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Introduction 

In the 1642 painting by José de Ribera, entitled The Clubfoot (Fig. 1.1), a 

Neapolitan boy is shown, a beggar (the note in his hands translates: "Give 

me alms for the love of God"). A striking feature of this boy is that he is 

crippled, or at least that was how his impairment was called in those days. 

His right foot shows signs of a growth deformity. A closer look reveals that 

not only his foot is impaired. His right upper limb is also affected; his hand is 

in a contracted flexed position. Doctors nowadays would likely diagnose the 

symptoms of this boy as cerebral palsy (CP), which is defined as a group of 

permanent disorders of the development of movement and posture, causing 

activity limitation, that are attributed to non-progressive disturbances that 

occurred in the developing fetal or infant brain (Rosenbaum et al., 2007). In 

the case of the boy, only muscles on one side of the body seem to be 

affected. His diagnosis can therefore be refined to unilateral spastic CP, 

where spastic refers the condition of his impaired muscles.1 Apparently the 

boy is impaired to a degree such that his gait is affected and he is in need of 

a walking aid. He carries a crutch which, remarkably, he does not use for 

support but instead he carries it like a musket, almost like a soldier. Apart 

from his walking aid, it is unlikely that the boy received any treatment for his 

impairment. Although knowledge of children with movement disorders dates 

back to the time of Hippocrates, documents on treatment of CP appeared 

much later, around mid to late nineteenth century (i.e. Freud, 1897; Little, 

1853; Osler, 1887; Sachs, 1895). 

At present, CP is still one of the most common causes of mobility 

limitation in children. The prevalence of CP is about 2 per 1000 living born 

births in Western countries (Wichers et al., 2001). Spastic CP (SCP) is the 

most common form of CP (85%, McManus et al., 2006). Like the wrist and 

ankle of the boy, a reduced joint range of motion (ROM) is encountered in 

60% of the children with SCP (Wichers et al., 2009). A closer look at the 

right foot of the boy in the painting suggests that his heel does not touch the 

ground. This is defined as an equines deformity of the ankle-foot complex. 

Equinus is often accompanied by a rotation of the foot. The equines can be 

accompanied by an internal rotation of the heel (or equinovarus), which is 

often referred to as clubfoot, or by external  rotation (or equinovalgus).  For  

                                            
1 For a more detailed analysis of the painting and a different view on the nature of the impairments 

of the boy see: http://www.artble.com/artists/jusepe_de_ribera/paintings/the_clubfoot and 

Ramachandran & Aronson, 2006. 
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Figure 1.1 The Clubfoot, José de Ribera, 1642 © Musée de Louvre/A. Dequier - M.Bard 
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both deformities, the fact that the heel does not touch the ground is a major 

problem during gait, because stability in stance is limited, resulting in an 

impaired gait pattern. Apart from walking aids, nowadays, multiple treatment 

modalities are available to improve gait in children with SCP. 

One of the most common treatments is the injection of botulinum toxin A 

(BTX-A) in the spastic ankle plantar flexor muscles, which are thought to be 

important factors in the reduced ankle joint ROM. The idea behind this 

treatment is to temporarily decrease activity of ankle plantar flexor muscles, 

therefore allowing an increase in ankle ROM. BTX-A is often followed by a 

period of serial casting of the ankle in dorsal flexion to stretch the plantar 

flexor muscles and stimulate longitudinal growth of the muscle and hence an 

increase in ankle dorsal flexion range. Although acutely ankle dorsal flexion is 

increased, on the long-term however, the success of this integrated 

treatment is highly variable (Blackmore et al., 2007; Bottos et al., 2003; 

Koog and Min, 2010; Moore et al., 2008; Tedroff et al., 2009). 

To date, although BTX-A injection and serial casting seem to be effective 

in short-term on increasing ankle ROM towards dorsal flexion, little is known 

about the working mechanism of how BTX-A and serial casting affect the 

ankle plantar flexors ankle in children with SCP. Such knowledge may 

contribute to improve this treatment. A general aim of this study is to 

investigate how ankle plantar flexor muscles are changed in children with 

SCP and how such changes are affected by the integrated treatment of BTX-

A serial casting.  

 

 

Possible mechanisms underlying the reduced ankle mobility in 

children with SCP 

An important factor contributing to impaired ankle joint mobility in children 

with SCP is the hyperactivity of spastic triceps surae muscle (a large muscle 

group of the ankle plantar flexors) in response to fast stretching. This 

hyperactivity stems from an upper motor neuron lesion in the central 

nervous system. Due to the disinhibition of the stretch reflex and abnormal 

timing of activation, the triceps surae, involved in generating a plantar 

flexion moment at the ankle, is involuntary actively contracted (unless when 

lengthened at low speed). As a result, the ankle is predominantly maintained 

in plantar flexion (equinus). Also, the range of ankle movement is reduced. 

Pioneering dynamometry studies performed over three decades ago (Tardieu 

et al., 1979; 1981) indicated that in SCP, shortness of the triceps surae is an 



12 
 

important factor in the decreased ankle dorsal flexion. Recent studies confirm 

that triceps surae is shortened in SCP (Shortland et al., 2002; Wren et al., 

2010). However, results are inconclusive regarding the causes of the triceps 

surae shortness. To fully understand how changes in these spastic muscles 

affect joint mobility, more insight in the geometry and mechanical properties 

of the ankle plantar flexor muscles is needed.  

Only about twenty years after The Clubfoot was painted, Danish 

anatomist and geologist Niels Stensen proposed the idea that, concerning 

muscle contraction, the muscle is not made up of homogeneous tissue, but 

contains muscle fibers inside the muscle, which are causing the contraction 

(Stensen, 1667). For his explanation, Stensen approached the skeletal 

muscle as a geometric shape: the parallelogram (Fig. 1.2). Stensen noted 

that muscle fibers were not always working in line with the length of the 

muscle, but can also be oriented at an angle with the tendon of the muscle. 

This approach, introduced by Niels Stensen over 300 years ago, has later 

been shown to be insightful for our basic knowledge regarding the relation 

between muscle geometry and muscle force characteristics (e.g. Huijing and 

and Woittiez, 1984; Shortland et al., 2002; Van der Linden et al., 1998a). In 

situ experimentation on animal muscle has yielded insight into the prime 

parameters determining the force-length characteristics of muscle-tendon 

complex.  

However, at present very little is known about the geometry of the 

plantar flexor muscles in children with and specifically which changes in 

geometric variables are related to the lower length of the spastic ankle 

plantar flexor muscles and the limitation in ankle ROM. In the period that 

Stensen developed his muscle models, muscles were not commonly 

associated with movement limitations in the child with SCP. Descriptions of 

CP as a syndrome started appearing later, in the nineteenth century (c.f. 

Hansen, 1960). Given the present knowledge regarding the determinants of 

the muscle length-force characteristics, the necessity of understanding 

geometry of spastic muscle is evident. 
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Figure 1.2 Geometrical model of a pennate muscle from Stensen (1667). The 

horizontal lines BF and CD depict the muscle aponeuroses and the oblique lines BC and 

FD depict muscle fibers. The oblique dashed lines depict the muscle at a lower length. 

