied moment condition, foot sole angle, muscle-tendon 
complex length, and estimates of talo-crural joint were calculated based on 3D 
stylus pointer measurements. Muscle-tendon complex length (! m+t) was defined 
as summed lengths of the m. gastrocnemius medialis muscle belly and its tendon 
(being the sum of the distance from the center of the line between the femur 
epicondyles to the insertion of the most distal fascicle on the aponeurosis, and from 
that point to the location of insertion on the calcaneus.  Alternatively, the muscle-
tendon complex length was defined as the distance between the estimated muscle 
origin to the point of insertion (being referred to as origin-insertion distance (! OI), i.e. 
from the center of the line between the femur epicondyles to the location of insertion 
on the calcaneus). Note that this line does not necessarily have to pass through the 
muscle belly and tendon. 
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Figure 1. Schematic representation of the assessment of the foot and triceps surae length.  
A) Schematic representation of experimental setup: in grey inclino-dynanometer attached to the foot 
footplate and, the white star indicates the points of application of moments exerted. Red line: Used 
in assessments of foot sole angle (jFoSo, green line: triceps surae muscle-tendon complex length  
(! m+t), and blue line: estimated talo-crural joint angle (jTaCr). Green filled circles represent the 
anatomical landmarks from a sagittal perspective (i.e. medial and lateral femur epicondyles, medial 
and lateral malleoli and TS insertion on the calcaneus). The resultant angle coloured in yellow between 
jTaCr and jFoSo represents the relative orientation of the line between the insertion and centre of the bi-
malleolar line with respect to the foot plate (jTaCr -jFoSo). B) Schematic representation of foot flexibility 
for a hypothetical situation in which foot flexibility [∆(jTaCr -jFoSo)0-4 Nm] fully explains foot sole dorsal 
flexion [∆(jFoSo)0-4 Nm] without any changes in talo-crural joint angle [∆(jTaCr)0-4Nm] and without changes 
in triceps surae muscle-tendon complex length [∆(! m+t)0-4 Nm] in response to 0 Nm and 4 Nm externally 
applied moments

 As a function of jFoSo, a third-order polynomial fit of muscle-tendon complex 
lengths, normalised to lower leg length, was made to compare similar jFoSo angles 
between subjects. Talo-crural joint rotation (jTaCr) was estimated as the difference 
in angle between the line connecting the Achilles tendon insertion to the center of 
the inter-malleolar line and the lower leg (Fig. 1A). Both values of jTaCr and jFoSo 
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were presented as a deviation from their perpendicular orientation (i.e. an offset) 
with respect to the lower leg. Angle, angular changes, and external moments in the 
dorsal direction were indicated as positive values.
 We used a simple planimetric approach to compare jTaCr and jFoSo (see Fig. 1). 
Our estimate of foot deformation is expressed as the difference between jTaCr and 
jFoSo measured at 0 Nm externally applied footplate moment: (jTaCr-jFoSo)0Nm. Net 
foot flexibility was defined as the change in jTaCr-jFoSo between 0 Nm and 4 Nm 
externally applied moments ∆(jTaCr-jFoSo)0-4Nm (Fig. 1B).
 EMG signals were high-pass filtered at 20 Hz, to eliminate movement artifacts; 
then rectified and subsequently low-pass filtered at 5 Hz, to get the linear envelope. 
MVC normalised EMG values were used to assess the amount of muscle excitation 
during the measurements. MVC normalised experimental results were discarded 
if low pass filtered MVC normalised EMG values from inclino-dynamometer and 
pointer measurements exceeded 10% of MVC. However, actual values measured 
during the experiments were considerably lower.

Statistics
For age, body mass, body height, lower leg length, foot length, and malleoli height, 
a student t-test was used to test for significant differences between SCP and TD 
children. Two-Way mixed Analysis of Variance (ANOVA) with between subject factor 
(experimental group) and within subject factors (conditions: externally applied 
moments) was performed to test for interaction effects (group x conditions) and 
main effects of group. Two participants could not be included in this analysis because 
of missing data points (in 1 SCP participant the -1 Nm plantar flexion condition is 
missing and in 1 TD participant the 4 Nm dorsal flexion condition is missing). 
 Pearson’s correlation regression analyses were used to determine cross-sectional 
correlation and direction of the linear relationship of foot deformation (i.e. jTaCr-jFoSo) 

and angles of the foot corresponding to 0 Nm (i.e. jTaCr and jFoSo). 
 In order to evaluate the agreement between the TS extensibility measured directly 
(! m+t) versus the estimated extensibility via the jTaCr or jFoSo assessments, we 
converted the data from all conditions to Z-scores (Z-score = (individual values-mean 
value of group)/SD). Agreements between extensibility (determined as normalised 
difference in ! m+t between 0 Nm-4 Nm) and the estimated TS extensibilities (i.e. 
Z-scores based on jTaCr and jFoSo) were assessed using Bland-Altman analysis (Bland 
& Altman, 1999). For all statistics we used SPSS (version 21.0, SPSS Inc.,2008). The 
level of significance was set at p < 0.05. 
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RESULTS

Subject characteristics
Characteristics for SCP (GMFCS (Palisano et al., 1997) characterization  I-III) and TD 
children are presented in  Table 1. No significant differences between these groups 
were found. 

Table 1. Descriptive and anthropometric variables of SCP and TD children.

Variables
SCP (n=13)
mean ± SE

TD (n=14)
mean ± SE

Age (years)        9.7 ± 0.6       9.3 ± 0.5

Body mass (kg)      33.2 ± 2.7     33.2 ± 2.7

Body Height (cm)    136.8 ± 3.5   140.5 ± 3.8

Lower leg length (cm)      31.2 ± 1.1     32.8 ± 1.2

Foot length (cm)      20.7 ± 0.7     20.7 ± 0.8

Malleoli height (cm)        7.9 ± 0.2       8.3 ± 0.2

Degree of muscle excitation
During measurements, normalised EMG activity was low (mean=2.2% MVC) and 
did not differ between groups. In addition, all measurements were well below the 
criterion a priori set at 10% MVC. Therefore, we conclude that the results are not 
affected by muscle excitations. 

Normalised TS muscle-tendon complex length as a function of foot 
sole angles
Fig. 2 shows TS muscle-tendon complex length normalised for lower leg length, as a 
function of foot sole angle. Note that the mean values for ! OI / ! lowerleg as a function 
of jFoSo for the SCP children are within the 95% confidence interval corresponding to 
the TD children (shaded area).

Normalised TS muscle-tendon complex lengths as a function of 
externally applied moments 
Also, for changes in normalised origin-insertion length (! OI / ! lowerleg) ANOVA showed 
a significant main effect for moment, exclusively. Note that, as there was no main 
effect of group (SCP vs TD), nor significant interaction effect, no distinction between 
these groups can be made on the basis of normalised ! OI over the particular range 
of moments studied. Therefore, we have no sign for any differences of this relation 
between groups other than an obvious one that the moment exerted affects the foot 
sole angle and origin-insertion length. 
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Figure 2. Normalised origin-insertion length as function of foot sole angle. Origin-insertion length of 
the triceps surae muscle-tendon complex normalised for lower leg length (! OI/ ! lower leg), plotted as a 
function of foot sole angle (jFoSo) for groups of children with spastic cerebral palsy (SCP) and typically 
developed (TD) children. The shaded areas represent the 95% confidence intervals for TD and SCP 
groups. All data are presented as mean values (and SE). 

Foot sole and talo-crural joint changes 
Fig. 3A shows values of jFoSo and jTaCr as a function of externally applied moments. 
For jFoSo, two-way mixed ANOVA showed neither a significant main effect (of 
groups), nor interaction. Exclusively, a significant main effect of externally applied 
moments on jFoSo was found. These findings showed that the two groups couldn’t 
be distinguished on the basis of jFoSo changes in response to externally applied 
moments. 
 For jTaCr, ANOVA showed no interaction effects between main factors. However, 
it did show a main effect of group: the jTaCr curve shifted 4.3o more towards plantar 
flexion for the SCP group compared to the TD group. In addition, ANOVA showed 
main effects of externally applied moments for jTaCr. 
 In summary, at similar externally applied moments, the corresponding values for 
jTaCr were more towards plantar flexion in the SCP group; however, ∆(jTaCr)0-4Nm was 
not different between groups. In conclusion, no differences in changes of jFoSo and 
jTaCr over the range of externally applied moments were found between groups.
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Figure 3. Foot sole angle and estimated talo-crural joint orientation as a function of foot plate 
moments. A) For SCP and TD groups, the angle of foot sole (jFoSo; red, left Y-axis) with the longitudinal 
axis of the lower leg with, as well as the angle of the talo-crural joint (jTaCr; blue, right Y-axis) are plotted 
as a function of externally applied moments (positive indicates dorsal flexion). Note that for both groups, 
angles corresponding to jTaCr and jFoSo, diverge with respect to each other, particularly at higher moments 
(>0 Nm). B) Between the externally applied moments of 0-4 Nm and 1-4 Nm, bar graphs showing for 
each group separately values (mean and SE) for differences between subsequent data points of angles 
jFoSo and jTaCr, respectively. Differences have been calculated for jFoSo and jTaCr separately. The changes 
in jTaCr were smaller than those in jFoSo, particularly differences measured between 0 and 4 Nm external 
moment. Note * indicates significant differences at p<0.05; ** and *** indicate significance at p<0.01 and 
p<0.001, respectively. All data are presented as mean values (and SE). 

Foot deformation
Fig. 3A+B shows that between 0 and 4 Nm externally applied dorsal flexion moments 
jFoSo increased more compared to jTaCr. For both groups, lines corresponding to 
jFoSo and jTaCr, diverge with respect to each other, particularly at higher moments 
(at >0 Nm) (Fig. 3A). Upon dorsal flexion of the foot by increasing externally  
applied moments from 0 Nm to 4 Nm, dorsal flexion range, ∆(jFoSo)0-4Nm exceeded  
∆(jTaCr)0-4Nm. This indicated that with bigger applied moments, enhanced deformations 
of the foot occurred. Since the value of foot sole rotation exceeded the value of talo-
crural joint rotation in both groups, it is concluded that foot flexibility ∆(jTaCr -jFoSo) 
occurred in both groups. In addition, since values of jTaCr -jFoSo over the range of 
externally applied moments were not different between groups, we cannot conclude 
foot flexibility to be more prominent in the SCP than in the TD group. 

Individual variation in foot sole rotation is largely explained by 
individual variation in foot deformation
Although there were no difference in jTaCr -jFoSo between groups, regression analysis 
showed that individual values of (jTaCr -jFoSo)0 Nm were correlated to (jFoSo)4 Nm values 
(r=-0.67, Fig. 4A). This is a surprising effect, indicating that at 0 Nm external moment, 
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individuals who have a flatter foot (i.e. smaller values of (jTaCr -jFoSo)0 Nm), attain a 
more dorsal flexed foot sole towards 4 Nm external moment exerted (jFoSo)4Nm. In 
addition, regression analysis showed that higher negative values of ∆(jTaCr-jFoSo)0-4Nm 
(i.e. more flexible foot) corresponded to a larger range of foot sole motion (i.e. higher 
values of ∆(jFoSo)0-4 Nm) (r=-0.69, Fig. 4B). These results indicated that individuals 
exhibiting more dorsal flexion of the foot sole also show more foot flexibility over 
the moment range studied. In other words, subjects with both a high value of jFoSo at  
4 Nm, as well as high value of ∆jFoSo  between 0 Nm and 4 Nm, were most likely the 
subjects with a flatter and a more flexible foot. Note that for jTaCr, no such effects 
for flexibility were found (Fig. 4CD).
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Figure 4. Individual values of foot deformation plotted as functions of several angular variables of 
foot  and ankle. Left hand panels (i.e. A and C): Foot deformation values at exertion of 0 Nm externally 
applied moment as a function of angular variables of foot (A) and ankle (C). B) Foot deformation  
(jTaCr -jFoSo) plotted as a function of foot sole angle (jFoSo). C) Foot deformation (jTaCr -jFoSo) plotted 
as a function of talo-crural ankle joint angle (jTaCr). Right hand panels (i.e. B and D): Foot flexibility in 
response to 0-4Nm ∆(jTaCr -jFoSo) 0-4Nm as a function of angular variables of foot (B) and ankle (D). B) 
Foot flexibility as a function of changes in foot sole angle D(jFoSo) 0-4Nm. D) Foot flexibility as a function 
of changes in talo-crural ankle joint angle ∆(jTaCr) 0-4Nm . Note panel B shows that subjects with larger 
dorsal flexion foot sole ranges between 0 and 4 Nm display increased foot flexibility. In addition, panel D 
shows that increases in talo-crural ankle joint range of motions, between 0 and 4 Nm, were not related 
to variations in foot flexibility, whatsoever. 
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Estimates for origin-insertion length changes
Fig. 5 shows for Z-scores of normalised origin-insertion length a higher coefficient 
of correlation with Z-scores of jTaCr (r

2=0.82) than with Z-scores of jFoSo (r
2=0.60). 

 This indicated that changes in origin-insertion lengths are better estimated 
by changes in talo-crural joint angles compared to changes in foot sole angles. 
Moreover, Bland-Altman analysis (Fig. 5) showed a better agreement between 
normalised origin-insertion lengths data and jTaCr, than between normalised muscle-
tendon complex lengths and jFoSo. Therefore, it is advisable to use jTaCr joint to 
describe changes in origin-insertion lengths. 
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Figure 5. Foot angular predictors of origin-insertion lengths. A) Z-scores of normalised origin-
insertion length (! OI/ ! lower leg)as a function of Z-scores of foot angles, i.e. foot sole angles (jFoSo red 
squares) and talo-crural joint angles (jTaCr blue circles). The grey dotted line indicates the line of identity. 
B) Bland-Altman plot of Z-score differences between foot angle (jFoSo red squares, jTaCr blue circles) 
and origin-insertion length as a function of the mean Z-score between foot angle and origin-insertion 
length. Blue and red dotted lines represent the 95% confidence interval of jFoSo and jTaCr, respectively. 

DISCUSSION

In clinical and scientific work, the assessment of TS extensibility is difficult because 
the talo-crural joint angle is not easily measured. A practical approach to assess 
TS extensibility has been to assume a direct relation of foot sole rotation with TS 
extensibility. However, deformation of the foot (i.e. the forefoot rotating relative to 
the hindfoot) confounds this approach by allowing enhanced foot sole dorsal flexion 
at the midfoot.
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 Using a straightforward geometrical approach, we found that for both the SCP and 
TD groups, up to 30 % of foot sole rotations were obtained by dorsal flexion within 
the foot, rather than rotations at the talo-crural joint (jTaCr). Taking into account 
foot geometry and its changes provided insight in effects of foot flexibility on TS 
extensibility. This suggested that TS extensibility, if inferred from foot manipulations 
or likely also gait kinematics, should be based on measurements of talo-crural 
angular changes (∆jTaCr) and not on foot sole angular changes (∆jFoSo). To obtain 
estimates of moment arm at the talo-crural joints based on angular changes and 
muscle-tendon complex length changes, the use of ∆jTaCr is advisable.