…………………………………………………………………………………………………………………………………………… 

 

 

Major determinants of joint ROM: muscle geometry and stiffness 

properties  

With clinical tests of ankle joint ROM, movement of the foot by the tester 

deforms different structures surrounding the ankle joint. These structures 

generate forces, resulting in a net moment opposing the movement made by 

the tester (Fig. 1.3A). For the ankle, the prime structures contributing to this 

net moment are joint capsules, ligaments and muscles (Gajdosik et al., 

1999) and possibly skin. Although it is unknown to what extent each of these 

structures contributes to a limitation of ankle ROM, the contribution of 

passive plantar flexor muscles to resistance of movement seems to be 

substantial: passive ankle ―stiffness‖2 of healthy adults measured with the 

knee extended (long gastrocnemius muscle with respects to its  agonistic  

 

                                            
2 In physics, stiffness is defined as a measure of resistance offered by an elastic body to 

deformation. For in vivo conditions, measuring stiffness of a joint (or muscle) is not feasible 

because: 1) the measured moments cannot be related to one body and, 2) stiffness is an emergent 

property of one body when it is lengthened continuously (Latash and Zatsiorksy, 1993). In vivo 

measurements of joint angles are often performed at static positions. As a result of these two 

issues, in this thesis, inferences about: 1) ankle joint resistance to movement are made by 

calculating the slope in the moment – foot angle curve and, 2) muscle (fascicle) resistance to 

movement are made by calculating the slope in the moment – muscle (fascicle) length curve. 
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Figure 1.3 Examples of passive moment angle relation of the ankle and passive force 

length relation of a muscle. A. Passive moment angle relation of the ankle adapted 

from Harlaar et al. (2000). Towards both plantar flexion and dorsal the passive ankle 

moment increases exponentially with ankle movement away from zero. B. Passive 

force length relation of a skeletal muscle. When the muscle is lengthened above its 

slack length (0), the muscle will exert passive forces at its insertions. These forces 

increase up to maximal passive muscle force (Fmax) at maximal muscle length (max).  

  

      0                                        max               Muscle length 
 

Fmax 

B.       Passive muscle force 

A.       
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ankle plantar flexors)3 is 20-40% higher compared to that with the knee 

flexed (short gastrocnemius muscle) (Riemann et al., 2001). 

Skeletal muscles, such as the gastrocnemius muscle, are composed of 

striated fibers, attached at both ends on connective tissue, the aponeuroses. 

The aponeuroses are connected to bone and components of connective tissue 

via tendons and extramuscular connective tissue pathways (e.g. beyond the 

epimysium). The muscle-tendon complex is defined as the total length of the 

muscle belly, consisting of the collection of muscle fibers, and the tendons, 

arranged in series with the belly. 

With elongation of the passive muscle-tendon complex or contraction of 

active muscle, forces generated within the muscle fibers are exerted onto 

bones and components of connective tissue via two pathways. First, muscle 

fiber force may be transmitted at the myotendinous junctions onto the 

aponeuroses and subsequently via its tendons onto other connective tissue 

structures (e.g. ligaments or fascia) and bones. This force transmission is 

referred to as myotendinous force transmission. 

 In addition to myotendinous force transmission, muscle fiber forces can 

also be exerted via extramuscular connective tissue pathways (e.g. beyond 

the epimysium) onto surrounding tissue such as neurovascular tracts, fascia 

separating compartments (i.e. septa) and other muscles (Huijing, 2009). In 

situ experimental studies on rodents have shown that a substantial part of 

the force generated by the muscle fibers may be transmitted via the 

myofascial pathways onto bone or other connective tissue structures (e.g. 

Maas et al., 2004; Meijer et al., 2007). Measuring myofascial force 

transmission in vivo is not feasible as measures are always indirect (i.e. by 

movement of a joint and measuring/recording a net joint moment, while this 

moment is related to lengthening of different structures). However, to 

understand how adaptations in the ankle plantar muscles in children with 

SCP contribute to external effects, possible (changes in) forces transmitted 

via myofascial pathways should be considered as well. 

Due to the elastic properties of the muscle-tendon complex, the net forces 

exerted increase exponentially when a passive muscle is lengthened 

(Fig. 1.3B). Starting at muscle slack length (i.e. the length from which 

passive force exerted by the muscle starts to increase while being stretched), 

the passive force will increase (until the muscle reaches its yield point and is 

damaged). It is assumed that the tendon is much stiffer compared to the 

                                            
3 The gastrocnemius muscle consists of two heads (lateral and medial) and together with the soleus 

muscle it forms a large muscle group of the ankle plantar flexor muscles: the triceps surae. 
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passive muscle belly, so the muscle belly contributes most to the length 

range of the passive force-length relationship of the muscle-tendon complex 

(Gajdosik et al., 1999).  

Muscles at the ankle are operating by a moment arm with respect to the 

ankle, generating a net moment around the ankle. The moment – ankle 

angle relationship obtained by ankle dynamometry is also exponential (c.f. 

Harlaar et al., 2000; Tardieu, et al. 1979). Towards dorsal flexion, plantar 

flexor muscles are lengthened and dorsal flexor muscles are shortened. 

Towards plantar flexion, the reverse is the case. The net results of the 

lengthening and shortening of lower leg muscles by movement of the foot 

yields a net moment – ankle angle relationship similar to the passive force-

length relationship of the muscle (compare Fig. 1.3A and B). 

With clinical tests of passive ROM the state of muscle cannot be 

considered as passive. Although subjects are asked to relax their muscles 

when the test is performed, it has been shown that ensuring complete 

muscle relaxation is not possible, as low level of EMG activity is frequently 

present (c.f. Gajdosik, 2001). In his review, Gajdosik discussed that passive 

length adaptations occur in the presence of low level, minimal EMG activity. 

However, it is conceivable that this is different for subjects with 

neuromuscular disorders like SCP. Therefore, determinants of active muscle 

slack length and stiffness may also play a role and need to be considered. In 

contrast to the passive exponential force-length relationship, the active 

isometric force exerted by sarcomeres as a function of sarcomere length 

increases up to a plateau (optimum length) and then decreases at higher 

lengths. 

An overview of the determinants of passive and active muscle slack length 

and stiffness is presented in Table 1.1. Most of the determinants are related 

to the structure and architecture of the muscle and can be changed by long-

term adaptation. In contrast, determinants related the metabolism and 

excitation of the muscle may astutely change the slack and stiffness of the 

muscle. 

 

The following determinants are relevant for the work presented in this thesis 

and are therefore clarified:  

 

1) Elastic properties of sarcomeres. An important intracellular protein of a 

sarcomere that determines its passive slack length and stiffness is the 

cytoskeletal titin  filament  (Voelkel and  Linke,  2011;  Wang  et  al.,  1993).  
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Table 1.1 Determinants of passive and active skeletal muscle stiffness and muscle 

slack length. 

Determinant active/passive stiffness/length 

 

Muscle structure related 

 Number of cross bridges per 

sarcomere 

 Stiffness per cross bridge within 

sarcomeres  

 Lengths of actin and myosin 

filaments 

 Elastic properties of sarcomeres 

 Slack length of sarcomeres within 

muscle fibers 

 Number of sarcomeres in series 

 Distribution of sarcomere length 

within a fiber 

 Distribution of fiber mean 

sarcomere length  

 Muscle fiber diameter 

 Muscle fiber angle of pennation  

 The length component of the 

physiological cross-sectional area of 

the muscle 

 Quantity and composition of 

intramuscular connective tissues 

 Passive slack length and elastic 

properties of series elastic elements 

(tendon and aponeuroses) 

 Aspects related to epimuscular 

myofascial force transmission 

 

Excitation and metabolism related 

 Recruitment level 

 Firing rate of the motoneuron 

 Potentiation 

 Fatigue 

 

 

 

 active 

 

 active 

 

 active/passive 

 

 active/passive 

 active/passive 

 

 active/passive 

 active/passive 

 

 active/passive 

 

 active/passive 

 active/passive 

 active/passive 

 

 

 passive 

 

 passive 

 

 

 passive 

 

 

 

 active 

 active 

 active 

 active 

 

 

 

 stiffness/length 

 

 stiffness 

 

 stiffness/length 

 

 stiffness 

 stiffness/length 

 

 stiffness/length 

 stiffness/length 

 

 stiffness/length 

 

 stiffness/length 

 stiffness/length 

 stiffness/length 

 

 

 stiffness 

 

 stiffness/length 

 

 

 stiffness/length 

 

 

 

 stiffness/length 

 stiffness/length 

 stiffness/length 

 stiffness/length 
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Experimental measurements of maximally dissected in situ cat peroneus 

longus muscle indicate that slow type I muscle fibers are stiffer compared to 

fast type II muscle fibers (Petit et al., 1990). This may be related to various 

isoforms of titin, having different elastic properties and being differentially 

expressed within each fiber type (c.f. Gajdosik et al., 1999).  

 

2) Slack length of sarcomeres within muscle fibers. This is explained with the 

equation of stiffness: 

  
   

 
                    (1.1) 

Equation 1.1 shows that the stiffness of a structure is negatively related to 

the length of the structure () and positively related to its given cross-

sectional area A (perpendicular to ) and Young’s modulus E. From equation 

1.1 it can be deduced that an increase in passive sarcomere slack length 

results in a decrease in passive sarcomere stiffness. This relation also applies 

for an active sarcomere up to its optimum length.  

 

3) The number of sarcomeres in series within muscle fiber. This parameter 

determines both the passive and active slack length of muscle fiber (f) and 

is also a major determinant of passive and active fiber stiffness (see equation 

1.1).  

 

4) Fiber diameter. From equation 1.1 it can be deduced that any change in 

fiber diameter (and thus cross-sectional area) is proportionally related to the 

stiffness k, but does not affect passive or active fiber slack length. 

 

5) The fiber angle of pennation.  This angle () is defined as the angle of the 

muscle fibers with respect to the line of pull of the muscle. As both muscle 

fibers as well as aponeuroses of GM are not oriented in parallel with the 

length of the muscle, the contribution to total muscle belly length (m) of the 

length of muscle fibers (f) and aponeuses (a) is calculated as (see also Fig. 

1.4A): 

m = f·cos()+a·cos()            (1.2) 

The muscle fiber angle of pennation is also a determinant of the active length 

range of force exertion. At a give a muscle optimum fiber length, a higher 

angle of pennation results in an increase in the active length range of force  
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Figure 1.4 2-dimensional geometrical model of GM. A. Muscle belly length m is 

calculated as: m = f·cos()+a·cos().  and  are, respectively, the angle of the 

fibers and the aponeuroses with the line of pull of the muscle. B. The length of the 

physiological cross-sectional area Af is the sum of all fiber diameters in the mid-

longitudinal plane. In this model, the muscle belly is simplified to consist of six fibers. 

As the fibers are oriented at an angle of pennation with the line of pull,  Af is not equal 

to the thickness of the muscle. Af is calculated as Af = a·sin(), with  defined as the 

angle of the muscle fibers with the aponeurosis. 

…………………………………………………………………………………………………………………………………………… 

 

 

exertion. However, there is some debate on this issue (e.g. Van Leeuwen and 

Spoor, 1992).  

The angle of pennation increases with contraction and shortening (e.g. 

Huijing and Woitiez 1984; Maganaris, 1998). As a result, muscle fibers will 

be oriented less within the line of pull and muscle fiber optimum length (i.e. 

active fiber length at which maximum muscle force is attained) decreases. 

A.       

B.       
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In addition, muscle fibers are oriented at an angle () with the 

aponeurosis (Fig. 1.4B). As a result, both  and muscle fiber diameter also 

determine muscle belly and passive slack length and stiffness. For the work 

presented in this thesis, concerning the orientation of muscle fibers within 

the mid-longitudinal plane (i.e. plane of the muscle oriented in longitudinal 

direction and in the middle of the muscle),  will be reported. 

Note that the two-dimensional (2-D) model only considers the geometry 

in the mid-longitudinal plane of the muscle. It has been shown that this 

approach allows a good prediction of the active and passive muscle length-

force characteristics (c.f. Huijing and Woittiez, 1984; Van der Linden et al., 

1998b). 

 

6) The length component of the physiological cross-sectional area of the 

muscle. In the work presented in this thesis, measurements have been 

performed within the 2-D mid-longitudinal plane of GM. As an estimate for 

the amount of muscle fiber tissue arranged in parallel, the summed length of 

all fiber diameters will be used. This variable is defined as the length 

component of the physiological cross-sectional area of the muscle (Af, c.f. 

Van der Linden et al., 1998b). 

In the 2-D model, the relation between aponeurosis length and the 

length component of the physiological cross-sectional area (Af) is calculated 

as:  

Af = a·sin()                      (1.3) 

From equation 1.2 and 1.3 it can be deduced that for a given muscle slack 

length, an increase in  yields a larger contribution of Af and a lower 

contribtion of f with respect to passive muscle slack. 

 

7) The quantity and composition of intramuscular connective tissues. The 

endomysium and perimysium of a muscle are presumed to determine the 

slope of the passive stress-strain curve of muscles (Booth et al., 2001, Fridén 

and Lieber, 2003, Rose, 1994). Moreover, the relatively large quantity of 

perimysium in muscles is considered a major contributor to the passive 

resistance to stretching of muscle (Rowe, 1981). 

 

8) The passive slack length and elastic properties of series elastic elements. 

In the gastrocnemius, the distal Achilles tendon and the aponeuroses all 

contribute to the total muscle-tendon length (m+t). The Achilles tendon is 
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working in series with the muscle belly (Fig. 1.4A) and therefore m+t is 

calculated by the sum of m and t. The relationship between the lengths of 

the distal and proximal aponeurosis (a) and m has been descibed in 

equation 1.2.  

For both t, as well as a, the relationship with passive and active stiffness 

is similar to that of f (equation 1.1). As mentioned previously, the stiffness 

of the tendon is much higher than that of the passive muscle belly (Gajdosik, 

2001). So a minor contribution is expected from the achilles tendon length 

changes to total muscle-tendon complex lengthening. 

 

9) Aspects of epimuscular myofascial force transmission. These aspects are 

related to the relative position of a muscle with respect to its surrounding 

tissues and elastic properties of the connective tissue pathways (c.f. Huijing, 

2009 for review). If a muscle is held at low length with respect to its 

surrounding tissues, distally directed loads exerted on the muscle from 

surrounding tissues are enhanced (e.g. Meijer et al., 2007, Rijkelijkhuizen et 

al., 2007). In addition, the stiffness of the connective tissue pathways is also 

a major determinant of the amount of exerted epimuscular myofascial force 

and as a consequence, this stiffness co-determines the slope of the in vivo 

muscle stress – strain relationship. 

 

All determinants discussed above should be considered when studying 

muscle geometry in children with SCP, also during the course of treatment. 

 

 

Effects of growth on gastrocnemius muscle in typically developing 

children 

Non-operative treatment of ambulant children with SCP is often started at a 

young age (less than six years old, Ackmann et al., 2005) and is continued 

throughout natural growth. With growth of children with SCP, the reduction 

of ankle ROM normally decreases (Nordmark et al., 2009). To understand 

how the geometry of the gastrocnemius muscle is related to the impaired 

ankle ROM in growing children with SCP, it is important to compare this to 

gastrocnemius geometry and ankle ROM in typically developing (TD) peers. 