Foot deformation in SCP and TD children
With regard to the effect of foot deformation on TS length and extensibility, two 
properties of footdeformation can be distinguished: 1) a difference in foot geometry 
when no external moment is applied (i.e. static, described as static foot deformation) 
and 2) deformations within the foot in response to higher externally applied 
moments (i.e. deformation, described here as foot flexibility). Previously, using 
ultrasound imaging methods, it was shown that muscle-tendon complex lengths, 
even when normalised for lower leg length, at equal footplate angles were smaller 
in SCP children compared to that of TD children (Huijing et al., 2013). In addition, 
based on X-rays, this study also found that in a child with SCP the deformation of 
the foot was twice that of a TD subject (Huijing et al., 2013). Excellent studies by the 
group of Tabary and Tardieu in the 1970s indicated that foot flexibility needed to be 
considered to obtain adequate estimates of the triceps surae extensibility in children 
with SCP (e.g. Tardieu et al., 1977b). We showed that in SCP children dorsal flexion 
within the mid foot occurs. However, contrary to our expectation, ANOVA did not 
show differences between SCP and TD groups, neither for static foot deformation 
nor for foot flexibility. This may be related to our limited group size in the presence of 
high individual variation, but also to the fact that SCP children in this study were only 
mildly affected, i.e. less than in previous work. We were anticipating a more flexible 
foot in children with SCP compared to TD children. The stabilization of  the subtalar 
part of the hind foot (see method) may also have stabilised the subtalar joint in 
SCP children to the same extend as that in TD children. Further research is needed 
to quantify how effects of stabilization or repositioning bones constitute to foot 
deformities and flexibility children with SCP. Altogether, we found 30 % differences 
between ∆jFoSo and ∆jTaCr rotations, indicating that foot flexibility in both SCP and 
TD children was apparent.
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Typical assessments of TS extensibility and flexibility of the foot 
In a common clinical setting, although attempts were made to stabilise the foot, TS 
extensibility assessments based on foot sole rotation are biased by foot flexibility. 
The relation between angular change of the foot sole and TS extensibility has 
been shown in cadaveric tendon excursion studies (Grieve et al., 1978). Note that 
because the Achilles tendon was dissected in that study, driving the foot into dorsal 
flexion can be done at low force (i.e. without the need to stretch the TS) so it evokes 
limited or no foot flexibility in fixed preparations compared to in-vivo or in-situ 
experiments. Maybe because of this, numerous studies aiming to assess TS length 
or its extensibility ignored effects of foot flexibility and confused foot sole angle with 
ankle angle (Weide et al., 2015; Kawakami et al., 2008; Muraoka et al., 2005). 

Moreover, in the intact ankle-foot complex, forces that are applied on the foot in 
cadaveric experiments lead to sizeable (spring like) flexion or extension within 
the foot (Ker et al., 1987). So far only a few studies have addressed foot flexibility 
during low activity dynamic TS extensibility assessments in-vivo (Iwanuma et 
al., 2011; Tardieu et al., 1977a; Huijing et al., 2013). Variations in flexibility of the 
foot were likely related to variations in both length and stiffness of muscles and 
ligamentous structures connecting the 28 bones within the foot (Mosca, 2010). In 
addition, variation in foot deformation may have also contributed to foot flexibility 
because of joint sub-luxation allowing non-physiological degrees of freedom. Large 
variations related to foot flexibility complicate clinician’s efforts to stabilise the foot 
in order to apply TS extension without additionally dorsal flexing and/or pronating or 
supinating the foot. Further studies are needed to develop methods, simple enough 
for clinical application, that aid clinicians to assess and apply TS extension without 
the confounding effects of foot flexibility. 

Limitations of the estimate of the talo-crural joint angle
TS extensibility in response to dorsal flexion moments is primarily related to rotation 
within the sagittal plane at the talo-crural joint axis that lengthens TS. We defined 
changes in the talo-crural joint as the changes in orientation of the line connecting 
the Achilles tendon insertion and the center of the inter-malleolar line, with respect 
to the lower leg. As movement of the calcaneus or malleoli with respect to the talus 
affect angular changes, our estimate is not strictly an estimator of the talo-crural 
joint movements exclusively. The suggested estimate of talo-crural joint rotation 
provides an intuitive approach to estimate talo-crural ankle joint angles without the 
use of X-ray or fluoroscopy allowing to measure more subjects. However, not all 
individual TS lengths could be explained by estimated talo-crural ankle joint angles, 
which besides measurement noise, could be related to variations in moment arm 
lengths and as the talo-cural ankle joint axis is likely to translate due to specific 
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articulating bone surfaces it could also be related to inaccurate assessments of the 
joint axis (Lundberg et al., 1989). Incorrect placements of the line connecting the 
insertion and malleoli, to estimate jTaCr will introduce inaccuracies. Nevertheless, 
our estimate of TS extensibility based on talo-crural joint rotation is an improvement 
over foot sole based measurements. 

Conclusion
This study concludes that internal foot mechanics have a substantial effect on foot 
sole angles, attained particularly at higher externally applied dorsal flexion moments. 
Therefore, estimates of triceps surae muscle length changes based on foot sole 
angles are not accurate, and should be based on the talo-crural joint angles. Further 
investigations are warranted to study underlying mechanisms of foot deformation 
and flexibility, particularly in children with spastic cerebral paresis.
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ABSTRACT

The aim of this cross-sectional study is to compare gastrocnemius medialis muscle 
(GM) geometry and extensibility between children with spastic cerebral paresis 
(SCP) and typically developing (TD) children. In addition, we aim to evaluate if, and 
how alterations in GM geometry relate to GM extensibility. 
 Thirteen children with SCP (mean age 9.7 ± 2.1 years; GMFCS: I-III) and fourteen 
TD children (mean age 9.3 ± 1.7 years) participated in this study. GM geometry was 
assessed using 3D ultrasound imaging at 0 Nm and 4 Nm externally imposed dorsal 
flexion moments. GM extensibility was defined as the absolute length change of the 
GM muscle-tendon complex between the externally applied 0 and 4 Nm moments. 
 No differences in anthropometric variables and GM extensibility were shown 
between the SCP and TD groups. Although GM muscle volume correlated with body 
mass in both groups, slopes of the regression line were substantially higher in TD 
compared to SCP (TD=3.3 ml/kg; SCP=1.3 ml/kg, p<0.01). In contrast to TD, GM 
fascicle length in children with SCP did not correlate with either age, lower-leg length 
or body mass. However, increases in GM physiological cross-sectional area as  
a function of body mass was not different between SCP and TD children  
(TD=38.9 mm2/kg; SCP=58.7 mm2/kg, p=0.83). We found that increases in length of 
tendinous structures, i.e. summed tendon and aponeuroses lengths as a function 
of lower-leg length, in children with SCP exceeded increases found in TD children 
(TD=0.85 cm/cm; SCP=1.16 cm/cm, p<0.01), and even exceeded lower-leg length 
increases. In addition, in children with SCP, GM extensibility correlated negatively 
with body mass (r= -0.61), height (r= -0.66), muscle volume (r= -0.66), physiological 
cross-sectional area (r= -0.59), and tendon length (r= -0.68). Such negative relations 
were not found in TD children. 
 In conclusion, this study shows that the relations between GM morphology and 
GM extensibility differs between children with SCP  and TD children. 
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INTRODUCTION

Spastic paresis (SCP) is a common neuromuscular disorder either inherited or 
caused by brain lesions during development. Children with SCP, particularly when 
the disorder affects the lower leg, often develop equines gait, which is characterised 
by ankle plantar flexion in the stance phase and limited push-off power (Ballaz et al., 
2010; Voorman et al., 2007; Gage, 2009; Dallmeijer et al., 2011). Without treatment, 
gait and ankle range of motion (ROM) impairments typically worsen with age 
(Nordmark et al., 2009; Beckung et al., 2007). Clinical interventions often involve 
a combination of physiotherapy, orthoses, serial casting, Botulinum NeuroToxin-A 
(BoNT-A) intramuscular injections, intrathecal baclofen administration, selective 
dorsal rhizotomy, and/or orthopaedic surgery (Koman et al., 2004). Although above-
mentioned interventions improve ankle ROM on the short-term (Nieuwenhuys et al., 
2016), recurrence on the long-term has frequently been reported (Fry et al., 2007; 
Tedroff et al., 2009; Spijker et al., 2009). 
 Increased resistance to ankle dorsal flexion (ankle joint hyper-resistance) is an 
often encountered problem in children with SCP. Ankle joint hyper-resistance to 
dorsal flexion is predominantly reported to be related to increased triceps-surae 
hyper-resistance (van den Noort et al., 2017). This muscular hyper-resistance 
primarily relates to disturbances in muscle excitation in SCP, such as hyperreflexia 
and involuntary background excitation (van den Noort et al., 2017). Secondary to 
these disturbances in muscle excitation, muscle hyper-resistance is influenced by 
changes in morphological characteristics. In animal experiments, muscle geometric 
characteristics have been shown to be major determinants of active and passive 
length-force characteristics (Woittiez et al., 1983). Geometrical characteristics 
of the gastrocnemius medialis muscle (GM) have been investigated extensively 
in animal and human studies (Huijing, 1985; Zuurbier & Huijing, 1993). Studies in 
children with SCP have shown that GM volume normalised for body mass is on 
average around 22% smaller than in TD children (Barber et al., 2011b, 2016). Such 
reduced GM volumes may be related to relatively shorter fascicles (Mohagheghi et 
al., 2008; Barber et al., 2011a) and/or smaller physiological cross-sectional areas 
(Afasc) (Malaiya et al., 2007; Lieber et al., 2003; Barber et al., 2011a). In turn, short 
fascicles and a small physiological cross-sectional area will likely affect the active 
and passive range of force exertion of the muscle. In particular, shorter fascicles 
reduce both the length range of active force exertion and extensibility. On the other 
hand, a smaller Aasc is related to reduced optimum force and increased muscle 
extensibility. 
 To date, most studies examining the anatomy of the GM have focused on the 
muscle belly (see for review: Barrett & Lichtwark, 2010). The tendinous structures, 
and their relation to muscle belly characteristics, have not been studied extensively. 
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Therefore, it is not well understood how altered GM geometry in children with SCP 
affects ankle dorsal flexion hyper-resistance. Most comparisons of morphological 
determinants of limited ankle-hyper resistance in children with SCP have been based 
on group differences, concealing age related individual variations within groups. 
Thus, more insight in the development of GM geometry in typically (TD) developing 
children and in children with SCP is needed. 
 In TD children, GM growth is related to uniform increases in physiological 
cross-sectional area, fascicle and tendon length (Bénard et al., 2011). In order to 
understand the underlying mechanisms of ankle joint hyper-resistance in children 
with SCP, estimates of such GM morphological variables in children with SCP, and 
their relation to age, body dimensions and GM extensibility are required. The aim of 
this study is to compare GM geometry and GM extensibility between children with 
SCP and TD children. In addition, we aim to evaluate if and how alterations in GM 
geometry relate to GM extensibility.

METHODS

Participants
Thirteen children between the age of 6 and 13 years with uni- or bilateral spastic 
paresis (SCP) (GMFCS I-III) were selected from a population visiting the Amsterdam 
University Medical Centre (location VUmc, Amsterdam, the Netherlands). Children 
were excluded if they had undergone any neurosurgery or orthopaedic surgery of 
the lower limb at all or chemical denervation (Botulinum NeuroToxin-A) less than six 
months prior to the measurements. A convenience sample of 14 typically developing 
children (TD) in the same age range as the children with SCP participated as 
controls. For both groups, we excluded children if they had other diseases affecting 
the musculoskeletal system. Before taking part, written informed consent from both 
parents and verbal consent from participants were received. The study was approved 
by the medical ethics committee of the Amsterdam University Medical Centre. For 
all subjects, measurements were performed by the same assessor (GW). In the SCP 
group, measurements were performed on the leg with the most resistance against 
ankle dorsal flexion, as assessed during a clinical physical examination. In the TD 
group, we selected the right leg.

Anthropometry
Body mass and height were measured. Lower leg length was approximated as the 
mean of distances measured medially and laterally from the most prominent point on 
each femur epicondyle to the most prominent point of the corresponding malleolus. 
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Electromyography 
During morphology measurements, surface electromyographies (EMG) of m. 
gastrocnemius lateralis (GL, because of inaccessibility of GM) and m. tibialis 
anterior (TA) were assessed to quantify muscle excitations of agonistic and 
antagonistic muscles around the ankle. Preparation of the skin and placements of 
EMG electrodes were performed according to SENIAM guidelines (Hermens et al., 
2000), and by determining the outline of the muscles using ultrasound (Hermens et 
al., 1999). A multichannel system (MOBI, TMS-International, The Netherlands) was 
used to sample EMG signals at 1024 Hz. 
 Prior to the measurements, participants were asked to perform a 5-seconds 
isometric maximal voluntary contraction (MVC) against resistance (applied by the 
assessor), towards both dorsal and plantar flexion. During assessment of ankle 
moment-angle relation and GM geometry, excitations of GL and TA were confirmed 
to be well below the a priori set inclusion limit of 10% MVC (Bénard et al., 2010). Note 
that the actual experimental value of this variable (mean≈2.2% MVC) is quite low. 
Therefore, it is concluded that any alterations in GM geometry, observed between 
groups, should be ascribed to factors other than muscle excitations. 

Foot plate angles corresponding to externally exerted moments
Subjects were asked to lie prone on the examination table with both feet hanging 
over the edge. The dorsal flexion foot plate angle was set using a custom-
designed apparatus (Bénard et al., 2010), comprising an adjustable foot plate and 
a torque wrench, equipped with an inclinometer (further referred to as the inclino-
dynamometer). The inclino-dynamometer can be connected to the foot plate. Similar 
to the stabilization procedure of the foot during physical examination, and during the 
fitting of ankle-foot orthoses, this custom foot plate allows adjustments targeted to 
stabilise the subtalar joint as much as possible during foot sole rotations (Huijing 
et al., 2013). In short the procedure consists of the following steps: 1) Positioning 
of the calcaneus in a neutral position under the tibia; 2) Adduction of the forefoot 
until the midline of the calcaneus points between 2nd and 3rd ray of the forefoot; 
3) Applying additional fore and mid-foot supination until no movement within the 
subtalar joint can be detected by palpation (Huijing et al., 2013). Foot plate rotations 
were set by exerting external moments corresponding to 0 Nm and 4 Nm dorsal 
flexion. These moments were applied and quantified at the interface between the 
foot plate and the torque wrench. 

GM morphometry 
Morphological characteristics were collected at specific foot plate rotations 
corresponding to standardised externally applied moments (i.e. 0 Nm and 4 
Nm), using an extendable rod to connect the foot plate to the table. During the 
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3D ultrasound examination, a 5 cm linear probe (Technos MPX, ESAOTE S.p.A. 
Italy) was moved (swept) in a transverse orientation with respect to the leg, in a 
longitudinal direction over the skin, superficial to the GM. For most subjects multiple 
sweeps were required to capture the entire GM (Weide et al., 2017). Location and 
orientation of the probe were registered by a motion capture system (Optotrak 3020, 
NDI, Waterloo, Canada), and were synchronised with ultrasound images to construct 
a three-dimensional voxel array, i.e. 3D ultrasound image, using custom software 
(Matlab, Mathworks Co, Natick, Massachusetts, USA) (Weide et al., 2017). 
 Analysis of 3D ultrasound images was performed using newly adapted methods 
(Weide et al., 2017), yielding improvement compared to those used previously by our 
group. Coordinates of the GM insertion on the calcaneus, the most distal end of GM 
muscle belly, and the estimated coordinates of the GM origin on the medial femur 
condyle (for anatomical details see (Bénard et al., 2010)) were assessed from the 
3D ultrasound images using the freeware medical imaging interaction toolkit (MITK, 
www.mitk.org). Based on the distances between these coordinates, muscle belly 
length (! m), tendon length (! t), and muscle-tendon complex (! m+t) were calculated 
(Fig. 1). GM muscle volume (VGM) was measured between the origin and distal end of 
the muscle belly using manual segmentation of the anatomical cross-sections and 
subsequent interactive interpolation in MITK. Fascicle length (! fasc) and pennation 
angles (αfasc) were measured within the mid-longitudinal fascicle plane at a position 
2/3 along the muscle belly (from origin) (Fig. 1). Physiological cross-sectional area 
(Afasc) was calculated by dividing muscle volume by ! fasc. Aponeurosis length (! a) 
was estimated according to the law of cosines of the right triangle constructed by 
the variables ! fasc, ! m, and αfasc (eq. 1, Fig. 1). 

 

Together the tendon and aponeurosis represent the tendinous structure or the major 
part of the-series elastic component of GM muscle-tendon complex. We used the 
summed lengths of these structures (! a+t) as a variable. The extensibility of the total 
muscle-tendon complex was defined as the absolute change in ! m+t between the  
0 Nm to 4 Nm conditions.
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Statistical Analysis
Two types of statistics were used:

I. TD-SCP group comparisons using means and standard errors.
Student’s t-tests were used to test for significance of differences between mean 
values of SCP and TD groups regarding age, body mass, body height, lower-leg 
length and GM geometrical characteristics measured at 0 Nm. To test for differences 
in (normalised) morphological characteristics between groups, a two-way mixed 
ANOVA with between-subject factor (group) and within-subject factors (externally 
applied moments: 0 Nm and 4 Nm) was used to test for main- and interaction effects 
between groups. 