However, to date, very little is known about the development of the 

geometry of TD  muscle (Blazevich and Sharp, 2005). The few studies 

available indicate that both pennation angle (Binzoni et al., 2001; Kawakami 

et al. 2006; Mademli and Arampatzis, 2008; Morse et al., 2008; Narici et al., 
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2003; Thom et al., 2007) and fascicle length (Mohagheghi et al., 2008) 

increase with age, although a lack of correlation of these variables with age 

has also been reported (Legerlotz et al, 2010).  

Muscle geometry during growth has been studied extensively in rodents.  

These studies have shown an increase in pennation angle (Stickland, 1983; 

m. soleus) and that longitudinal growth of the muscle (belly), in particular in 

m. gastrocnemius medialis (GM), is due to growth of muscle fibers in 

diameter and not due to an increase in fiber optimum length by addition of 

sarcomeres in series (c.f. De Koning et al., 1987; Heslinga and Huijing, 

1990; Heslinga and Huijing, 1993). Whether human GM develops similarly as 

in rodents remains to be determined. Such information may indicate what 

factors (e.g. bone growth, force production) are important for typical muscle 

growth, also in case of impaired muscles as a result of spasticity. 

 

 

Measuring GM geometry and ankle moment in vivo: ultrasound 

imaging and ankle dynamometry 

To study GM muscle geometry in vivo, non-invasive 2-D ultrasound imaging 

is generally used. 2-D ultrasound imaging uses a probe which contains a 

piezoelectric transducer which vibrates and transmits sound waves at 

ultrasonic frequencies (i.e. over hearing level: 15 MHz). These waves are 

reflected by tissue of high density and are subsequently received by the 

probe. Using the direction, intensity and time delays of these reflections, a 2-

D image of the reflected tissues is made by the ultrasound device. To 

visualize muscles in vivo, the ultrasound probe is placed on the skin with a 

layer of gel in-between to optimize contact. Now, the ultrasonic waves are 

reflected by connective tissue and bone, resulting in a 2-D image of (a part 

of) the muscle. In this image, muscle fascia, perimysium, epimysium and 

endomysium are seen as fragmented white structures (Fig. 1.5). Muscle 

fibers cannot be observed directly in the ultrasound image as fiber diameter 

is typically about ten to sixty micrometer (e.g. Oertel et al., 1988) and the 

typical resolution of an ultrasound image is over three times that. However, 

parts of the perimsysium surrounding a group of fibers (i.e. muscle fiber 

bundle also referred to as ―fascicle‖) can be seen as  segmented  lines  within  



Chapter 1 

23 
 

 
Figure 1.5 Typical example of an image obtained with 2-D ultrasound imaging of a 

part of the mid-longitudinal plane of GM. The connective tissue of the muscle can be 

seen as white structures: the epimysium, fascia and aponeurosis, covering GM and the 

perimysium and endomysium within the muscle. The latter two can be seen as 

diagonal lines and are an indication of the muscle fascicles (an estimation of a total 

fascicle depicted as the dashed line). Parts of soleus muscle (SOL) and the subcutis 

(SUB) are also shown. 

………………………………………………………………………………………………………………… 

 

 
 

the ultrasound image.4 In addition, the muscle tendon junction and insertion 

of tendon on bony surface can also be visualized.  

Since first used for studying muscle geometry in the early nineties of the 

last century (e.g. Henriksson-Larsén et al., 1992, Kawakami et al., 1993, 

Rutherford and Jones, 1992), 2-D ultrasound imaging has been shown to be 

useful for studying effects of contraction, disuse, training and neuromuscular 

                                            
4
 As a result of this, fiber length f cannot be measured directly. Instead, throughout this thesis, 

fascicle length (fasc) will be reported. This length is taken as an estimate of f although these 

lengths may differ somewhat (Huijing, 1985). 
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disorders on muscle geometry (e.g. Narici and Cerretelli, 1998; Narici et al., 

1996; Reeves et al., 2004; Shortland et al., 2002). These studies showed the 

potential of 2-D ultrasound imaging for non-invasive in vivo assessment of 

muscle geometry. However, in order to obtain accurate and reproducible 

measurements of muscle geometrical variables in children with SCP, a few 

issues of 2-D ultrasound imaging of muscle need to be considered. 

First, 2-D ultrasound imaging only allows acutely visualizing areas 

restricted by the width of the probe, which is usually maximally five to six 

centimeters wide. Therefore, obtaining accurate measurement of both 

muscle belly and muscle tendon lengths (which are generally longer than the 

width of the probe) is difficult. A recent development for in vivo muscle 

imaging is the use of three-dimensional (3-D) ultrasound imaging (Barber et 

al., 2009; Fry et al., 2004; Kurihara et al., 2005). Using a standard 2-D 

ultrasound device and a 3-D optical position system, a 3-D construction of 

the scanned tissues can be made. Such a reconstruction can be made for a 

muscle over its full length, allowing for length measurements of muscle belly 

and tendon. For muscle belly length, 3-D ultrasound imaging provides valid 

measurements (e.g. Barber et al., 2009). 

A second issue of 2-D ultrasound concerns the accuracy and 

reproducibility of measurements of muscle geometry.  For appropriate 

measurements, imaging needs to be performed within the plane of the 

muscle fascicles (referred to as the fascicle plane). However, since fascicles 

can be seen as fractured lines within the ultrasound image (fascicle-like-

structures), it is possible to obtain an image rich with fascicle-like-structures, 

while the probe is not oriented in the fascicle plane. It has often been 

considered that misalignment of the plane of the ultrasound probe with 

respect to the fascicle plane will give rise to measurement errors (e.g. 

Herbert and Gandevia, 1995; Kawakami et al., 1998; Klimstra et al., 2008; 

Kurihara et al., 2005). Knowledge of the in vivo orientation of the true 

fascicle plane is not easily obtained and this may be different for different 

types of muscles. Such information and its validation can only be derived 

from cadaver studies. 

To relate measurements of GM geometry to ankle moments of the 

reduced ankle ROM, these measurements have to be performed at 

standardized joint angles and/or moments at the ankle joint. Such 

standardization is also necessary for making reproducible measurements in 

children with SCP during the course of treatment. For the ankle, net moment 

at the ankle can be measured using dynamometers (e.g. Harlaar et al., 
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2000; Peng et al., 2004; Tardieu et al., 1979). However, common 

dynamometers are quite bulking instruments and are not readily available for 

measurements in a clinical context. Smaller and lighter instruments such as 

goniometers and hand-held dynamometers can be used in clinical practice of 

pediatric care. However, simultaneous measurements of ankle angle and 

moment in children with SCP are difficult. In addition, occurrence of an 

equinus deformity in children with SCP is often accompanied by a 

varus/valgus deformity of the foot (Bennet et al., 1982), which prevents 

reproducible measurements. With equinus deformity, a rigid coupling 

between forefoot and calcaneus can be compromised due to foot 

deformations. Moreover, a proper fit of a dynamometer to the foot can be 

difficult in children with SCP in case of an equinus. To solve these problems, 

we developed a hand-held ankle dynamometer with an adjustable foot 

fixation. The dynamometer allows for correction of forefoot position in case of 

non-rigid varus/valgus foot deformities. With the dynamometer, 

measurements of static ankle angle and net moment can be made. The 

combination of 3-D ultrasound imaging and ankle dynamometry provides a 

tool for measuring muscle geometry at standardized conditions. 

 

 

Aims of the project and outline of this thesis 

The project presented in this thesis aims to study how geometry of ankle 

plantar flexors are related to ankle ROM in children with SCP, how this differs 

from TD peers, and how BTX-A and serial casting change the geometry of 

ankle plantar flexors and their relation to ankle ROM in children with SCP. 

To measure muscle geometry of GM we used 3-D ultrasound imaging. To 

prevent possible errors due to an orientation of analysis plane outside of the 

orientation of the fascicle plane of GM, a standardized protocol for ultrasound 

imaging was developed. The effect of probe orientation of 2-D ultrasound 

imaging on measurement of GM geometry of human cadavers and in vivo 

measurement in human subjects is discussed in Chapter 2. At the end of this 

chapter a strategy is presented for correct imaging of the fascicle plane of 

GM.  

We developed a hand-held dynamometer to perform measurements of 

static footplate angle (i.e. angle between the tibia and the footplate) and net 

moment in children with SCP and TD peers. The measurements performed 

with the dynamometer were tested for reproducibility (i.e. reliability and 

precision) and these values were compared to those of the common 
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technique for measuring ankle angle in vivo (i.e. using goniometers). This 

reproducibility study is presented in Chapter 3. 

Using the developed measurement protocol, in TD children, specifically 

in the age of five to thirteen years, growth of GM and effects on its 

geometrical variables were investigated at standardized footplate angles. 

Effects of growth on muscle geometry were studied and GM geometry of TD 

children was compared to that of rodents. This was done to investigate if and 

how geometrical variables of GM are related to ankle ROM. The results of this 

study are presented in Chapter 4. 

Following this, GM geometry of children with SCP was measured and 

compared to that of TD peers. In Chapter 5, GM geometry and the moment-

ankle angle relationship of children with SCP who were indicated for 

treatment with BTX-A and serial casting is compared to that in TD children. 

To minimize the effects of growth, SCP and TD children were included within 

the age range from nine to thirteen years. In Chapter 6, preliminary results 

on the short-term effects of the treatment are presented and discussed. 

Here, children with SCP were studied before, during and after treatment to 

study the short-term effects of BTX-A and serial casting. 

In Chapter 7 the results of all studies will be considered in perspective of 

the overall aim of this project. The implications of the results of this thesis 

for clinicians who see these patients during daily practice will be discussed 

and future directions for studying muscle geometry and (ankle) ROM deficits 

in children with SCP will be indicated. 

In the last chapters (Chapter 8 – Chapter 10) a model for estimating net 

moment around the ankle joint is described and a summary (also in Dutch) 

of the thesis is given. 
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Chapter 2 
Anatomical information is needed in ultrasound imaging 

of muscle to avoid potentially substantial errors of 

measurement of muscle geometry  
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Abstract 

This study validates two-dimensional (2-D) ultrasound measurements of 

muscle geometry of the human medial gastrocnemius (GM) and investigates 

effects of probe orientation on errors in these measurements. Ultrasound 

scans of GM muscle belly were made both on human cadavers (n = 4) and 

on subjects in vivo (n = 5). For half of the cadavers, ultrasound scans 

obtained according to commonly applied criteria of probe orientation deviated 

15° from the true fascicle plane. This resulted in errors of fascicle length and 

fascicle angle up to 14% and 23%, respectively. Fascicle-like structures were 

detectable over a wide range of probe tilt and rotation angles, but they did 

not always represent true fascicles. Errors of measurement were either linear 

or quadratic functions of tilt angle. Similar results were found in vivo. 

Therefore, we conclude that similar errors are likely to occur for in vivo 

measurements. For all cadavers, at the distal end of GM, the true fascicle 

plane was shown to be perpendicular to the distal aponeurosis. Using 

transverse images of GM to detect the curvature of the distal aponeurosis at 

the distal end of the muscle belly is a simple strategy to help identify the 

fascicle plane. For subsequent longitudinal imaging, probe alignment within 

this plane will help minimize measurement errors of fascicle length, fascicle 

angle, and muscle thickness. 
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Introduction 

Neurologic disorders such as cerebral palsy, stroke, multiple sclerosis, and 

amyotrophic lateral sclerosis are commonly associated with impairment of 

muscle function. This might lead to limited mobility of joints and result in a 

limitation of functional activities (Arts et al., 2008; Carroll et al., 2005; 

Hafer-Macko et al., 2008; Harlaar et al., 2000; Lieber et al., 2004; Shortland 

et al., 2002). The mechanisms underlying the muscle impairment are still not 

fully understood, and this impedes the development of adequate therapeutic 

interventions. To gain insight into the underlying mechanics of muscle 

impairment requires accurate measurements of geometrical properties of the 

affected muscles and of how these properties change as a result of 

treatment.  

Ultrasound imaging of muscles is a widely used method that allows 

quantification of muscle geometrical properties such as fascicle length, 

fascicle angle, and muscle thickness (Kawakami et al., 1993; Loram et al., 

2006; Narici et al., 1996; Shortland et al., 2002). To obtain accurate and 

reproducible measures of these variables requires measurements within the 

plane of the muscle fascicles, called the fascicle plane. It is often considered 

that misalignment of the plane of the ultrasound image with respect to the 

fascicle plane will give rise to measurement errors. The fascicle angle will 

then be underestimated (Herbert and Gandevia, 1995; Kawakami et al., 

1998) and fascicle length will be overestimated (Kawakami et al., 1998). 

However, for both variables the opposite has also been reported (Klimstra et 

al., 2007; Kurihara, 2005; Scott et al., 1993). Although there is no 

consensus on when the fascicle plane is actually found, these studies indicate 

that misrepresentation of the fascicle plane will lead to erroneous 

measurement of muscle geometric parameters.  

Correct imaging of the fascicle plane requires the ultrasound probe to be 

held within this plane. However, knowledge of the in vivo orientation of the 

true fascicle plane is not easily obtained. Two commonly applied strategies to 

standardize probe orientation are: 1) a perpendicular orientation of the probe 

to the skin (Loram et al., 2006; Morse et al., 2005; Narici et al., 1996; 

Reeves and Narici, 2003) and 2) ultrasound visualization of an image with 

―clearly visible fascicles‖ (Chow et al., 2000; Hoang et al., 2007; Hodges et 

al., 2003; Ito et al., 1998; Kawakami et al., 1998; Lichtwark et al., 2007; 

Lichtwark and Wilson, 2006; Loram et al., 2006; Maganaris, 2003; 

Mohagheghi et al., 2007, 2008; Morse et al., 2005; Oda et al., 2007; 

Shortland et al., 2002). However, no systematic experimental evidence 
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seems to be available to validate these strategies. The reason for this is the 

non-invasiveness of ultrasound imaging, which is generally a major 

advantage of the method. Therefore, ultrasound measurements on human 

cadavers and comparison with dissected muscle are essential for the 

validation process, in combination with in vivo measurements in human 

subjects. In vivo ultrasound measurements have been performed frequently 

on the human m.  gastrocnemius medialis (GM; Kawakami et al., 1998; 

Narici et al., 1996) and the GM is a target muscle in research of spasticity 

(Fry et al., 2007b; Mohagheghi et al., 2007; Shortland et al., 2002). 