II. Regression analysis using individual data of subjects.
Pearson’s product-moment coefficients of correlations and linear regressions 
were used to assess relations between age, and geometrical and anthropometric 
characteristics, using individual data. Differences in slopes were tested using Sigma 
Plot (Version 12.0, Systat Software, San Jose, CA). 
 For Student’s t-tests, ANOVA and Pearson’s correlations we used SPSS (version 
25.0, SPSS Inc.,2018), with the level of significance set at p < 0.05. 

Figure 1. Examples of lower leg 3D ultrasound images from TD (top) and SCP (bottom) children.  
A) left panels show the mid-longitudinal fascicle plane of the gastrocnemius medialis muscle from 
which fascicle parameters are assessed. Assessments of morphological characteristics are shown as a 
coloured overlay on top of the mid-longitudinal 3D ultrasound image. ! m = muscle belly length, ! t = tendon 
length, αfasc = pennation angle, ! fasc = fascicle length and ! a = aponeurosis length. B) Right panels show 
3D ultrasound images of transverse cross-sections of the GM, hallway along the longitudinal axis of the 
muscle belly. Red area indicates segmented anatomical cross-section area of the GM from which multiple 
segmentation along the longitudinal axis of the muscle belly are drawn to estimate muscle volume. 



92

Chapter 5: GM muscle geometry and extensibility

RESULTS

Participant characteristics
There were no differences in age or anthropometric variables between the SCP and 
TD group (Table 1). Body mass increased with increasing lower-leg lengths in both 
SCP and TD (by 2.1 kg cm-1 and 2.0 kg cm-1 increase in lower leg-length, respectively). 

Comparisons of GM geometry of SCP and TD groups 
Since one child with SCP moved during the 3DUS imaging procedure, muscle volume 
could not be measured reliably, and thus VGM and Afasc could not be determined for 
this child. 

Absolute GM geometry (at 0 Nm): SCP-TD comparison 
Measured at 0 Nm, muscle volume (VGM) was on average 47% smaller (-39.6 ml) in 
children with SCP compared to TD children (Table 1). Absolute muscle belly length  
(! m) and fascicle length (! fasc) in the SCP group were smaller (by -2.8 cm or -14%, 
and -1.2 cm or -23% respectively) compared to the TD group, as measured at 0 Nm. 
However, no significant differences could be shown for absolute values of muscle-
tendon complex length (! m+t), physiological cross-sectional area (Afasc), fascicle 
pennation angle (αfasc), tendinous structures (! a+t), aponeurosis length (! a), and 
tendon length (! t) measured at 0 Nm (Table 1). 

Normalised GM geometry (0-4 Nm): SCP-TD comparison
After normalization for lower leg length, ANOVA of length variables measured at 0 Nm 
and 4 Nm showed that normalised muscle-tendon complex length (! m+t/! lowerleg) and 
normalised aponeurosis length (! a/! lowerleg) were still not different between groups. 
However, in SCP normalised muscle belly length (! m/! lowerleg) was 9.4% shorter and 
normalised tendon length (! t/! lowerleg) 13.3% longer compared to those in the TD 
group (Fig. 2, lines with # indicate the main effects for group differences). In addition, 
normalised fascicle length (! fasc/! lowerleg) was 18.8% shorter in SCP compared to TD. 
Compared to TD, these results show that after the adjustment for lower leg length 
differences, muscle-tendon complexes in children with SCP seem to be comprised of 
a shorter muscle belly, with shorter fascicles, and a longer tendon. 

Effects of increased applied ankle dorsal flexion moments on GM 
geometry
In both groups, upon exerting 4 Nm dorsal flexion ! m+t/! lowerleg increased by 
2.8% and ! m/! lowerleg increased by 3.2% (Fig. 2). In addition, in both groups  
! fasc/! lowerleg increased by 2.5%, and αfasc decreased by 1.4 degrees similarly. 
However, in neither of the groups, changes of ! t/! lowerleg and ! a/! lowerleg were found. 
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There were no interaction effects of group and condition (i.e. between the 0 Nm to 4 
Nm conditions). These findings indicate that changes in GM geometry in response 
to externally applied ankle dorsal flexion were not different between groups.

Table 1. Variables of age, subject characteristics and gastrocnemius medialis muscle geometry (at 0 
Nm) and their correlation with age. 

Variables
Mean ± SE

Coefficient of correlation r
with age

TD SCP TD SCP
Age (years)     9.3 ± 0.5    9.7 ± 0.6 N.A N.A.
Body mass (Kg)   33.2 ± 2.4   33.2 ± 2.7 0.83# 0.6#

Body height (cm) 140.5 ± 3.8 136.8 ± 3.5 0.88# 0.72#

Lower leg length (cm)   32.8 ± 1.2   31.2 ± 1.1 0.79# 0.66#

Body mass index (-)   16.5 ± 0.4   17.4 ± 0.7 0.5 0.34
Sex (# Males/#Females) 5 / 9 7 / 6 N.A. N.A.
# GMFCS per category N.A. I=3, II=9, III=1 N.A. N.A.
  VGM (ml) 91.8 ± 8.0  52.3 ± 4.1* 0.75# 0.45
  Afasc (cm2) 17.0 ± 1.0 13.8 ± 1.8 0.59# 0.48

  ! fasc  (cm)   5.3 ± 0.2     4.1 ± 0.2* 0.84#  -0.17

  αfasc (deg) 13.5 ± 0.4 13.9 ± 1.0 -0.37   0.45

  ! m+t (cm) 34.7 ± 1.2 33.0 ± 1.2 0.86# 0.69#

  ! a+t (cm) 29.6 ± 1.0 29.0 ± 1.3 0.82# 0.69#

  ! m (cm) 20.3 ± 0.7   17.5 ± 0.7* 0.77# 0.37

  ! t  (cm) 14.4 ± 0.6 15.5 ± 0.9 0.79# 0.67#

  ! a (cm) 15.2 ± 0.5 13.6 ± 0.8 0.70# 0.40

*indicates a significant difference between SCP and TD (p < 0.05), # indicates a significant correlation 
with age (p < 0.05). These symbols indicate the following VGM= muscle volume, Afasc= physiological 
cross-sectional area, ! fasc= fascicle length, αfasc= pennation angle, ! m+t= muscle-tendon complex length, 
! a+t: tendinous structure length, ! m= muscle belly length, ! t= tendon length, ! a= aponeurosis length. 

Absolute GM extensibility (0-4 Nm): SCP-TD comparison
Between groups, no difference was shown for extensibility of GM muscle-tendon 
complex (∆! m+t =0.86 cm in TD, ∆! m+t =0.90 cm in SCP). However, increased variation 
in extensibility in the SCP compared to the TD group (coefficient of variation of 37% in 
SCP and 33% in TD) indicates a somewhat enhanced heterogeneity in the SCP group.

To avoid effects of imposing different length conditions of variables (e.g. muscle-
tendon complex lengths, muscle belly length, tendon length, fascicle length, 
or sarcomere lengths) between groups, ideally, we should have made group 
comparisons at similar length conditions. However, Fig. 3 shows large individual 
variation in normalised muscle and tendon lengths measured at 0 Nm and 4 Nm, 
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yielding overlap for similar lengths conditions only for a limited number of subjects. 
This, by itself, makes the intended identification of underlying mechanisms of 
limited extensibility impractical. It also means we should interpret the results of 
group comparisons above with the utmost care.

Figure 2. TD-SCP comparison of normalised values of elements of GM muscle belly and tendon 
geometry corresponding to 0 Nm as well as 4 Nm externally applied dorsal flexion moments.  
A) ! m+t/! lowerleg= summed lengths of muscle belly and tendon normalised for lower leg length.  
B) ! m/! lowerleg= muscle belly length normalised for lower leg length. C) ! t/! lowerleg= tendon length 
normalised for lower leg length. D) ! a/! lowerleg= aponeurosis length normalised for lower leg length. 
E) ! fasc/! lowerleg= fascicle length normalised for lower leg length. F) αfasc= pennation angle in degrees 
between fascicle and longitudinal axis of the muscle belly. Significance is indicated; * p <0.05 for a main 
effect of condition (externally applied dorsal flexion moments), #  p <0.05 for a main effect of group 
(TD-SCP). 
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Figure 3. Changes in normalised muscle and tendon lengths as functions of normalised muscle-
tendon complex lengths corresponding to externally applied 0-4Nm dorsal flexion moments. A) Plot 
relating ! m/! lowerleg: (muscle belly length normalised for lower leg length) with ! m+t/! lowerleg (summed 
lengths of muscle belly and tendon, normalised for lower leg length) measured at 0 Nm and 4 Nm 
dorsal flexion moment. B) Plot relating ! t/! lowerleg: (tendon length normalised for lower leg length) with 
! m+t/! lowerleg, measured at 0 Nm and 4 Nm dorsal flexion moment. Solid line and dashed lines links 
individual data between 0 Nm and 4 Nm for TD and SCP individuals, respectively. 

Comparison of GM geometrical variables using individual children 
data
GM muscle-tendon complex length and its constituents (at 0 Nm)
Regression analyses of muscle-tendon complex length (! m+t) with ! fasc, and ! a+t 
showed that in TD children, ! fasc significantly and positively correlated with ! m+t. 
However, no such correlation was found for children with SCP. In both TD and SCP,  
! a+t correlated positively with ! m+t. These results show that at 0 Nm for children 
with SCP, longer muscle-tendon complex lengths are accompanied by longer 
tendons, but not by longer muscle fascicles, as was shown for TD children. 

GM muscle volume and its constituents (at 0 Nm)
Regression analyses of GM muscle volume with its constituents ! fasc and Afasc 
showed that in TD, ! fasc is significantly and positively correlated with VGM (Fig. 4A). 
However, no such correlation was found for children with SCP. In both TD and SCP, 
Afasc was positively correlated with VGM (Fig. 4B). As one outlying data point may 
have contributed considerably to these correlations for children with SCP, however 
correlation analysis without this data point was still significant for children with  
SCP (r=0.89).
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Figure 4. Regression analysis of morphological GM belly characteristics as functions of GM (at 
0 Nm). A) Plot relating individual ! fasc (fascicle length) and VGM (muscle volume) data. Note that 
exclusively for TD children, a significant and positive correlation was shown. B) Plot relating individual 
Afasc (physiological cross-sectional area) and VGM data. Note the positive correlation, indicating 
that in both the TD and SCP group, children with a big VGM also have a larger Afasc. The shaded area 
represents the 95% confidence interval for the TD group. No regression line is drawn and no coefficient 
of correlation is indicated for data not showing a significant coefficient of correlation. 

Relations between structures constituting the GM geometry: SCP-
TD comparison
In both TD and SCP children, age affected GM geometry (Table 1). In TD children, 
VGM increased with age by 13.3 ml year1, Afasc by 134 mm2 year-1 and ! fasc by 3.8 mm 
year-1. However, no significant increases of VGM, Afasc, and ! fasc with age were found 
for children with SCP (Fig. 5, Table I). Muscle-tendon complex length correlated with 
age in both TD and SCP in a similar way (by 2.2 cm year-1 in TD and 1.5 cm year-1 and 
SP respectively). Tendon length (! t ) increased with age in both TD and SCP similarly 
(by 1.0 cm year-1 in TD and 1.0 cm year-1  in SCP). Although, muscle belly length and 
aponeurosis length increased in TD with age (increase by 1.2 cm year-1, and by 0.78 
cm year-1, respectively), no such correlations were found in children with SCP. Thus, 
muscle-tendon complex characteristics in TD children are explained by age-related 
changes of both ! m and ! t, whereas in children with SCP, these characteristics 
can only be explained by age-related changes in ! t. The length of the tendinous 
structures (! a+t) increased with age in both TD and SCP similarly (by 1.8 cm/year-1 
in TD and 1.6 cm year-1 in SCP) (Fig. 5 D). 
To assess whether GM geometry and its constituents correlated with lower leg 
length and body mass, we plotted these morphological characteristics as a function 
of lower leg length and body mass (Fig. 6). In TD children and children with SCP, 
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muscle volume increased with body mass differently (Fig. 6A; increases by 3.3 ml 
kg-1 in TD and 1.3 ml kg-1 in SCP). In both TD and SCP, Afasc increased as a function 
of body mass similarly (by 38.9 mm2 kg-1 in TD and by 58.7 mm2 kg-1 in SCP). For TD 
children, ! fasc increased as a function of lower-leg length by 0.14 cm cm-1. However, 
no correlation was found for children with SCP (Fig. 6C). In both TD and SCP, ! a+t 
increased as a function of lower leg length differently (by 0.85 cm cm-1 in TD and 
1.16 cm cm-1 in SCP). Thus, length increases of tendinous structures in children with 
SCP exceeded that of TD children. In addition, length increases of the tendinous 
structures exceeded increases in lower leg length exclusively in children with SCP. 
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Figure 5. Regression analysis of individual geometrical characteristics of GM muscle and age 
data. A) Plot relating individual VGM (muscle volume at 0 Nm) to age. B) Plot relating individual Afasc 

(physiological cross-sectional area at 0 Nm) to age. C) Plot relating individual ! fasc (fascicle length at 
0 Nm) to age. D) Plot relating individual ! a+t (tendinous structure length at 0 Nm) to age. The shaded 
area represent the 95% confidence intervals for the TD children. No regression line is drawn and no 
coefficient of correlation is indicated for data not showing a significant coefficient of correlation.
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Figure 6. Regression analysis of individual geometrical characteristics of GM muscle and body mass 
or lower leg length. A) Plot relating individual VGM (muscle volume at 0 Nm) to body mass data. B) 
Plot relating individual Afasc (physiological cross-sectional area at 0 Nm) to body mass data. C) Plot 
relating individual ! fasc (fascicle length at 0 Nm) to lower leg length data. D) Plot relating individual  
! a+t (i.e. tendinous structure length at 0 Nm) to lower leg length data. The inset bar graph illustrates the 
significant difference in slope (! a+t/! lowerleg) between children with SCP and TD children. The shaded 
area represents the 95% confidence interval for the TD group. No regression line is drawn and no 
coefficient of correlation is indicated for data not showing a significant coefficient of correlation.

Relations of anthropometric and GM geometric variables to GM 
extensibility
For both groups, we found no significant correlations of muscle-tendon complex 
extensibility with age (see Table 2). This indicates that absolute muscle-tendon 
complex extensibility does not change with age. However, we did find negative 
correlations between anthropometric variables and muscle-tendon complex 
extensibility, except for lower leg length. However, no such correlations between 
anthropometric values and muscle-tendon complex extensibility were found in TD 
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children (Table 2). These findings indicate that exclusively in children with SCP 
increases in body size are associated with decreases in absolute muscle-tendon 
complex extensibility. 
 Analysis of individual data show that, in children with SCP, a hypothetical 1 mm 
decrease in GM extensibility is correlated to the net effect of increases in GM muscle 
volume (by 27.98 ml), Afasc (by 1189.38 mm2), and length of tendinous structures  
(by 8.3 cm). In contrast, GM extensibility in TD children was positively correlated to 
Afasc. Besides Afasc , no other GM geometric variable showed a significant correlation 
with GM extensibility in TD children. These results show that growth related 
increases of GM geometry in children with SCP are associated with a decrease in 
GM extensibility. 

Table 2. Coefficients of correlation of anthropometric variables and muscle geometrical variables at 0 
Nm with muscle-tendon extensibility. 

Variables Coefficient of correlation r with extensibility

TD SCP
Age  0.25 -0.35

Body mass  0.36  -0.61#

Body height  0.50  -0.66#

Lower leg length  0.51 -0.52

VGM  0.51   -0.66#

Afasc   0.59#   -0.59#

! fasc  
 0.33   0.44

αfasc -0.19  -0.55

! m+t 
0.43 -0.54

! a+t
0.43  -0.59#

! m 
0.41 -0.10

! t 0.36  -0.68#

! a 
0.42 -0.22

Significance is indicated; # p < 0.05.  These symbols indicate the following VGM= muscle volume, 
Afasc=physiological cross-sectional area, ! fasc= fascicle length, αfasc= pennation angle, ! m+t= muscle-
tendon complex length, ! a+t= tendinous structure length, ! m= muscle belly length, ! t= tendon length, 
! a= aponeurosis length. Muscle-tendon complex extensibility is defined as the absolute change in 
muscle-tendon complex length from 0 Nm to 4 Nm dorsal flexion. 
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DISCUSSION

Our cross-sectional study shows that the GM geometry of children with SCP is mainly 
characterised by smaller muscle bellies, related to a limited or absent longitudinal 
fascicle growth. In addition, we found that exclusively in children with SCP, growth 
related length increases of tendinous structures exceeded that of lower leg length. 
Only in children with SCP, we found a negative coefficient of correlation of both the 
physiological cross-sectional area and length of tendinous structures with muscle-
tendon complex extensibility. These results show how, at least part of, the triceps-
surae muscle hyper-resistance to extension in children with SCP can be explained by 
growth-related adaptations of the GM. 

Limitations of the present study
Given the design of the present study, we cannot isolate and therefore distinguish 
separate mechanisms responsible for the acute increases of fascicle length or 
any other structure in children with SCP. It is conceivable that at the exertion of 
the standardised applied foot plate moments, even if there were no changes in 
GM geometry, limitations of joint movement may be caused by combined changes 
within or outside the GM. This may prevent attainment of higher fascicle lengths 
at 0 Nm than those presently found. Limitations concerning the 3D-ultrasound and 
inclino-dynamometer technique were described and discussed previously (Bénard 
et al., 2011, 2010, 2009; Weide et al., 2017, 2015). 

Group comparisons
Studies using ankle-dynamometry measurements and gait analysis show more 
plantar flexed feet in children with SCP compared to TD children, suggesting short 
muscle-tendon complexes (Singer et al., 2002; Tardieu et al., 1982; Harlaar et 
al., 2000). In contrast to such studies, we refer to foot sole angles rather than to 
ankle joint angles, as we have clear indications that foot flexibility confounds the 
comparison of GM geometry between groups at similar foot sole (Chapter 4) (Huijing 
et al., 2013). Ideally, comparisons of GM geometry should be made at a comparable 
muscle-tendon complex length. Since no in-vivo approach is available to make such 
comparisons, comparisons of GM geometry were standardised to similar external 
conditions, e.g. “resting” foot sole angle or externally applied moment. Differences 
in standardization approach most likely underlie the ambiguity concerning fascicle 
length in children with SCP, since both shorter (Wren et al., 2010) and similar 
(Schless et al., 2018) muscle-tendon complex lengths have been reported for SCP 
groups. In the present study, there was no difference in muscle-tendon complex 
length between SCP and TD groups. 
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 In accordance with other studies that quantified GM geometry at “resting” ankle 
joint angles or 0 Nm conditions, we did find morphological characteristics such as 
muscle volume (Schless et al., 2018; Barber et al., 2011b; Noble et al., 2014; Pitcher 
et al., 2018), fascicle length (Mohagheghi et al., 2008; Matthiasdottir et al., 2014; 
Gao et al., 2011), and physiological cross-sectional area (Barber et al., 2011b, a) to 
be smaller, and tendon length (Barber et al., 2012) to be larger in the SCP compared 
to the TD group. However, also in the literature, several studies found similar fascicle 
lengths at this so-called “resting” joint angle in the SCP compared to the TD group 
(Barber et al., 2011a, b; Malaiya et al., 2007; Shortland et al., 2004, 2002; Wren et al., 
2010). Conclusions regarding growth based on group differences may deviate from 
conclusions based on regression analysis that considers individual variations. This 
can be exemplified by the study of Malaiya et al., 2007, who studied muscle growth 
in children with SCP and allowed further interpretation due to the transparent and 
extensive description of their methods and results. Based on group comparison, 
Malaiya et al. (2007) argued that reduced muscle growth in children with SCP is only 
related to reduced physiological cross-sectional area growth, and not to reduced 
longitudinal fascicle growth. However, other parts of that same study may lead to 
different conclusions (see below). 

SCP-TD comparison based on individual data
Similar growth of body dimensions in SCP and TD children
Differences in body dimensions between children have been reported  (e.g. 
Grammatikopoulou et al., 2009; Tomoum et al., 2010; Walker et al., 2015; Herskind et 
al., 2016). In contrast, both body dimensions and growth thereof did not differ between 
our samples of children with SCP and TD children. This may be due to the limited 
group size and relatively mildly affected children with SCP, as GMFCS levels in SCP 
correlate with smaller body dimensions (Walker et al., 2015; Wang et al., 2016). 

Less muscle volume growth in children with SCP compared to TD
In line with the previous studies (Noble et al., 2014; Willerslev-Olsen et al., 2018; 
Herskind et al., 2016), our results show that GM muscle volume increases with body 
mass in children with SCP, though at a lower rate compared to TD children. Note, 
however, that at larger body masses children with SCP attain considerably smaller 
GM muscle volumes than TD children, as the slopes of the regression lines of SCP 
and TD children are very different. In agreement with previous results of Herskind 
et al. (2016), at similar body mass (≈20 kg in their Fig. 1), GM muscle volume is 
smaller, but the differences seem relatively small. In addition, Herskind et al. (2016) 
reported that GM muscle volume in children with SCP deviates substantially from TD 
children at the age of 15.5 months, which is the age at which children typically start 
to walk. This substantial deviation in GM muscle volume is surprising, considering 
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the relatively small difference in GM muscle volume at ≈20 kg (≈5 years of age). This 
suggests that, during development, children with SCP are capable of catching up 
with TD children on the aspect of GM muscle volume growth. Further work on this 
topic seems desirable.

Increases of GM tendinous structures in SCP and TD children.
Particularly at higher ages, or larger lower leg lengths, the tendinous structure in 
children with SCP is relatively longer than in TD children. This is emphasised by 
the observation that increases in tendinous structure lengths exceeded increases in 
lower leg length exclusively in children with SCP. A similar effect, namely increases 
in tendinous lengths being larger than bone growth, is also seen following an 
experimental transfer of the flexor carpi-ulnaris distal tendon to the extensor site in 
healthy animals (Maas & Huijing, 2012). Thus, our present results confirm indications 
of other studies (Tardieu et al., 1977; Wren et al., 2010), that factors other than lower 
leg length must be involved in regulating tendon growth in children with SCP.
 Mechanisms responsible for the adaptation of tendinous structures potentially 
change with maturation. In young animals, it has been shown that the muscle-tendon 
complex adapts to immobilization by tendon length changes, without changes in 
the number of sarcomeres in series (Blanchard et al., 1985; Tardieu et al., 1977). 
However, in adult animals, the muscle-tendon complex adapts solely by changes in 
the number of sarcomeres in series (Wren, 2003; Blanchard et al., 1985; Tardieu et 
al., 1977). It has been suggested that at younger age, lengths of tendons adapt to 
minimise strain (Wren, 2003). Increasing the length of tendinous structures to reduce 
strain in children with SCP may be beneficial to allow more ankle joint movement 
in the short term. However, the capacity of tendon structures to adapt in such a 
way seems to diminish in adult age for unknown reasons (Blanchard et al., 1985). 
One explanation may be a decreasing expression of growth factors responsible 
for tendon growth in young children (Okamoto et al., 2005; Gumucio et al., 2015). 
Especially in children with SCP, higher concentrations of transforming growth factor 
beta (TGF-β1) have been shown within the muscle and in the serum compared to 
TD children and adults (Pingel et al., 2019; Von Walden et al., 2018; Grether et al., 
1999; Lin et al., 2010). Such age-dependent tendon plasticity may explain why very 
early initiation of intervention (e.g. the Ponseti method (Radler, 2013) are successful, 
especially in young children preventing further aberrant adaptations.
If material properties of the tendinous structures and the cross-sectional area 
remain similar, it is expected that the overall structure compliance increases with 
an increase in slack length. However, our results show that tendon length in children 
with SCP correlates negatively with muscle-tendon complex extensibility. This 
finding indicates that during growth, tendon material properties change, and/or the 
length of tendinous structures increases. When stretching the muscle by applying an 
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externally applied moment (4 Nm), we did not find [acute] increases in the summed 
length of tendinous structures, nor for tendon or aponeurosis separately, in both 
SCP and TD children. Even when exerting 0 Nm externally, non-zero stresses on 
the Achilles tendon, its aponeuroses, and on tendinous structures of antagonistic 
muscles are expected (Wu et al., 2012), so that these structures are on the stiff 
part of their length-force curves at 0 Nm and 4 Nm. Fast release experiments on 
maximally dissected animal muscles have shown that tendinous structures (rather 
than intra- fibre components) lengthen only by 4% from zero force to optimum 
muscle force (Morgan et al., 1978). Some simple and rough calculations may guide 
our expectations on this (see next paragraph).

Analysis of effects on tendinous extensibility in TD children
In a TD child with a tendinous structure length (! a+t) of ≈30 cm and an optimum 
active force of 510 N (17 cm2 of Afasc and a specific tension of around 30 N/cm2 

(Erskine et al., 2011; van der Zwaard et al., 2018)), we would expect to find 1.2 cm 
(4% of 30 cm) of tendon stretch. If dorsal flexion resistance to an external moment 
of 4 Nm should originate solely from GM, with an estimated moment arm ≈5 cm 
(Kalkman et al., 2017), it would result in a force pulling on the tendon with 80 N  
(F= 4/0.05 N). Assuming a linear stress-strain curve, 80 N of force pulling on the tendon 
would result in 0.2 cm (80/510*1.2) stretch of the tendinous structure. However, in 
reality other parallel arranged structures provide additional force transmission 
pathways, such as other plantar flexor muscles, joint capsules and ligaments, 
reducing the above estimated stress and strain of the GM tendinous structures. 
Thus, our finding of negligible acute increases in tendinous structures in response 
to the small and low range of externally applied moment meets our expectations. 

Lower fascicle lengths attained in SCP compared to TD children
In our sample of children with SCP, age range 6-13 years, fascicle length expressed 
as functions of either age, lower leg length or muscle volume, deviates from those 
in TD children. However, differences in fascicle length between children with SCP 
and TD children were small at a lower age, shorter lower legs, and smaller muscle 
volumes. This is in agreement with the results of Herskind et al., 2016, who reported 
fascicle length of SCP and TD children up to five years old to increase indifferently. 
However, after this age, differences in fascicle length between SCP and TD increase 
with increases in age and lower leg length. Such a deviation is also reported in the 
study by Malaiya et al. (2007), (Fig. 3C: for children with SCP aged 4-12 years) that 
shows that in TD children, but not in children with SCP, individual fascicle length at 
“resting” foot angle correlates with fibula length. However, the finding that fascicle 
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length only increases in TD seems underappreciated in their conclusion regarding 
GM muscle growth in children with SCP, stating that reduced GM growth is related to 
a reduced physiological cross-sectional area growth. 
 Reduced longitudinal fascicle growth in children with SCP may be related 
to reduced addition of sarcomeres in series, resulting in a smaller number of 
sarcomeres in series (Mathewson et al., 2015) and/or longer sarcomeres (Smith et 
al., 2011; Mathewson et al., 2015). Several mechanisms may be responsible for the 
comparatively reduced addition of sarcomeres in series in children with SCP (Von 
Walden et al., 2018; Dayanidhi & Lieber, 2014). Possibly in children with SCP, this may 
be due to effects of spasticity hindering typical muscle use and proliferation and 
differentiation of satellite cells (Dayanidhi & Lieber, 2014). Alternatively, enhanced 
longitudinal tendon growth in children with SCP (see above) may attenuate the 
stimulus for longitudinal fascicle growth. 

Physiological cross-sectional area growth in SCP and TD children
In SCP and TD children, the physiological cross-sectional area of GM increases in a 
similar way with body mass. Such conclusions are also supported by Malaiya et al. 
(2007) after the reinterpretation of their data (Figs. 3A+C show that in children with 
SCP, GM muscle volumes increase without increases in fascicle length). Therefore, 
it can be concluded that in children with SCP, at least in the age range of 6-13 years, 
increases in muscle volume are mainly caused by increases in physiological cross-
sectional area.
 One may predict that increases in GM physiological cross-sectional area would 
negatively affect extensibility of the muscle-tendon complex, as more parallel 
arranged muscular material needs to be strained and may affect ankle range of 
motion (Weide et al., 2015). Understanding how different underlying mechanisms 
contribute to measured net extensibility is complex. For example, in our TD children, 
we found a positive coefficient of correlation between the physiological cross-
sectional area and the muscle-tendon complex extensibility. This finding could 
imply that increases in the physiological cross-sectional area exclusively would 
cause increases in muscle-tendon complex extensibility. The negative effects of 
the increase of the physiological cross-sectional area on the extensibility may be 
compensated for by the simultaneous increase of fascicle length in TD children, 
which is not present in children with SCP.

Conclusions
In conclusion, age-related GM growth in children with SCP is characterised by 
increases in physiological cross-sectional area and in lengths of tendinous 
structures, without an increase in fascicle length. Our results show that in children 
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with SCP, increases in GM muscle volume, physiological cross-sectional and lengths 
of tendinous structures are associated with a reduced GM extensibility, while such 
relations were not shown in TD. The findings of this study indicate that, in order 
to prevent growth related reductions in extensibility in children with SCP, clinical 
interventions treating hyper ankle dorsiflexion resistance should aim to increase both 
muscle physiological cross-sectional area and fascicle lengths, while preventing 
excessive longitudinal growth of tendinous structures. 
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ABSTRACTS

Comprehensive instrumented muscle and joint assessments should be considered 
when prescribing Botulinum NeuroToxin-A (BoNT-A) treatment in spastic paresis. 
In a child with spastic paresis, comprehensive evaluation following treatment with 
BoNT-A, serial casting and physiotherapy showed that short-term improvements in gait 
occurred without changes in muscle morphology. Rather, foot flexibility increased.
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INTRODUCTION 

In children with spastic paresis (SP), gait deviations including limited dorsiflexion 
during the stance phase, are generally attributed to calf muscle spasticity and non-
neural changes in soft tissue properties (Gage, 2009). Therefore, to improve gait in 
children with SP, the medial gastrocnemius is frequently treated with intra-muscular 
Botulinum NeuroToxin-A (BoNT-A) injections. BoNT-A results in a temporary 
blockage of the neurotransmission of acetylcholine to the nerves motor endplates 
(Ahnert-Hilger & Bigalke, 1995). To target the changes in soft tissue properties 
that contribute to reduced ankle dorsiflexion, BoNT-A is often combined with serial 
casting of the lower leg such that the plantar-flexor muscles are gradually stretched. 
In such a combined treatment approach, it is presumed that after decreasing 
muscular activation with BoNT-A, serial casting of muscles at an extended length 
stimulates the addition of sarcomeres in series, increases their lengths and reduces 
their stiffness (Boyd et al., 2000). Currently, human models that substantiate these 
working mechanisms do not exist (Tustin & Patel, 2017; Gough et al., 2005).
 Increases in ankle joint range of motion (ROM) in SP after BoNT-A and serial casting 
have been reported (Bar-On et al., 2013b; Desloovere et al., 2012; Wiart et al., 2008). 
In routine clinical assessment, this ankle joint ROM is determined by examining the 
angle between the foot sole and the shank. However, using the orientation of the 
foot can be erroneous since the ankle joint and foot comprise multiple articulating 
bones. This is especially important since clinicians often use this examination of 
“foot” ROM to infer about triceps surae muscle extensibility (Gracies et al., 2010). In 
addition, routine clinical assessments cannot adequately quantify the contribution 
of spasticity and changes in soft tissue properties to reduced ankle ROM (Fleuren 
et al., 2010). Therefore, more comprehensive, instrumented evaluations (Sloot et 
al., 2015; Weide et al., 2017; Bar-On et al., 2013a) that provide better insight into 
the working mechanisms of treatment with BoNT-A, are required in clinical practice. 
These can improve treatment rationale and may prevent the use of ineffective or 
even harmful treatments.
 Here we present a case study of a 6-year-old girl with SP who was treated with 
BoNT-A injections in her calf muscles, serial lower-leg casting and physiotherapy. The 
aim of the study was to evaluate the effects of this treatment on gait and relate changes 
in the gait to changes occurring at the joint and muscle level. To do this, we carried 
out a comprehensive instrumented assessment of the ankle joint and plantarflexor 
muscle morphology and spasticity before, at 9 and 26 weeks post-treatment.
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CASE HISTORY 