We sought to answer four questions: 1) Do ultrasound measurements 

with controlled probe orientation provide valid estimates of fascicle length, 

fascicle angle, and muscle thickness in human cadaver GM? 2) How do 

changes in probe orientation affect the errors of these measurements in 

ultrasound images? 3) Can a strategy for correct ultrasound measurement of 

muscle geometry be developed that uses more detailed knowledge about the 

anatomy of the muscle? 4) Can similar in vivo measurements in human 

subjects verify the estimates of variability and anatomical variation that we 

found in cadaver muscle? 

 

 

Materials and methods 

Measurements on human cadavers 

Measurements were performed on GM of four human cadavers (two men, 

two women, mean (± SD) age at death = 74.5 ± 9.3 years). Lower leg 

length was measured from the tibial plateau to the most prominent part of 

the lateral malleolus (45.2 ± 2.0 cm). In all cadavers the foot was in plantar 

flexion (47.5 ± 17.7° from the anatomical position), and the knee was 

extended. At two-thirds of muscle belly length from the origin, on the mid-

longitudinal axis, three repeated longitudinal ultrasound scans were taken of 

GM with the ultrasound probe held perpendicular to the skin. This was 

performed using a B-mode ultrasound device (Technos MPX, ESAOTE, Italy, 

with a 5-cm linear array probe, 12.5 MHz). The scans were defined as the 

presumed fascicle plane and were post-experimentally used to measure 

muscle geometry (see Measurement of Muscle Geometry). These 

measurements were compared to measurements of muscle geometry within 

the true fascicle plane. This true fascicle plane was determined from 

anatomical sections. To make anatomical sections, the skin and 

subcutaneous tissue overlying GM were removed. The section was performed 
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in our laboratory by a researcher with extensive experience in sectioning 

cadaver muscles (e.g. Huijing, 1985). Starting from the distal end of the 

muscle belly, the muscle was sectioned in the direction of the insertion on 

the medial condyle of the femur without exactly knowing how the knife was 

oriented with respect to the muscle surface. Going through the most 

prominent part of GM, the anatomical section ended at the prominent dorsal 

medial part of the tibial condyle. To verify whether the section corresponded 

to the fascicle plane, the section was visually inspected for cut fascicles. The 

tilt and rotation angles (see below) of the anatomical section with respect to 

the presumed fascicle plane were measured. Three photographic images of 

the anatomical section were taken, centered at approximately two-thirds of 

the muscle belly length from the origin. To test whether ultrasound provides 

valid estimates of muscle geometry (i.e. true muscle geometry), three 

ultrasound scans were taken parallel to the anatomical section (5 mm 

distance).  

To determine the effect of probe orientation on estimates of muscle 

geometry, ultrasound images were made over a range of tilt and rotation 

angles of the ultrasound probe at 5° increments (Fig. 2.1). Tilt was defined 

as probe rotation around the mid-longitudinal axis of the muscle at the 

interface between the probe and the muscle. Rotation was defined as the 

rotation of the probe around the axis perpendicular to the muscle surface. 

Tilt and rotation angles are expressed as deviations from the plane of the 

anatomical sections. Both tilt and rotation series were repeated three times.  

 

In vivo effects of probe orientation on measured muscle geometry 

Five volunteers participated in the study (three men, two women, mean (± 

SD) age = 27.2 ± 1.8 years, height = 1.8 ± 0.1 m, mass = 74.0 ± 5.3 kg, 

lower leg length = 45.2 ± 2.0 cm). The subjects lay prone on a bench with 

feet overhanging the edge of the bench (ankle plantar flexion angle = 12.0 ± 

7.6°, knee extended). The ultrasound probe was centered on the mid-

longitudinal axis, at two-thirds of muscle belly length from the origin. 

Ultrasound images were taken over a range of tilt and rotation angles of the 

ultrasound probe at 5° increments. As for the in vivo study, the orientation of 

the true fascicle plane was not known. Tilt and rotation are expressed as 

deviations from the longitudinal orientation perpendicular to the skin for all 

conditions. Both tilt and rotation series were repeated three times. 
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Figure 2.1 Definition of tilt and rotation of the ultrasound probe. Tilt is defined as the 

change in orientation of the ultrasound probe (represented by a box) in the transverse 

plane (semicircle), around the mid-longitudinal axis of the muscle. The probe was 

tilted from lateral (-) to medial (+). Rotation is defined as rotation of the probe around 

the axis perpendicular to the muscle surface (circle). The probe was rotated counter 

clockwise, from (-) to (+). For the cadavers, tilt and rotation angles are expressed as 

deviations from the orientation of the plane of the anatomical section. For the in vivo 

subjects, tilt and rotation angles are expressed as deviations from the longitudinal 

orientation perpendicular to the skin. 

………………………………………………………………………………………………………………………………………… 

 

 

Measurement of muscle geometry 

Within both ultrasound and photographic images of the fascicle planes, 

muscle geometry was measured using an analyzing tool, custom 
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programmed in MATLAB (v. 6.5, MathWorks, Natick, Massachusetts). Nine 

markers were placed within the image: three on both distal aponeurosis and 

proximal aponeurosis, as well as three along the fascicle having the most 

distal intersection with the visible distal aponeurosis. A second-order 

polynomial was fitted through the markers of each aponeurosis, and a linear 

line was fitted through the markers of the fascicle (Fig. 2.2A). When a small 

proximal part of the fascicle was located outside the ultrasound image (which 

occurred incidentally), this part of the fascicle was extrapolated. 

Muscle fascicle length ((fasc)) was calculated as the distance between the 

intersections of the fascicle line with the polynomials of the aponeuroses (Fig. 

2.2A). The fascicle angle with the aponeuroses ((fasc)) was determined as the 

mean of: 1) the angle between the fascicle line and the tangent of the 

polynomial at the intersection with the distal polynomial ((fasc)1), and 2) the 

angle between the fascicle line and the tangent of the polynomial at the 

intersection with the proximal polynomial ((fasc)2) (Fig. 2.2A). Muscle 

thickness ((m.th)) was determined as the mean of: 1) the distance between 

the distal and the proximal polynomial ((m.th)1), measured perpendicular to 

the tangent of the distal polynomial at the intersection of the fascicle line and 

the polynomial, and 2) the distance between the proximal and distal 

polynomial ((m.th)2), measured perpendicular to the tangent of the proximal 

polynomial at the intersection of the fascicle line and the polynomial.  

All images were analyzed three times and means were calculated for the 

three parameters. Within the ultrasound images of the tilt and rotation 

series, muscle geometry was not analyzed when the direction of the visible 

fascicles could not be derived or when the distal aponeurosis was not visible 

(e.g. Fig. 2.2B). 

 

Orientation of the fascicle plane and variations of transverse curvature of GM  

To gain insight into how the true fascicle plane is oriented in GM, the angle of 

the anatomical section with respect to distal and proximal aponeuroses was 

measured at two-thirds of muscle belly length and at the distal end of the 

muscle belly. In the 2-D reconstruction of the cross-section of GM at two-

thirds of muscle belly length from the origin (see Measurement of muscle 

geometry) and at the distal end of the muscle belly, a tangent was plotted 

through each aponeurosis at the intersection with the anatomical section 

(Fig. 2.3A). The angle between each aponeurosis and the anatomical section 

was measured (0°= parallel; 90°= perpendicular).  
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Figure 2.2 Measurement of muscle geometry by 2-D ultrasound imaging. A. Example 

of an ultrasound scan in which muscle geometry was measured in GM. Multiple muscle 

fascicles are visible between the distal (a(dist)) and proximal aponeuroses (a(prox)). 