A 6-year-old girl (120 cm tall, 21 kg) diagnosed with bilateral SP due to unknown 
etiology and greater involvement of her right side participated in this study. The 
pregnancy and birth history of the patient were unremarkable. Her brain MRI showed 
no abnormalities, thereby excluding the diagnosis of cerebral palsy. Genetic testing 
was done because hereditary spastic paraplegia (HSP) was suspected. The patient 
had no family history of SP. No mutations were found in genes associated with HSP 
(SPG4, SPG7, REEP1 and ATL1). Whole exome sequencing did not offer a diagnosis. 
Metabolic testing revealed no abnormities, excluding a metabolic cause of the SP. 
Therefore, it was concluded that there was SP of unknown origin. Most likely, the 
genetic cause is not yet known. Renewed genetic testing is planned in five years’ 
time in case new genes have been found to be associated with SP.
 She was diagnosed with developmental dysplasia of the right hip for which she 
wore a hip abduction brace from 9 to 11 months of age. She was able to walk without 
aids from the age of 17 months. At the age of three, she was prescribed bilateral ankle-
foot orthoses (AFOs) that she wore during the day. She also received physiotherapy 
1-2 times per week aimed to improve her walking-related activity goals.
 With age, she developed specific gait deviations including increased knee flexion, 
and reduced ankle dorsiflexion at initial contact, mid-stance and swing. Physical 
examination and 2D video gait analysis were employed to identify the underlying 
impairments (Becher et al., 2011). Clinical examination revealed spasticity in the 
calf muscles and reduced ankle ROM. To reduce spasticity, increase ankle ROM 
and improve gait, three sessions of multilevel BoNT-A interventions, combined with 
serial casting were prescribed when she was 3,4 and 5 years old. The aim of the 
serial casting was to increase m. triceps surae length while BoNT-A injections would 
reduce spasticity and thereby facilitate muscle lengthening.
 The current study was initiated when it was decided to use serial casting and 
BoNT-A injections for the fourth time. At this time, her parents reported that she 
had pain when wearing the AFOs and was therefore unable to walk long distances. 
Physical examination (Becher et al., 2011) revealed a passive ankle dorsiflexion 
ROM of -25o with the knee extended in the right leg, and -20o  in the left leg. 
Spasticity was clinically diagnosed by the perception of a catch during fast passive 
stretch (Becher et al., 2011) bilaterally in the gastrocnemius, soleus, hamstrings 
and adductor muscles. Her gait pattern was characterised by forefoot contact on 
landing with excessive knee and hip flexion in mid-stance (Type 4 pattern (Becher et 
al., 2011)). The goal of the intervention was to improve the duration of wearing the 
AFOs by improving ankle ROM. BoNT-A injections were administered under general 
anesthesia (Table 1). Three weeks after injection, serial casting was applied on both 
legs from below the knee. The patient was instructed to stand and walk regularly 
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with the casts. Weekly, the casts were changed to allow incremental correction of 
the foot form and of ankle angle. Physiotherapy was intensified (30-45 min 3x per 
wk) and continued up to 12 weeks after the injections while the use of the AFOs 
was continued after the casts were removed. Post-treatment physiotherapy goals 
included correction of foot and knee positioning during gait, and improving walking 
distance.

Table 1: Muscles that received BoNT-A injections of Botox® .

Right leg 
(units)

Left leg  
(units)

m. psoas 40 40
Adductors 2x20 -
m. gracilis 2x20 2x20
m. semimembranosus 2x20 2x20
m. semitendinosus 2x20 2x20
m. gastrocnemius medialis 2x20 -
m. soleus 2x15 -

Total units: 360

 

In addition to the routine clinical examination and 2D video gait, the following 
assessments were carried out 1 week before the BoNT-A injections (-1 wk), and 
9 weeks (9 wk) as well as 26 weeks (26 wk) post-treatment: (a) instrumented 
spasticity assessment of the calf muscles (Sloot et al., 2015), (b) foot ROM and 
foot flexibility measurements (Huijing et al., 2013), and (c) muscle morphometry 
through 3D ultrasound imaging (Weide et al., 2017) (Fig. 1). The clinical examination 
and 2D video gait analysis were carried out by the physician (AB) and hospitals’ 
lab technician (LO) while the additional instrumented measurements were carried 
out by researchers (GW, LS) trained in human movement sciences and by a post-
doctoral researcher trained in physiotherapy and biomedical sciences (LB). Ethical 
approval for the study design was granted from the Amsterdam UMC medical ethical 
committee. Both the patients’ parents provided informed consent.
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Figure 1.Timeline of the assessments and treatments (BoNT-A and casting) alternated with periods of 
conventional physiotherapy and bilateral ankle foot orthoses (AFO). Assessments were carried out -1 
week pre-; 9 weeks and 26 weeks post-treatment. Assessments: A) 2D gait analysis, assessing walking 
velocity, stride time, stride length and foot sole (jFoSo) and knee angles (jK) at initial contact and at mid-
stance; B) Instrumented spasticity assessment of the m. gastrocnemius medialis and the m. tibialis 
anterior performed at slow (v) and fast (V) angular velocities; and C) Foot sole range of motion, foot 
flexibility and 3D ultrasound of m. gastrocnemius medialis morphology (including estimated talo-crural 
joint angle (jTaCr), muscle tendon complex, muscle belly and tendon lengths) at foot sole angles (jFoSo) 
corresponding to standardised externally applied dorsiflexion footplate moments (i.e. 0 Nm and 4 Nm).

 

INVESTIGATIONS

Gait analysis (GA)
The patient underwent routine barefoot clinical GA that involved walking over a 10-m 
walkway at self-selected walking speed. Video recordings were taken in the sagittal 
plane. MoXie Viewer® software was used to measure sagittal knee and ankle 
angles at initial contact and mid-stance over six representative strides, (see Fig. 1A) 
(Grunt et al., 2010). The joint angles were determined as follows: knee angle (jK) 
was defined as the angle between two lines representing the shank and thigh, and 
jFoSo was defined as the angle between two lines representing the shank and foot. 
Spatio-temporal parameters, including walking velocity, normalised walking velocity 
(Hof, 1996), stride time and relative stance phase time, were calculated based on leg 
length and the timing of foot strike and foot-of.

Instrumented spasticity assessment 
Instrumented spasticity assessment was carried out using a motor-driven footplate 
(MOOG, Nieuw Vennep, The Netherlands) (Sloot et al., 2015, 2016). The patient 
was seated in an adjustable chair with the right foot fixed onto a custom designed 
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adjustable footplate (Bénard et al., 2010; Huijing et al., 2013) (Fig. 1C). This footplate 
allowed adjustments targeted to fix the talo-calcaneal joint during foot plate rotations 
(for details see Huijing et al., 2013 (Huijing et al., 2013)). The motor-driven footplate 
applied two slow (15°/s) and two fast (150°/s) speed controlled dorsiflexion 
movements over the patient’s maximum ankle ROM (determined manually). Muscle 
excitation during rotations was measured using surface electromyography (EMG) 
from the m. tibialis anterior (TA) and GM. Preparation of the skin and placements of 
the EMG electrodes were performed according to SENIAM guidelines and confirmed 
with ultrasound imaging (Hermens et al., 1999). Data from the TA was used to 
exclude for the possibility of voluntary activation aiding dorsiflexion. The minimum 
baseline (averaged from -0.5 to 0s before movement) RMS-EMG was subtracted 
from the maximum (calculated as the 95th percentile to correct for outliers). This 
corrected maximum RMS-EMG was averaged for slow and fast stretches separately. 
To quantify spasticity (velocity-dependent stretch reflexes) in GM, the average RMS-
EMG value during slow stretches was subtracted from the average value during fast 
stretches.

Joint angles and foot flexibility 
The patient was positioned prone on an examination table with both feet overhanging 
the edge of the table. An identical footplate as used in the instrumented spasticity 
assessment was fitted to the patient’s foot. Subsequently, an inclino-dynamometer 
was connected to the footplate. Next, foot sole angles (jFoSo )  were determined 
corresponding to 0 Nm and 4 Nm externally applied dorsiflexion moments . At each 
jFoSo, talo-crural joint angle (jTaCr) defined as the angle between the insertion of 
the Achilles tendon onto the calcaneus, the central point between the malleoli and 
the central point between the femoral epicondyles, was determined by retrieving 
the coordinates of bony landmarks using a 3D stylus (Fig. 1C). Positive angles 
correspond to dorsal flexion angles. The difference between jTaCr and jFoSo  
(jTaCr-jFoSo) represents the difference in orientation of the hindfoot with respect to 
the foot sole (Fig. 1C). Decreases in jTaCr-jFoSo with increases in externally applied 
dorsal flexion moment between 0 and 4 Nm, are considered as estimates of foot 
flexibility (Tardieu et al., 1977).

Muscle morphology
At jFoSo corresponding to 0 and 4 Nm, B-mode 3d-ultrasound (3DUS) images were 
collected(Weide et al., 2017). From those, morphological characteristics including, 
muscle-tendon complex length (! m+t), muscle belly length (! m), and tendon length 
(! t) were measured (Weide et al., 2017). Length changes between 0 and 4 Nm 
were calculated and normalised to lower leg length (! ll). Length changes of ! m 
and ! t were also expressed as percentages of ! m+t length changes. Finally, at jFoSo  
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corresponding to 0 Nm, muscle volume (VGM), fascicle length (! fasc) and physiological 
cross-sectional area (Afasc) were determined (Weide et al., 2017). VGM and Afasc were 
normalised for body mass (BM). 

OUTCOME AND FOLLOW-UP 

The results of the patient’s routine 2D video gait analysis are reported below, followed 
by results from the additional instrumented assessments (Table 2). 

Gait Analysis
At 9 wk follow-up, absolute and normalised walking velocity had slightly improved 
(i.e. absolute velocity increase of 0.2 m/s) by a decreased stride time (-10.6%) and 
an increased stride length (7.6%) compared to pre-treatment. In addition, kinematics 
showed that jFoSo at both initial contact and mid-stance had increased towards 
dorsiflexion by 2.3o and 10.0o, respectively. Although there was 2.7o more knee 
flexion at initial contact, there was 2.8o  less knee flexion during mid-stance. 
 Similar to changes measured after 9 wk follow-up, after 26 wk, both normalised 
and absolute walking velocity increased with respect to pre-intervention velocity 
(i.e. absolute velocity increase of 0.2 m/s), as stride time was lower (-14.6%) and 
stride length was longer (4.8%). However, gait kinematics showed that jFoSo at initial 
contact and mid-stance had almost returned to -1 wk values, (i.e. 0.5o and 5o more 
dorsiflexion, respectively). At 26 wk, knee extension had deteriorated compared to -1 
wk, as both initial contact and mid-stance as jK flexion increased by 10.7o and 15.3o, 
respectively. The results of the gait analyses therefore indicate that only short-term 
improvements were achieved.

Instrumented Spasticity Assessment 
RMS-EMG of the GM during fast dorsiflexion movements was considerably higher 
compared to that during slow movements, indicating the presence of velocity-
dependent involuntary muscular hyperactivity. After treatment, the velocity-
dependent hyperactivity (i.e. difference in activation of GM between slow and fast 
dorsiflexion movements) decreased by -52% at 9 wk and by -20% at 26 wk (Table 2). 

Joint angles and foot flexibility 
After 9 wk, jFoSo at 0 Nm had increased by 13.1o dorsiflexion. In addition, jFoSo range 
between 0 and 4 Nm had increased by 3.8o. After 26 wk, jFoSo at 0 Nm was still 
increased (by 7.3o dorsiflexion), but jFoSo range between 0 and 4 Nm had returned to 
almost pre-intervention values (just a 0.5o increase). 
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Table 2: Overview of the mean outcome values of gait analysis (Gait), instrumented spasticity 
assessment (Spast), ankle range of motion (ROM) and gastrocnemius medialis muscle morphology 3D 
ultrasound (3DUS) assessments.

-1w 9w 26w

G
ai

t

Parameters Walking velocity (m/s) 0.84 1.02 1.01
Normalised walking velocity 0.36 0.42 0.41

Mean stride time (s) 0.94 0.84 0.82 
Stride length (m) 0.79 0.85 0.83 

jFoSo (°) Initial contact -10.2 -7.8 -9.7 

Mid-stance -4.3 5.7 0.7
jK (°) Initial contact 32.2 34.8 42.8 

Mid-stance 15.0 12.2 30.3 

Sp
as

t EMG (uV) Max GM slow 10.3 23.2 17.3

Max GM fast 66.5 25.6 37.8

RO
M

jFoSo (
o) 0 Nm -30.1 -17.0 -22.8

∆0-4 Nm 18.4 22.2 18.9

jTaCr (
o) 0 Nm 24.4 29.1 17.0

∆0-4 Nm 13.1 11.5 15.0

jTaCr-jFoSo (
o) 0 Nm 54.5 46.0 39.9

∆0-4 Nm 5.2 10.8 4.0

3D
U

S

Vgm/BM (ml/kg) 0 Nm 1.6 1.6 1.7 

! fasc/! ll (%) 0 Nm 14.9 14.7 14.2

Afasc/BM(mm2/kg) 0 Nm 39.7 40.7 43.7

! m+t/! ll (%) 0 Nm 100.8 102.5 100.9

∆0-4 Nm 7.4 5.0 7.3

! m/! ll (%) 0 Nm 52.2 53.3 51.4

∆0-4 Nm 4.4 2.6 4.2

! t/! ll (%) 0 Nm 48.6 49.3 49.5

∆0-4 Nm 2.9 2.4 3.1

∆! m (0-4 Nm)/∆ ! m+t (0-4 Nm) (%) 59.5 52.0 57.3

∆! t (0-4 Nm)/∆ ! m+t (0-4 Nm) (%) 39.2 48.0 42.5

Notes: jFoSo = Foot sole angle relative to lower leg; jK = Thigh angle relative to lower leg; jTaCr = 
Angle between line connecting the insertion of the GM at the calcaneus bone with the center of the 
bimalleolar axis and the line following the lower leg; jTaCr-jFoSo  = the angle of the line connecting 
the insertion of the GM at the calacaneus bone with the center of the bimalleolar axis relative to the 
foot sole; Positive angles indicate dorsiflexion angles, if delta angular values are reported positive, 
this indicates angular changes in dorsiflexion direction. Vgm/BM = m. gastrocnemius medialis volume 
normalised for body mass; Afasc/BM (mm2/kg) = physiological cross-sectional area normalised for 
body mass; ! m+t/! ll = muscle tendon complex length normalised for lower leg length; ! m/! ll = muscle 
belly length normalised for lower leg length; ! mt/! ll = tendon length normalised for lower leg length;  
∆! m (0-4 Nm)/∆! m+t (0-4 Nm) = Muscle belly lengthening between 0-4 Nm relative to muscle tendon 
complex lengthening between 0-4 Nm; ∆! t (0-4 Nm)/∆! m+t (0-4 Nm) = Tendon lengthening between 0-4 
Nm relative to muscle tendon complex lengthening between 0-4 Nm. 
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 After 9 wk, jTaCr  at 0 Nm had increased towards dorsiflexion by 4.7o. However, 
after 26 wk, jTaCr  had decreased towards plantarflexion by 7.4o. The jTaCr  range 
between 0 and 4 Nm was decreased by 1.6o after 9 wk and was increased by 3.5o 
after 26 wk. 
 During follow-up, jTaCr-jFoSo  at rest (i.e. at 0 Nm) was decreased (by 8.5o at 
9 wk, and by 14.6o at 26 wk), which suggests that bones in the foot at rest had 
changed their orientation with respect to the footplate. Decreases in jTaCr-jFoSo at 
0 Nm likely indicate that post-treatment, the hind foot was more parallel with the 
foot sole. Change in jTaCr-jFoSo between 0 and 4 Nm had increased by 5.6o at 9 wk 
and decreased by -1.2o at 26 wk compared to jTaCr-jFoSo between 0 and 4 Nm at -1 
wk. After 9 wk, flexibility of the foot had contributed to almost half of the jTaCr-jFoSo  
between 0 and 4 Nm. After 26 wk, the effects of foot flexibility had reduced with 
respect to the -1 wk assessment. Though at 26 wk there was less flexion within 
the foot between 0 and 4 Nm, the foot was more deformed at 0 Nm, with a larger 
plantarflexion jTaCr with respect to jFoSo.

Muscle morphology
During follow-up, normalised muscle volume did not change. After 9 wk, normalised 
muscle-tendon complex length (! m+t/! ll) at 0 Nm had increased by 1.7%. 
However, length changes of ! m+t/! ll between 0 and 4 Nm had decreased by 
-2.4% compared to those before the intervention, indicating that while ! m+t/! ll got 
longer, extensibility of the GM had decreased. After 26 wk, ! m+t/! ll at 0 Nm and GM 
extensibility between 0 and4 Nm had returned to pre-intervention levels.
 After 9 wk, both muscle belly (! m/! ll) and tendon length (! t/! ll) corresponding 
to 0 Nm had increased by 1.1% and 0.7%, respectively. However, extensibility between 
0 and 4 Nm decreased by -1.8% for ! m/! ll and by -0.5% for ! t/! ll. After 26 wk, at  
0 Nm, ! m/! ll had decreased by -0.8% and ! t/! ll had increased by 0.9%. Lengthening 
of ! m/! ll between 0 and 4 Nm had decreased by -0.2%, and had increased for  

! t/! ll by 0.2%. These findings indicate that, while ! m/! ll got shorter and ! t/! ll 
got longer after 26 wk, muscle belly lengthening and tendon lengthening relative to 
the muscle-tendon complex lengthening. With shorter ! m/! ll at 9 wk and 26 wk, 
normalised fascicle length (! fasc/! ll) had slightly decreased following treatment. 
While normalised GM volume did not change, physiological cross-sectional area 
normalised for body mass (Afasc/BM) slightly increased following treatment.
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DISCUSSION 

In this case study, we found short-term improvements in gait that were accompanied 
by a large reduction in calf muscle hyperactivity and improved ankle ROM after 
BoNT-A injections combined with serial casting and physiotherapy in a child with 
SP. However, increased flexibility of the foot, rather than changes in GM morphology 
largely explained the increased ankle ROM. These results suggest that improvements 
in gait were predominantly due to  reduction of muscle hyperactivity and increased 
foot flexibility, and not to change in muscle morphology. 

Short-term effects on gait
Gait characteristics improved with regard to ankle (foot sole) dorsiflexion angles 
as expected based on previous studies (Nieuwenhuys et al., 2016; Boyd et al., 
2000; Desloovere et al., 2001; Ackman et al., 2005). Improvements in gait following 
denervation by local BoNT-A injections and serial casting may be due to: (a) 
temporary denervation causing a reduction of muscle hyperactivity (Dunne et al., 
2010), (b) changes in plantar flexor muscle morphology and/or stiffness (Scholtes 
et al., 2007; Wren et al., 2004), (c) increased tolerance to stretch.
 At 9 wk, passive ankle ROM had improved and velocity dependent stretch reflexes 
were reduced. Similar to our findings, other studies have also reported short term 
increased ankle (foot sole) ROM as a result of BoNT-A treatment (Tedroff et al., 2009). 
However, we found no changes in muscle morphology, indicating that changes in 
passive ankle ROM during gait were not because of morphological changes in the 
GM. This finding is also supported by a recent studies of Pothrat et al. and Kalkman 
et al. in which changes in jFoSo  did not correspond to length changes of the triceps 
surae muscles (Pothrat et al., 2015; Kalkman et al., 2018).
 Instead, it is likely that increased foot flexibility contributed to observed 
changes in gait. Using a simple approach, we showed  that flexibility of the foot 
greatly contributed to apparent ankle ROM, especially at 9 wk post-treatment. 
During passive ankle ROM assessment with a maximally externally applied 4 Nm 
dorsiflexion footplate moment, almost half of the jFoSo  ROM was accounted for by 
flexion within the foot. Therefore, it is expected that during gait, when much higher 
loads are imposed, foot flexibility will explain a substantial fraction of jFoSo change 
(Pothrat et al., 2015). Altogether, our findings question whether the treatment goal 
of increasing ankle ROM in this case was achieved. In addition, it challenges other 
positive findings of increased ankle ROM reported in literature.
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Long-term effects on gait
Half a year after the intervention, overall gait had deteriorated with respect to values 
measured pre-intervention. Knee flexion angles during mid-stance substantially 
increased (i.e. deteriorated) and ankle angles during gait returned to pre-intervention 
values. Based on previous studies showing that functional improvements in children 
with cerebral palsy after BoNT-A could last up to 6 months, it was expected that 
the effects of BoNT-A injections would only yield temporarily (Love et al., 2001). In 
line with the observed return in limitations in ankle dorsiflexion during gait, we also 
observed a slight increase in muscle hyperactivity. This was also expected as in mice, 
stretch reflexes recovered 28 days after injection (Juzans et al., 1996). In addition, 
at 26 wk, the passive ankle ROM value was worse than at 9 wk post-treatment. The 
combination of both a return in muscle hyperactivity and a decrease of passive ankle 
ROM, suggests that the intended effects of treatment had disappeared. Compared 
to short-term, less flexibility within the foot occurred at 26 wk, indicating that 
changes in foot sole ROM were now presumably more associated with triceps-surae 
extensibility. Tissue stiffness at 26 wk had also returned to pre-treatment values as 
indicated by muscle and tendon extensibility between 0 and 4 Nm ankle moments. 
In addition, at 26 wk an unwanted increase in knee flexion angle in gait was found, 
which may be related to a recurrence of hyperactivity of the GM. Therefore, on the 
long-term, we found no benefit of the treatment with even a deterioration of knee 
angles during gait.

Marginal treatment effects on muscle morphology
The physiological cross-sectional area (Afasc) of the GM marginally increased after 
treatment. It is generally presumed that BoNT-A injections combined with serial 
casting improve the extensibility of triceps surae muscles by reducing muscular 
hyperactivity, by atrophy and by length adaptations of muscle fibers(Cosgrove et al., 
2008; Park et al., 2014; Schroeder et al., 2009). Muscle atrophy implies a reduction 
in the number of titin filaments arranged in parallel (Legerlotz et al., 2009), which is 
associated with  reduced resistance to extension (Wang et al., 1991). A reduction 
in stretch resistance caused by denervation or by atrophy might allow the muscle 
belly to stretch to extended lengths during serial casting. This is expected to 
induce an addition of sarcomeres in series, which will shift the optimum muscle 
length towards a longer length (i.e. dorsiflexion). However, our results show that 
following BoNT-A treatment neither atrophy nor substantial adaptation in GM length 
were accomplished. Muscle strains could explain such lack of response resulting 
in sufficient protein synthesis to prevent atrophy (Goldspink, 1999). Moreover, the 
effects of repeated BoNT-A treatment on muscle growth are controversial as after 
each injection muscles may atrophy and weaken which reduces their potential for 
adaptation (Gough et al., 2005; Fortuna et al., 2011). However, studies in cerebral 
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palsy have been inconclusive on the long-term effects of BoNT-A on muscle volume 
(Barber et al., 2013; Schless et al., 2019). As muscles in children with SP are less 
developed (i.e. in this case ≈30% less volume of GM compared to that of typically 
developing children), it could also be that they may not be sensitive to atrophy 
any further. This would imply that muscle fibers had already reached the smallest 
possible cross-sectional area and could not atrophy any further without losing fibers 
(van der Meer et al., 2011; Sartori et al., 2013).
 In this study, we used clinically applicable 3D ultrasound assessments to quantify 
the morphological characteristics of the GM (Weide et al., 2017). The accuracy of this 
assessment has been tested, showing that ultrasound muscle volume estimates are 
on average off by 3%, and fascicle lengths by 6%, compared to immersed cadaver 
muscles (Weide et al., 2017). BoNT-A injection in quadriceps muscles of rabbits 
induced a reduction in muscle mass of 31-50% after 1 month (Fortuna et al., 2011). 

The above indicates that our 3D assessments are sufficiently sensitive to assess the 
changes in morphology in response to BoNT-A injection after 9 and 26 wk.

Large treatment effects on foot deformation
Post-treatment, the orientation of the line connecting the insertion of the GM at the 
calcaneus with the center of the bi-malleolar axis had changed into a more plantar 
grade angle with respect to the rest of the foot. This likely allowed the entire foot to 
move into dorsiflexion angles at relatively shorter triceps surea lengths. In addition, 
effects of foot flexibility were increased at 9 wk, but returned to baseline at 26 wk. 
Flexibility of the foot allows large movements within the foot without changes in 
triceps-surea length. Returning to the mechanisms by which gait improved post-
treatment, we suggest, that in this case, the combination of BoNT-A and serial casting 
likely reduced the rigidity of the foot to better cope with the AFO. It is concluded that 
the intervention and follow-up had varying effects on the foot both at rest and when 
under load (i.e. between 0 and 4 Nm).

Limitations of the study
This report has some obvious limitations. Firstly, we report the observed results of 
one case study. To the best of the author’s knowledge, this is the first comprehensive 
study reporting effects of BoNT-A and serial casting in a subject with SP. Obviously, 
a case study is inherently not a generalizable research study, yet that was not 
the primary aim of the paper. Rather, we demonstrate what can be learned by 
instrumented muscle- and joint-level assessments following a very commonly 
applied treatment.
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 A second limitation is the lack of functional assessment at the level of activities. 
We carried out assessments only on the ‘body functions and structures’ of The 
International Classification of Functioning, Disability and Health (World Health 
Organization, 2007). 

Clinical perspective and applicability
There is growing awareness among clinicians that subjective clinical examination 
of impairments are limited in terms of reliability, validity and sensitivity (van den 
Noort et al., 2017; Fleuren et al., 2010). Given concern of repeated use of BoNT-A in 
growing muscle (Gough et al., 2005), maximum effort should be spent in developing 
more informative and robust assessment methods. Here we present instrumented 
assessments that have been validated for clinical use in children with cerebral palsy 
(Cenni et al., 2016; Bénard et al., 2010; Weide et al., 2017; Bar-On et al., 2013a; Sloot 
et al., 2015). In this case study, we demonstrated that such in-depth evaluation 
provided insight into the working mechanisms of treatment with BoNT-A and serial 
casting. This in-depth understanding of how changes in gait were achieved can be 
translated to better-informed clinical decision-making and individualised patient 
management. In our case, we found limited muscular morphological adaptation 
post-treatment to explain the short-term improvements in gait. Possibly, treatment 
resulted in a more flexible foot that could be fitted more easily (pain-free) into 
an AFO. This result is similar to that of recent studies showing limited long-term 
effects of stretching interventions, with increases in joint ranges being accounted 
for by increased tolerance (Hösl et al., 2015; Kalkman et al., 2018). While the child 
was better able to tolerate her AFO in the short term, it is questionable whether 
increasing foot flexibility is desirable and therefore whether treatment with serial 
casting following BoNT-A was the best long-term solution. In our patient’s case, 
stretch reflex hyperactivity, rather than passive muscle properties, was very likely 
a strong determinant of her gait deviations. This was evident before treatment by a 
high amount of velocity-dependent activation during passive stretch as well as by the 
quick return of this hyperactivity 26 wk post-treatment with a subsequent return of 
the ankle dorsiflexion impairment. Therefore, in this case, a better long-term solution 
that specifically targets the hyperactivity (rather than the passive muscle properties) 
may be selective dorsal rhizotomy. In other cases where hyperactivity is limited, but 
muscle properties are impaired, alternative treatment choices may be superior. 
 The above reasoning requires further validation by means of clinical research. 
Firstly, reference databases of typical as well as pathology-specific spasticity, 
muscle morphology and foot flexibility impairments as assessed with instrumented 
methods are essential. These will allow for context-specific interpretation of any 
values obtained from individual patients. Secondly, investigations with large subject 
samples should be initiated to study the effects of commonly applied treatments on 
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the impairments as assessed in an instrumented way. By doing so, we can better 
understand the treatments working mechanisms and start to tailor them in a muscle 
and patient-specific way. Finally, given the lack of effective treatments to positively 
alter muscle properties in children with SP, more research in this field is urgently 
required.

Conclusion
Here we show that BoNT-A injections combined with serial casting and physiotherapy 
resulted in positive short-term effects on gait, spasticity and foot sole rotation. 
However, increased ankle joint ROM was largely explained by increased foot 
flexibility, rather than by changes in gastrocnemius muscle morphology, at which  
the treatment was targeted. After 26 wk, increased foot flexibility was not retained, 
while also spasticity and dorsiflexion joint restrictions returned to baseline values. 
The outcome of this study questions the rationale of administering BoNT-A and 
casting to treat ankle dorsiflexion gait deviations in this case. Comprehensive 
assessments on multiple levels from muscle to joint to foot, helped establish the 
mechanisms underlying ankle dorsiflexion impairment and obtain insight in changes 
following treatment. Such a combination of assessments can provide valuable 
information for patient-specific clinical decisions. 
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GENERAL SUMMARY

The overall aim of this thesis was to elucidate on mechanisms contributing to hyper-
resistance of the triceps surae muscle (TS) in children with spastic cerebral palsy 
(SCP). During gait, TS hyper-resistance in children with SCP and the associated 
ankle dorsal flexion hyper-resistance frequently results in abnormal plantar flexed 
orientations of the foot. Clinical interventions aim to improve gait and prevent 
progression of abnormal plantar flexion angles by reducing TS hyper-resistance. 
To extend knowledge regarding the underlying mechanisms of TS hyper-resistance, 
we investigated various determinants of TS hyper-resistance in children and 
adolescents with SCP and in typically developing (TD) children. In this context, we 
particularly focussed on the morphology of the gastrocnemius medialis muscle 
(GM), which is part of the TS. The results of this thesis showed that relations 
between GM morphology and TS hyper-resistance differ between TD and SCP 
children. Previously, it has been shown in TD children, that structural components 
constituting the GM muscle-tendon complex (i.e. muscle fibres, aponeuroses and 
tendons) grow uniformly (Bénard et al., 2011). This indicates that with childhood 
growth, structural components constituting the GM muscle-tendon complex 
are scaled, preserving the internal ratios. In Chapter 2, we provided new insights 
in GM growth in TD adolescent males. We found that longitudinal growth of the 
GM is mediated by increases in physiological cross-sectional area (Afasc) and not 
by increases in fascicle length (! fasc) or tendon length (! t). We hypothesised, that 
increases in Afasc may have contributed to a decreased ankle dorsal flexion range 
of motion in the older TD adolescent males. In a similar way, altered GM growth in 
children and adolescents with SCP may also be related to a reduced ankle dorsal 
flexion range of motion.
 In addition to an altered GM growth, ankle dorsal flexion range of motion in children 
with SCP may also be influenced by foot deformations. Previous research showed 
that foot deformations in children with SCP may cause erroneous assessments of 
TS extensibility when based on foot sole rotations (Huijing et al., 2013). Passive ankle 
dorsal flexion range of motion (ROM) and TS hyper-resistance are often clinically 
inferred from assessments focussed on foot sole ROM. Foot sole flexion angles 
are measured as the angle between the foot sole and the shank (Fig. 1). Clinicians 
often use the examination of “foot” ROM to infer TS muscle extensibility (Gracies 
et al., 2010), however, caution is required. In Chapter 4, we showed that during 
physical examination, foot deformations in both TD and SCP children contribute to 
foot sole ROM by on average 30%. Based on these findings, we advise clinicians 
and researcher to take foot deformations into account when evaluating TS hyper-
resistance during physical examination in children with SCP, but also in TD children. 
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 To evaluate differences in whole GM morphology in both SCP and TD children, 
we improved and extended an existing 3-dimensional ultrasound (3DUS) technique 
(Fry et al., 2004; Bénard et al., 2011) to enable fast reconstructions of 3DUS images 
of entire muscles by using multiple ultrasound sweeps (Chapter 3). The improved 
technology now allows for in-depth assessments of muscle volume, physiological 
cross-sectional area, fascicle length, and tendon length of the m. gastrocnemius 
medialis (GM) and the m. vastus lateralis muscle (van der Zwaard et al., 2018). In 
Chapter 5, we showed using the improved 3DUS technique, that GM geometry of TD 
and SCP children mainly differed in the muscle belly and tendon growth rates. GM 
muscle volume in children with SCP was smaller compared to that in TD children, 
particularly in children with a larger body mass (i.e. at an older age). In contrast to 
TD children, GM muscle volume of children with SCP was only correlated to Afasc, and 
not to ! fasc. (Chapter 5, Fig. 4). This finding suggests that muscle growth in children 
with SCP is not related to increases in fascicle, but to radial increases instead. 
In contrast to the slower growth rates in muscle volume in children with SCP, the 
longitudinal increases of tendinous structures exceeded those in TD children. 
Interestingly, the longitudinal increase in tendinous structures in children with SCP 
even exceeded the increase in their lower leg length. In children with SCP, but not 