Polynomials (dashed lines) represent the aponeuroses, and the straight line represents 

the fascicle that has the most distal intersection with the distal aponeurosis. The 

muscle parameters (fasc), (fasc) and (m.th) were measured (see text for explanation).  

B. Ultrasound scan of the same muscle, at +5° tilt difference with (A). No muscle 

geometry was measured. The distal aponeurosis is not visible. There is no clear 

distinction between the medial gastrocnemius muscle (GM) and the soleus muscle 

(SOL). A part of a blood vessel (bv) is seen. C. Ultrasound scan of the same muscle, at 

-5° tilt difference with (A). Fascicle-like structures can still be observed between the 

distal and proximal aponeurosis. 

………………………………………………………………………………………………………………………………………… 

 

 

The transverse curvature of GM was studied to investigate if it 

contributes to the effects of tilt and rotation on the estimates of muscle 

geometry. This curvature was defined as the curvature of both aponeuroses 

in the transverse plane (Fig. 2.3A). A 2-D reconstruction of the cross-section 

of GM at two thirds of muscle belly length from the origin was made for 

fifteen additional volunteers (eight men, seven women, mean (± SD) age = 

25.8 ± 4.8 years, height = 1.8 ± 0.1 m, mass = 68.1 ± 8.7 kg, lower leg 

length = 40.9 ± 3.0 cm, ankle plantar flexion angle = 14.1 ± 6.6°). For the 

twenty-four cross-sections (four cadavers and twenty volunteers), the 

transverse curvature of GM was studied by plotting three tangents through 

each aponeurosis at: 1) the intersection with the anatomical section 

(cadavers) and mid-longitudinal position (subjects), 2) 1 cm along the 

aponeurosis medial to position 1, and 3) 1 cm along the aponeurosis lateral  
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Figure 2.3 3-D reconstruction and modeling of human GM. A. Transverse cross-

section of GM. The cross-section was reconstructed from several overlapping 

transverse ultrasound scans of GM. A part of the soleus muscle (SOL) is seen. To study 

the orientation of the anatomical section and the curvature of both the distal (a(dist)) 

and proximal aponeuroses (a(prox)), three tangents (black lines) were plotted through 

each aponeurosis, near the anatomical section (white dashed arrow). B. For the model 

of GM, three serial transverse 2-D reconstructions, at 1 cm distance from each other in 

proximodistal direction, were aligned according to the position of the longitudinal line 

between distal end of the muscle belly and the insertion on the medial condyle of the 

femur (black dot). Within the reconstructions, a part of GM (gray highlight) was 

defined using the distal and proximal outlines of the aponeurosis. C. A resulting 3-D 

reconstruction of a fraction of the GM aponeuroses. D. In the representation, 

longitudinal planes were placed, representing the ultrasound images of the presumed 

fascicle planes made over a range of tilt angles. The lines, connecting the distal and 

proximal aponeurosis within each of the planes, represent the modeled fascicle (mf). 

 

A. B. 

C. D. 
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to position 1. The transverse curvature was not studied at the distal end of 

the muscle belly because the proximal aponeurosis ended at approximately 

five sixth of the muscle belly and because the muscles were not wide enough 

to draw tangents on the distal aponeurosis at 1 cm from the anatomical 

section (cadavers) and at the mid-longitudinal position (in vivo). Therefore, 

the angle of curvature could not be calculated at this position. 

 

Statistics 

Student’s t-test was used to test for significant differences between: 1) 

estimates of (fasc), (fasc) and (m.th) measured within the ultrasound scans of 

the presumed fascicle plane made prior to the anatomical section and their 

true values measured within the photographs of the anatomical sections, 2) 

estimates of (fasc), (fasc) and (m.th) measured within the ultrasound scans 

parallel to the anatomical sections and their true values measured within the 

photographs of the anatomical sections, and 3) presumed (fasc) measured 

within the ultrasound scans over the range of tilt angles and modeled (fasc) 

measured within the 3-D model over the same range of tilt angles.  

ANOVA for repeated measures was used to test for effects of tilt and 

rotation of the probe on estimates of (fasc), (fasc) and (m.th). For all statistical 

tests the level of significance was set at P < 0.05. The values are presented 

as means ± the standard error of the mean (SEM). 

 

 

Results 

Errors of measurements: comparison of muscle geometry measured within 

anatomical sections and within ultrasound scans in human cadavers 

It was observed that after sectioning of GM, almost no muscle fascicles were 

cut (e.g. Fig. 2.4A). This indicates that all anatomical sections corresponded 

to the plane of muscle fascicles. Therefore, measured muscle geometry in 

these anatomical sections can be considered to be valid measurements of the 

muscle geometry (i.e. true muscle geometry). The results are presented in 

Table 2.1. Geometric parameters measured in the ultrasound scans parallel 

to the anatomical sections did not differ significantly from true geometric 

parameters. However, in two of the four cadavers there was a significant 

difference between presumed (fasc) (i.e. measured within the ultrasound of 

the presumed fascicle plane) and true (fasc) (mean Δ(fasc) = 0.5 ± 0.1 cm, 

which is ≈ 14% of true (fasc)). In  these  two  cadavers there was  a  15° tilt 
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Figure 2.4 The anatomical section of cadavers GM and its orientation with respect to 

the aponeuroses. A. Example of an anatomical section used for measurement of 

muscle geometry. From distal to proximal, hardly any muscle fascicles (arrows) were 

observed to be cut. Fascicles could be traced from the distal aponeurosis (a(dist)) to the 

proximal aponeurosis (a(prox)). A small part of the soleus muscle (SOL) is visible as well. 

The smallest distance in the lower right scale depicts 1 mm. B. Dorsodistal view of the 

mid-longitudinal anatomical section (white dashed arrow) of GM. At the distal end of 

the muscle belly, the anatomical section is oriented perpendicular to the distal 

aponeurosis (a(dist)). This orientation is taken with respect to the tangent of the distal 

aponeurosis at the distal muscle belly end (black dashed line). At two-thirds of muscle 

belly length, the probe was oriented perpendicular to the skin (white arrow). This 

perpendicular probe orientation had a tilt angle difference () with the orientation of 

the anatomical section. C. Within a 2-D reconstructed image containing a cross-

sectional view of GM, the curvature of the distal aponeurosis (at two-thirds of muscle 

belly length from the origin) was quantified. The angle () was measured between the 

tangents (black dashed lines) drawn to the distal aponeurosis 1 cm along this 

aponeurosis on each side of the anatomical section (white dashed arrow). A bigger 

angle implies an enhanced curvature.  

B C 
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Table 2.1 Muscle geometry as measured within: 1) the anatomical sections, 2) 

ultrasound scans made parallel to the anatomical sections, and 3) ultrasound scans of 

presumed fascicle plane made before performing anatomical section. 