Figure 1. Physical examination of foot sole range of motion, typically used to infer on ankle hyper-
resistance and m. triceps surae hyper-resistance. This figure is adapted from: ‘Handleiding standaard 
lichamelijk onderzoek bij kinderen met een centraal motorische parese’; J.G. Becher 2011
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in TD children, extension of the muscle-tendon complex between two standardised 
externally applied loading condition (GM extensibility) was negatively correlated to 
both Afasc and ! t. These findings imply that the muscle-tendon complexes of SCP 
children with a lower Afasc and a shorter ! t are more compliant towards extension 
compared to SCP children with higher values of Afasc and ! t. As growth of Afasc and  

! t both contribute to longitudinal GM muscle-tendon complex growth, it is 
concluded that growth of these components negatively affects GM extensibility in 
children with SCP. Based on the observation that muscle growth in children with SCP 
is characterised by hampered longitudinal growth of muscle fascicles, interventions 
targeting longitudinal fascicle growth and preventing longitudinal tendon growth are 
likely favourable to improve muscle-tendon complex extensibility. 
 In Chapter 6, we presented a case study in which we showed short-term 
improvements in gait of a child with spastic paresis after Botulinum Neurotoxin-A, 
serial casting and physiotherapy treatment. Short-term gait improvements were 
mainly explained by a reduction of spasticity and increased foot flexibility rather 
than the anticipated longitudinal growth related changes of the GM muscle-tendon 
complex. The outcome of this case study questions the rationale of administering 
BoNT-A in triceps surae muscles and subsequent serial casting to induce longitudinal 
fascicle growth. 
 To conclude, it has been shown that substantial morphological variations 
characterises children with SCP. The results of this thesis suggest that a few 
morphological features should be taken into account to improve clinical interventions 
and to further research that aims to reduce TS hyper-resistance in children with SCP. 
Assessments described in this thesis are ready to be used in a clinical setting to 
support clinical decision making, and to evaluate interventions that aim to reduce TS 
hyper-resistance in children with spastic cerebral paresis. 

Functional limitations related to GM morphology in children with 
SCP 
The geometry of the GM muscle-tendon complex (morphological characteristics) 
determines both the active and passive length-force characteristics of the muscle 
(Woittiez et al., 1983). Several GM morphological characteristics related to TS hyper-
resistance have been identified in children with SCP. In Chapter 5, we showed that 
different conclusions were obtained from group comparisons between children with 
SCP and TD children as opposed to conclusions derived from individual data of only 
children with SCP. The muscle-tendon complex consists of the muscle belly and the 
tendon, each with different characteristics contributing to the length range of active 
and passive force exertion. In Chapter 5, we showed that muscle volume in children 
with SCP is smaller compared to in TD children. A smaller GM volume may be due to 
a low number of sarcomeres arranged in-series, but in case of a pennate muscle also 
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to a low number of sarcomeres arranged in-parallel. The total number of sarcomeres 
arranged in-parallel within the GM is reflected by the muscle’s physiological cross-
sectional area (Afasc). On average, there was no significant difference in Afasc between 
SCP and TD children, because of large inter-individual variations. However, most 
values of Afasc of children with SCP were outside the 95% confidence interval of the 
TD children (Chapter 5, Figs. 5 and 6). This suggests that Afasc in children with SCP 
is lower at similar age and body mass values compared to that of TD children, which 
is line with results of previous studies (D’Souza et al., 2019; Malaiya et al., 2007). 
Although we did not examine the force generating capacity of GM, a smaller Afasc 
indicates a lower force generating capacity (Morse et al., 2008). Because of the 
GM’s pennate architecture, a smaller Afasc also implies a shorter muscle belly, and 
therefore a shift of optimum force towards shorter muscle-tendon complex lengths 
(cf. Swatland, 1980; Bénard et al., 2011; Heslinga & Huijing, 1992). At a similar 
muscle volume, Afasc is larger in SCP children compared to TD children (who have a 
larger ! fasc), particularly with large muscle volumes (Chapter 5, Fig. 4B). In addition, 
smaller values of Afasc imply a lower number of parallel-arranged sarcomeres and 
titin proteins, and hence a lower passive resistance to extension (i.e. more compliant 
muscle-tendon complex). In children with SCP, we found that Afasc was negatively 
correlated with muscle-tendon complex extensibility (Chapter 5), indicating that 
SCP children with a smaller Afasc had a lower resistance to acute elongations of 
the muscle. We expected to find similar effects in TD children, however, in these 
children Afasc correlated positively with muscle-tendon complex extensibility. This 
finding may be explained by simultaneous increases in ! fasc and Afasc in TD children 
(Fig. 2), in which positive effects of having longer fascicles on the extensibility may 
have outweighed the negative effects of a larger Afasc. 
 Regarding the muscle fascicle length (! fasc), we showed that ! fasc (i.e. bundle of 
muscle fibres) was shorter in children with SCP compared to TD children. Shorter 
fascicle lengths in children with SCP are possibly related to a lower number of 
sarcomeres in-series, which implies a shift of the passive and active length-force 
curve of the muscle-tendon complex towards shorter lengths (Williams & Goldspink, 
1978). Such a shift implicates an increase in both passive and active forces at shorter 
lengths. Optimum muscle-tendon complex length moves to shorter muscle-tendon 
complex lengths, or in terms of ankle joint angles, optimum GM length shifts to more 
plantar flexion angles. Passive resistance to dorsal flexion is increased for a given 
dorsal flexion angle, resulting in an increased stiffness at lower dorsal flexion ankle 
joint angles. In addition, shorter ! fasc will potentially promote higher elongation rates 
in the muscle spindles, and as such enhance the velocity dependent stretch reflex 
in children with SCP (cf. Gracies, 2005; Tardieu et al., 1982; Van Dyke et al., 2014). 
Taken together, aberrant short GM fascicles in children with SCP affect both the 
active and passive ankle dorsal flexion ROM and may also increase spastic reflexes. 
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 In contrast to our expectations, we did not find any difference in muscle-tendon 
complex length between SCP and TD children. However, at standardised net ankle 
moments, tendon structures were longer in children with SCP compared to TD 
children (Gao et al., 2011; Wren et al., 2010; Barber et al., 2012). Generally, a longer 
tendon slack length shifts the optimum length of the muscle-tendon complex to a 
longer length and increases the length range of active force exertion, when compared 
to a muscle-tendon complex with a shorter tendon at slack length. However, 
because there was no difference in GM muscle-tendon complex length between 
SCP and TD children, a longer tendon may compensate for the short fascicles in 
children with SCP. If the tendon properties in SCP and TD children would be similar, 
the larger tendon length in SCP implies a reduced tendon stiffness (i.e. increased 
compliance). However, our results showed the opposite effect for SCP children. 
The length of tendinous structures (aponeurosis + tendon length) was negatively 
correlated with muscle-tendon complex extensibility, indicating that children with 
longer tendinous structures have a reduced muscle-tendon complex extensibility. As 
we did not expect the tendinous structures to lengthen acutely, and - if any - a very 
slightly, it may explain the reduced extensibility. In addition, reduced extensibility 
may also be explained by shorter and presumably less extensible muscles fascicles 
accompanying the longer tendinous structures (Fig. 2A).
 In summary, morphology of the GM in children with SCP is characterised by 
a smaller muscle belly volume, shorter fascicles with a smaller Afasc and longer 
tendinous structures compared to those found in TD children. Particularly in 
children with SCP with longer tendinous structure (! a+t), ! fasc is found to be shorter 
compared TD (Fig. 2A). While Afasc is on average lower in children with SCP, values of 
Afasc are higher in SCP children with short ! fasc compared to that in TD children (Fig. 
2C). Shorter fascicles and lower values of Afasc imply a shift of the active length-force 
curve towards shorter length. A lower value of Afasc results in lower muscle force 
generating capacity. Shorter ! fasc and lower values for Afasc have opposing effects 
on the passive extensibility of the muscle belly. However, in our cross-sectional 
group of children with SCP (GMFCS I-III), Afasc was negatively associated with ! fasc  

(Fig. 2C). This implies that muscles of children with SCP are comprised of relatively 
large Afasc and short ! fasc, likely in part explaining TS hyper-resistance and associated 
ankle dorsal flexion hyper-resistance. 
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Figure 2. Regression analysis of individual geometrical characteristics of m. gastrocnemius 
medialis related to tendinous structure length and fascicle length at 0 Nm ankle condition. A) Plot 
relating individual ! fasc (fascicle length) to ! a+t (tendinous structure (aponeurosis and tendon) length). 
B) Plot relating individual Afasc to ! a+t. C) Plot relation individual Afasc to ! fasc. Indicating, that while in 
TD longer fascicle are related to a larger physiological cross-sectional area, in SCP longer fascicles are 
related to a smaller physiological cross-sectional area. The shaded area represents the 95% confidence 
interval for the TD group. No regression lines are drawn and no coefficient of correlation is indicated for 
data not showing a significant coefficient of correlation.

Possible explanations for aberrant GM morphology in children with 
SCP
During growth, the TS muscle-tendon complex needs to grow longitudinally to 
preserve the range of motion of the ankle joints. In the preceding chapters, we have 
shown that the ability or inability of the foot, tendon and/or muscle belly to adapt, 
likely influences ankle hyper-resistance and triceps-surae extensibility in children 
with SCP. This inability of the fascicles to increase appeared as the most apparent 
growth impairment of children with SCP. Several mechanisms may play a role in the 
hampered longitudinal fascicle growth. Either the mechanical stimulus for growth 
is attenuated, the growth potential of the muscle is reduced, or both are impaired in 
children with SCP compared to that in TD. Based on our data and findings of others 
we will discuss how both scenarios may explain aberrant GM adaptations in children 
with SCP. 

Is the mechanical stimulus for longitudinal fascicle growth attenuated 
in children with SCP?
Although the mechanisms underlying regulations of the number of sarcomeres are 
far from understood in healthy muscles (Huijing & Jaspers, 2005), it is generally 
acknowledged that addition of sarcomeres in-series requires a mechanical stimulus 
(Huijing & Jaspers, 2005). In children with SCP, spasticity and a sedentary lifestyle 
with increases in both Afasc and lengths of tendinous structures may precede or 
resolve the mechanical stimulus required for longitudinal muscle fascicle growth. 
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 Spasticity results in involuntary spastic reflexes in response to muscle fibre 
lengthening. Movements that extend these sensitive muscles are likely avoided or 
result in involuntary contractions. The muscle-tendon complex, but more specifically 
the muscle fibres are kept short, resulting in a reduced strain on the muscle fibres. 
This theory is arguable, as others have found increased sarcomere lengths in SCP 
compared to TD children, showing that muscle fibres in SCP children are strained to 
a larger extent compared to TD children (Mathewson et al., 2014, 2015). However, 
these comparisons were made in a condition that requires higher externally applied 
moments in SCP children compared to that in TD children (i.e. 0 degrees foot sole 
angle, i.e. perpendicular to the shank), likely related to TS hyper-resistance in children 
with SCP (c.f. Bénard et al., 2010). In addition, children with SCP tend to have a more 
sedentary lifestyle (Longmuir & Bar-Or, 2000), which may result in less mechanical 
loading and less contractile activity compared to active TD children, reducing the 
stimulus to add sarcomeres in-series. In addition, longitudinal fascicle growth seems 
to require contractile activity (cf. Dyke et al., 2012; Jaspers et al., 2004), hampered 
longitudinal muscle fascicle growth in children with SCP may as such also be related 
to both altered contractile and mechanical stimuli. 
 The human TS consists of three pennate muscles, in which not only fascicle 
lengths and tendon length, but also the physiological cross-sectional area contributes 
to the optimum length of the muscle-tendon complexes. In Chapter 2, we showed 
that in adolescent males, increases in Afasc of the GM mediates increases in muscle-
tendon complex length because of the pennate architecture of this muscle. We 
hypothesised that during adolescence in both SCP and TD adolescents increases 
in Afasc will compensate for the lack of longitudinal fascicle growth. Shortening 
immobilization studies have shown that besides shortening adaptations of muscle 
fibre and tendinous structures, atrophy of the pennate fibre also results in shorter 
muscle belly lengths (Heslinga et al., 1995). In our group of children with SCP, Afasc 
was smaller than in TD children, particularly for children with a smaller body mass 
(see Chapter 5). However, the increases in Afasc with age were similar between 
groups, which indicates that children with SCP demonstrate normal increases of 
Afasc (normal trophy or hypertrophy) during childhood (Fig. 2B). Note that these 
increases in Afasc in children with SCP also contribute to increases in muscle belly 
length compensating for the lack of ! fasc growth. 
 Children with SCP tend to have a more sedentary lifestyle compared to TD children 
(Nooijen et al., 2014), which may consequently result in a reduced mechanical 
stimulus for muscle growth. However, such an explanation may not be true for every 
individual SCP subject, as some children with SCP had a very large Afasc (larger than 
some TD children), which indicates a strong radial trophic potential despite of a 
reduced longitudinal increase in ! fasc (Fig. 2C). Possibly, this larger Afasc is a result 
of a higher number of fibres at birth in these SCP children compared to other SCP 
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children, due to a different timing of the brain lesion (Gough & Shortland, 2012). 
Taken together, overall muscle bellies of children with SCP remain short and small 
compared to those in TD children. Further research is needed to explain why muscle 
bellies of children with SCP are characterised by large variations in Afasc and only 
limited variations in ! fasc. More research is required to further our knowledge of 
conditions, mechanisms and interactions between growth mechanisms resulting in 
longitudinal fascicle growth. 
 The results presented in Chapter 5 suggest that the longitudinal growth of 
tendinous structures was not impaired in children with SCP, but instead was 
enhanced compared to that of TD children. The suggested enhanced tendinous 
growth instead of longitudinal muscle fascicle growth is in line with the effects 
of lengthening immobilization experiments in young animals (Tardieu et al., 1977; 
Williams & Goldspink, 1973). Results of these immobilization studies in young 
animals show that changes in muscle-tendon complex length are mainly a result 
of an increase in tendon length. Lengthening immobilization of innervated muscle 
and denervated soleus muscles of young and adult rabbits, has shown that tendon 
growth in the innervated muscle of young animals was enhanced (Blanchard et 
al., 1985). In adult animals, however, increases in muscle-tendon complex were 
mediated only by changes in sarcomere number, with no changes in tendon length. 
The results of this thesis together with the data on rodents suggest that the tendon 
length in children and young animals increases in length to reduce straining (Wren, 
2003). In an innervated muscle, muscle contractions may enhance the straining 
of the tendon, and increase the stimulus for longitudinal tendon growth (Wren et 
al., 2010). In addition, enhanced tendon adaptations may protect sarcomeres from 
peak stresses during growth (cf. (Maas & Finni, 2018)). Taken together, in children 
with SCP spasticity induced tendon straining may enhance tendon growth, which 
attenuates the stimulus for longitudinal fascicle growth.
 Foot flexibility may also contribute to the attenuation of the stimulus for 
longitudinal fascicle growth. In both children with SCP and TD children, foot flexibility 
reduces the lengthening of the muscle-tendon complex relative to the degree of 
dorsal flexion ROM of the foot. During gait, foot flexibility in TD children at initial 
contact in gait is resolved during mid-stance by muscles activation (e.g. m. tibialis 
posterior and m. peroneus brevis) rigidifying the hind foot to provide a ‘rigid’ lever 
arm for efficient push-off (cf. Semple et al., 2009). In children with SCP, possibly due 
to impaired selectivity, weakness, joint laxity, and/or bony deformation, foot flexibility 
results in functional limitations (Theologis, 2013). Based on the results of Chapter 4 
we cannot conclude that the effects of foot flexibility are increased in children with 
SCP compared to that of TD children. In both children with SCP and TD children, foot 
deformations significantly decreased TS extensibility upon dorsiflexion of the foot 
sole. Therefore, the TS muscle-tendon complexes of children with relatively more 
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foot flexibility are likely subjected to less straining of the muscle-tendon complex 
compared to children with less foot flexibility and as such contribute to a reduced 
stimulus for longitudinal fascicle growth.. 
 All together, the results presented in this thesis indicate that the mechanical 
stimulus for longitudinal fascicle growth may be reduced in SCP due to spasticity, 
hypertrophy, tendon growth, or effects of foot deformation. Based on our results 
we can only speculate on which of these factors should be addressed to enhance 
the stimulus for longitudinal fascicle growth in children with SCP. Further research 
is required to investigate how management of spasticity, hypertrophy, enhanced 
tendon growth and foot deformation improves longitudinal fascicle growth in 
children with SCP. 

Is the growth potential of skeletal muscle intrinsically impaired in 
children with SCP? 
Increasing evidence suggests that the growth potential may be intrinsically impaired 
in children with SCP (see below). In general, the muscle belly grows (trophies) when 
the rate of synthesis of contractile proteins exceeds the rate of protein degradation. 
Mechano-transduction is the phenomena in which cells or nuclei sense mechanical 
stimuli affecting the rate of protein synthesis (Goldspink, 1999; Huijing & Jaspers, 
2005). Muscles are composed of multinucleated muscle cells (i.e. muscle fibre) and 
extracellular matrixes (ECM). The growth potential of a muscle in children with SCP 
can be intrinsically impaired by several factors involved in muscle protein synthesis 
and degradation:

1) Number of myonuclei
During muscle growth, the number of myonuclei within muscle fibres increase 
proportionally with the increase in muscle fibre size (White et al., 2010; Meer et al., 
2011). Satellite cell (SC) mediated myonuclear growth, increases the myonuclear 
content and the amount of DNA available for transcription. The myonuclear density 
within a muscle fibre remains constant with proportional increases in muscle fibre 
size and the number of myonuclei, allowing sufficient template for transcription 
from DNA into mRNA to accommodate the radial and longitudinal addition of 
sarcomeres. Compared to TD children, a lower number of satellite cells per muscle 
fibre (on average 40% of that in TD children) has been reported in hamstrings muscle 
biopsies of children with SCP (GMFCS I-V) (Smith et al., 2013; Dayanidhi et al., 2015). 
A reduced population of satellite cells results in a reduced potential to increase the 
myonuclear content. Surprisingly, length immobilisation in a genetically modified 
mouse with a lower satellite cell (SC) concentration showed normal addition of 
sarcomeres in-series, but only radial growth was affected (Kinney et al., 2017). 
Whether the low number of SCs and a reduced inability of these SCs to proliferate 
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is an intrinsic property of the neurological disorder (SCP) is unclear and remains to 
be determined. Note that the lower number of satellite cells in muscles of children 
with SCP may likewise be the result of a lower mechanical stimulation of the muscle 
fibres (as discussed above) (Boers et al., 2018).

2) Regulation of the rate of transcription & translation
The rate at which available DNA is transcribed and translated into proteins is 
determined via several steps: 1) The first step is gene transcription during which 
DNA is copied into strands of RNA which implicates. RNA polymerase makes copies 
(mRNA) of specific segments of the DNA required for protein synthesis. 2) Next, 
ribosomes translate the mRNA strand into a peptide. The rate of mRNA translation 
depends on the amount of mRNA, ribosomes and amino acids and the initiation and 
elongation factors that regulate the rate at which ribosomes move along the mRNA 
strand (van Wessel et al., 2010). Recently, it has been shown that in children with 
SCP aged 15 years, transcriptional activity of ribosomal DNA genes was reduced 
compared to that in TD children (Von Walden et al., 2018). This implies that the lower 
availability of ribosomal RNA reduces the potential to translate mRNA into proteins. 
In addition, this study also showed that expression levels of transcription factors 
involved in ribosomal biogenesis were reduced in children with SCP. Formerly, it has 
been shown that muscle hypertrophy is preceded by ribosomal biogenesis (Von 
Walden et al., 2018; Nader, 2014). Reduced ribosomal biogenesis, leads to a reduced 
number of ribosomes, which may reduce the rate of protein synthesis in children 
with SCP. 

3) Factors involved in protein synthesis and protein degradation. 
The rate of proliferation and differentiation of satellite cells and the transcription 
and translation of muscle proteins is orchestrated by growth factors and cytokines. 
Growth factors (e.g. IGF-1 and MSTN) stimulate or inhibit signalling pathways 
resulting in changes in the rate of protein synthesis or degradation. IGF-1 plays an 
important role in all phases of satellite cell myogenesis (Chakravarthy et al., 2000; 
Allen & Boxhorn, 1989), stimulating the rate of protein synthesis and inhibiting the 
rate of protein degradation via the Akt/mTOR in animal experiments. In children with 
SCP, serum levels of IGF-1 have been shown to be lower than in TD children of the 
same age (Ali et al., 2007). The major source for IGF-1 in the circulation is the liver, 
in particular during growth, and therefore the low IGF-1 serum levels in children with 
SCP could be a sign that growth is reduced in these children. In contrast to lower 
serum levels of IGF-1, higher expression levels of IGF-1 mRNA transcripts have 
been reported in the hamstring muscle of children with SCP (Smith et al., 2012). 
At present, one can only speculate what the net effect of IGF-1 on muscle growth 
is. More research is required to figure out what the local effects of increased IGF-1 
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expression are on myogenesis and sarcomerogenesis. In contrast to growth factors 
that stimulate muscle growth, other factors (e.g. myostatin (MSTN) and Interleukin-6 
(IL-6)) inhibit protein synthesis and stimulate protein degradation, resulting in 
reduced muscle growth or even atrophy. Muscles deficient for MSTN expression 
tend to be larger, suggesting that MSTN inhibits protein synthesis and stimulates 
protein degradation (Hoogaars & Jaspers, 2018). MSTN mRNA expression levels 
in the m. biceps brachii of SCP children have been shown to be elevated by 2.3-fold 
compared to TD children (Von Walden et al., 2018). Elevated expression levels of 
MSTN that negatively regulates muscle mass potentially explains reduced growth 
in children with SCP. IL-6 is a cytokine that is secreted in response to increased 
mechanical loading (Juffer et al., 2014). Increased local concentrations of IL-6 
slows down protein synthesis and increases protein breakdown, resulting in reduced 
myogenesis or atrophy (Haddad et al., 2005). In addition to affecting the rate of protein 
synthesis, IL-6 activates satellite cell proliferation and differentiation, increasing the 
myonuclear density and thereby the potential for increases in muscle mass (see for 
review Bakker & Jaspers, 2015). Cytokine gene expression levels for IL-6 were found 
elevated in children with SCP as mRNA levels of IL-6 were 2.1-fold higher in skeletal 
muscles of children with SCP compared to those in TD (Von Walden et al., 2018). 
Further investigations are warranted to study whether factors regulating growth are 
impaired in SCP children because of an attenuated mechanical stimulus or due to 
intrinsically impaired growth mechanisms. 

Are mechanisms related to longitudinal tendinous growth enhanced 
in children with SCP?
In Chapter 5, we found that tendon growth is increased in children with SCP 
compared to that in TD. Similar to others (Gagliano, 2013), we speculated that 
spasticity may have contributed to enhanced longitudinal tendon growth. Several 
factors are involved in tendon growth (see for review (Magnusson & Kjaer, 2019). 
Either the mechanical stimulus, or the growth potential for longitudinal tendon 
growth is enhanced in children with SCP. In contrast to adults, in children, the tendon 
cores are still metabolically active until adulthood is reached (Heinemeier et al., 
2013), potentially explaining why longitudinal adaptations of tendon are possible 
in children and not so much in adults (Wren, 2003; Blanchard et al., 1985). Tendon 
cores in adults are mostly metabolically inactive, whereas adaptations in adult 
tendon predominantly occur in the outmost layers of the tendon (i.e. increasing the 
cross-sectional area) (Gumucio et al., 2014). Tendinous structures predominantly 
consist of extracellular matrixes (ECM), composed of collagen fibrils arranged 
in-parallel (especially collagen type 1 (Col1a)) capable of withstanding strong 
tensile forces. In addition to ECM, tendinous structures comprises tenocytes, 
proteoglycans and water. Several factors are involved in growth and maintenance of 
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the ECM. Once such factor is the Transforming Growth Factor β1 (TGF-β1), TGF-β1 
signaling increases in response to resistance training, resulting in increases in Col1a 
synthesis (Gumucio et al., 2015; Heinemeier et al., 2003). In children with SCP, both 
systemic TGF-β1 concentrations and local expression of TGF-β1 (tendon biopsies) 
are higher compared to TD children (Pingel et al., 2019; Von Walden et al., 2018). 
In addition, mRNA expression of Col1a was shown to be elevated in samples of 
hamstrings tendons of quadriplegic SCP children compared to that of TD (Gagliano, 
2013). Taken together, in addition to spasticity-induced increases in the mechanical 
stimulus for growth, factors regulating tendon growth were found to be elevated in 
children with SCP. 

Future research 
Based on the results of this thesis, we have extended our knowledge regarding 
the mechanisms contributing to TS hyper-resistance. Given the lack of effective 
treatments to alter muscle properties in children with SCP, more research in this 
field is urgently required. Reference databases of morphological characteristics 
of TD children and children with SCP with growth and in response to interventions 
are required to allow for context-specific interpretation of individual data. The 
described comprehensive assessment provides relevant information to identify 
aberrant morphological characteristics. Besides identification of morphological 
characteristics in children with SCP and optimizing their interventions, more 
research is needed to further unravel factors responsible for the development of 
these aberrant morphological characteristics. More specifically, the following 
research questions require further investigations.

1) What mechanisms are responsible for hampered longitudinal fascicle 
growth? Animal models for spasticity and/or biopsies of very young children 
with and without SCP are required to obtain more insight in whether satellite 
cell dysfunction is an intrinsic feature in children with SCP or whether it is 
an effect of the reduced muscle activity and mechanical loading. 

2) What mechanisms are responsible for enhanced tendon growth? 
Research is warranted to investigate whether TGF-β1 serum levels are 
increased in children with SCP as a result of neural disturbances (Dobolyi et 
al., 2012), because of increases in spasticity-induced mechanical loading, 
or both. And can we use TGF-B1 inhibitors to reduce synthesis of collagen 
in muscles and tendons of children with SCP? (Potter et al., 2016; Booth et 
al., 2001)
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3) Can training interventions reduce the imbalance between muscle and 
tendon growth in children with SCP? Recent studies have shown that 
resistance exercises improve function in children and adults with SCP (Kirk 
et al., 2016; Willerslev-Olsen et al., 2014). In addition, a systematic review 
has shown that in children and adolescents with SCP of strength training 
induces muscle hypertrophy (Gillett et al., 2016). These results indicate 
that it may be favourable for SCP children to participate in exercise training 
programs that stimulate muscle hypertrophy and possibly also the addition 
of sarcomeres in-series. 

Clinical implications
Comprehensive assessment of morphological characteristics of the GM provides 
relevant information to identify and monitor aberrant morphological characteristics 
in children with SCP. In addition, results presented in this thesis suggest that 
interventions that aim to reduce TS hyper-resistance should focus on increasing 
muscle volume by stimulating longitudinal fascicle growth, while preventing enhanced 
tendon growth. Although the exact form and composition of such interventions is 
currently unknown, clinical assessments of morphological characteristics allow 
clinicians to optimise existing interventions to achieve their intended goals. 
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muziek maken, de leuke repetities en de nog leukere optredens met de BW band en 
de McGurks! 

Technische ondersteuning jullie zijn onmisbaar!
Olga, Guus, Bert, Bert, Richard, Vincent, Leon, Siro, Frans-Jozef, Sander, Peter, Hans, 
Hans, Frans, Danny, Thijs, Roelof, Sjoerd, Ivan, Ronald, Rob, bedankt voor al jullie 
inspanningen en tijd wanneer jullie weer klaar stonden om mij te helpen met een 
technisch vraagstuk! Van idee naar realiteit en dan nog eens 100.000 keer beter dan 
het initiële idee! Het was altijd leuk om bij jullie op bezoek te komen en te sparren 
over hoe iets beter, makkelijker, mooier, sneller kon worden gemaakt! Zonder jullie 
was dit proefschrift er ook zeker niet geweest! Bedankt!!
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Fijne collega’s!
Jo, Jos, Maarten, Han, Theo, Gert, Sjoerd, Jaap, Rob, Trienke, Karin, Henk, Peter, 
John, Eli, Nadia, Ivo, Mathijs, Marco, Thomas, Idsart, Dinant, Annick, Huub, David, 
Jeroen, Nicola, Marije, Katinka, Christina, Dominic, Suzan, Stacey, Stefan, Nick, 
Brenda, Jeroen, Marije, Kirsten, Sabrina, Lotte, Stephan, Jonathan, Dirk, Encarna, 
Jonathan, Coen, Koen, Roel, Margit, Nicolás, Jennifer, Annike, Ben, Roy, Dionne, Koen 
L, Arnold, Twan, Nini, Axel, Jeanine, Tessy, Ouren, Sander, Puck, Bastian, Sauvik, 
Mireille, Jacob, Bart, Rok, Lisa, Ton, Ali, Rinus, Nicole, Chloé, Erik, Wouter, Rebecca, 
Brenda, Geert en waarschijnlijk staan er nu een paar dubbel en vergeet ik er nog een 
paar! Iedereen bedankt voor de onvergetelijke tijd bij BW!

Naast fijne contacten op werk zijn vrienden heel waardevol! 
Rinus, Wouter, Koen, Guus, Maaike, Noor, Anneloes, Bart, Cas, Desi, Eva, Ewout, 
Folkert, Ise, Jeffrey, Jentien, Jolan, Maarten, Simone, Manouk, Bianca, Joël, Wietske, 
Vero! Bedankt voor de leuke weekenden weg, borrels, Lowlands, 4x100 fietsen, 
MTB’en! Guus, Lieke en Ise, mooie föhnerts! Bedankt voor de vele leuke hapjes en 
motiverende gesprekken om dit boekje af te maken! Daarnaast is sporten ook altijd 
een goede afwisseling geweest! Bewegingswetenschappen vond niet alleen plaats 
op de VU, maar ook bij US volleybal! Hier heb ik uit pure interesse in de wetenschap 
de krab beweging geperfectioneerd! Bedankt Bas, Chris, Jan-Frank, Jasper, Jurre, 
Simon, Sikko, Tom, Tim, David en Wouter voor de sportieve (bier) momenten! Oost 
west thuis best: Huisgenoten op de van Baerlestraat! Maud, Sabrina, Eef, Raquelle, 
Daan Froukje, Lieke, Lisa, Jules, Alex, Louisa, Annemarie, Irene, Maite, Margriet, 
Sufia, bedankt!!! Rogier, Mathijs, Maite en Lukas bedankt voor leuke etentjes, feesten, 
klussen, verhuizen en voor al jullie aanmoedigingen en motivatie!

Bedankt Familie! 
Bedankt voor jullie liefde, steun, vertrouwen en fijne motivatie wanneer ik dit echt 
nodig had! 

“Bedankt!! Iedereen die heeft bijgedragen aan dit mooie hoofdstuk van mijn leven.  
Ik had dit allemaal niet willen missen!”