Cadaver Location (fasc) (cm) 

mean ± se 

(fasc)   (º) 

mean ± se 

(m.th) (cm)  

mean ± se 

Tilt angle 

1 

 

Section 

USparallel 

3.95 ± 0.23  

4.07 ± 0.09  

11.19 ± 0.46 

11.38 ± 0.09  

0.66 ± 0.01 

0.68 ± 0.04  

- 

- 

 

 

2 

 

USpresumed 

 

Section 

USparallel 

4.04 ± 0.14  

 

4.40 ± 0.01  

4.63 ± 0.16  

12.28 ± 0.44  

 

18.49 ± 0.22  

18.23 ± 0.58 

0.70 ± 0.01  

 

1.36 ± 0.00  

1.28 ± 0.00 

0º 

 

- 

- 

 

 

3 

 

USpresumed 

 

Section 

USparallel 

4.20 ± 0.05  

 

4.34 ± 0.03    *  

4.33 ± 0.10  

19.27 ± 0.75  

 

27.38 ± 0.20 

26.09 ± 0.69  

1.24 ± 0.03  

 

1.68 ± 0.01 

1.81 ± 0.04  

5º 

 

- 

- 

 

 

4 

USpresumed 

 

Section 

USparallel 

4.75 ± 0.01  

 

2.73 ± 0.04    *  

2.73 ± 0.07  

25.64 ± 0.71  

 

25.42 ± 0.19    *  

21.33 ± 0.81  

1.62 ± 0.02  

 

1.13 ± 0.01  

1.01 ± 0.04  

15º 

 

- 

- 

 USpresumed 3.23 ± 0.07  19.53 ± 0.75  1.05 ± 0.01  15º 

(fasc) = fascicle length; (fasc) = fascicle angle; and (m.th) = muscle thickness; Section = 

the mean value measured in the three photographic images of the anatomical section; 

USparallel = the mean value measured in the three ultrasound scans parallel to the 

anatomical section; USpresumed = the mean value measured in the three ultrasound 

scans of the presumed fascicle plane; the tilt angle is with respect to the anatomical 

section; — denotes identical tilt angle; * = significant difference (P < 0.05) 

………………………………………………………………………………………………………………………………………… 

 

 

difference between the presumed muscle fascicle plane and the true fascicle 

plane. In one of these cadavers a significant difference in (fasc) was found 

(i.e., Δ(fasc) = 5.9°; ≈23% of true (fasc)). No significant difference was found 

for (m.th). In one of the two other cadavers there was a 5° difference in tilt 

angle between the presumed muscle fascicle plane and the true fascicle 

plane. This difference in orientation did not result in a difference in the 

measurements of muscle geometry.  

These results indicate that: 1) as long as the orientation of ultrasound 

probe is parallel to the true fascicle, ultrasound images yield valid estimates 

of the true muscle parameters, and 2) when the ultrasound probe is oriented 
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perpendicular to the skin, substantial errors can be made in measurement of 

true (fasc) and (fasc).  

 

Orientation of the fascicle plane in human cadavers and variation of 

transverse curvature of GM and its aponeuroses 

To gain insight into how the true fascicle plane is oriented in GM, the angle of 

the anatomical section with respect to distal and proximal aponeuroses was 

measured at two-thirds of muscle belly length and at the distal end of the 

muscle belly. At two-thirds of muscle belly length, the true fascicle plane was 

oriented perpendicular to the proximal aponeurosis in two cadavers (i.e. 89° 

and 90°) and only perpendicular to the distal aponeurosis in one of these two 

(i.e. 88° and 101°). In the two other cadavers the anatomical section at two-

thirds of the muscle belly length was not perpendicular to the proximal 

aponeurosis (i.e. 78° and 79°) and not perpendicular the distal aponeurosis 

in one (i.e. 86° and 80°). However, at the distal end of the muscle belly the 

true fascicle plane was perpendicular to the distal aponeurosis in all cadavers 

(89° ± 2°) (e.g. Fig 2.4B). 

Within the body, GM is not a flat structure but shows a curvature when 

viewed in the transverse direction (i.e. perpendicular to its longitudinal 

direction). As a consequence, the aponeuroses are also curved in the 

transverse direction. The degree of curvature of both the distal and proximal 

aponeuroses (at two-thirds of muscle belly length from proximal) was 

quantified by measuring the angle between the tangents drawn to the 

aponeurosis 1 cm along the aponeurosis on each side of the anatomical 

section (Fig. 2.4C). This angle will be bigger when an aponeurosis is more 

curved. For the cadavers the curvatures of GM aponeuroses varied 

substantially (from 2° to 36°). Also, the curvature of the proximal 

aponeurosis differed from that of the distal aponeurosis. Over the subjects 

the difference in curvature of the distal and proximal aponeuroses of GM 

ranged from 3° to 13°. 

The orientation and curvature measurements in cadaver GM indicate 

that: 1) compared to the situation at two-thirds of the muscle belly length, 

the orientation of the distal aponeurosis at the distal end of the muscle belly 

is of more value for determining the orientation of the true fascicle plane, 

and 2) curvature of GM differs substantially. 
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Errors of measurements within presumed fascicle planes of human cadavers: 

effects of tilt and rotation 

In all the cadavers, presumed fascicles were detected in ultrasound images 

scanned with the probe tilt angle outside the true fascicle plane. The range of 

probe tilt angles in which presumed fascicles were detected was wide 

(Fig. 2.5, Table 2.2). In the range of -5° to +5° around the anatomical 

section, the errors of true (fasc) were limited to less than 4%. However, 

beyond this range errors increased substantially up to a maximum of 25%. 

In addition, for individuals the functions that described the errors of true 

(fasc) with tilt angle were linear, where the error increased or decreased with 

increasing tilt angle (e.g. Fig. 2.5A,B) or quadratic, where with both 

increasing negative and positive tilt angles, the errors of true (fasc) increased 

(e.g. Fig. 2.5C). The errors of true (fasc) and (m.th) varied less over the total 

range of probe tilt angles. Although there was no significant change in errors 

as a function of probe tilt angle (e.g. Fig. 2.5D,E), the errors were still 

substantial (i.e., maximum of 13% of true (fasc) and 12% of true (m.th)). For 

all cadavers the function of modeled (fasc) with tilt angle, measured in the 

model of GM, resembled the function of errors of presumed (fasc) with tilt 

angle (e.g. Fig. 2.5A,B).  

For rotation, presumed fascicles were detected over a smaller range of 

probe angle as compared to tilt (Table 2.2). This limits the possibility for 

making errors. However, within the small range of rotation angles, the 

presumed muscle geometry still varied (a maximum error of true (fasc) of 

7%, a maximum error of true (fasc) of 6%, and a maximum error of true 

(m.th)  of 5%), but these errors were not significant (e.g. Fig. 2.5F).  

The tilt and rotation measurements in GM of the cadavers indicate that: 

1) at probe positions other than the orientation of the true fascicle plane, 

structures are observed that are erroneously interpreted as true fascicles, 2) 

deviation in probe tilt angle from the true fascicle plane causes the largest 

errors in (fasc), 3) the functions that described the errors of (fasc) with tilt 

angle were not always quadratic, and 4) the effect of probe tilt on error of 

true (fasc) is relatively small within a small range of tilt (i.e. -5 to +5°). 
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Figure 2.5 See next page for caption.  
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Figure 2.5 continued: 

Examples of the effects of probe orientation on errors in cadaver GM muscle geometry. 

A. Example of a linear function with a positive slope describing the measured 

presumed fascicle lengths with tilt. B. Example of a linear function with a negative 

slope describing the measured presumed fascicle lengths with tilt. C. Example of a 

quadratic function describing the measured presumed fascicle lengths. D. For fascicle 

angle, the presumed values of the muscle parameters did not change substantially 

with tilt. E. For muscle thickness, the presumed values of the muscle parameters also 

did not change substantially with tilt. F. For fascicle length, with rotation, the 

measured presumed values were not a clear function of rotation angle. This was also 

true for fascicle angle and muscle thickness. In human cadaver GM, the muscle 

geometric variables were measured in the anatomical section (dashed lines). The 

presumed values of these parameters were measured in ultrasound scans made over a 

range of tilt and rotation angles (black dots, mean ± SEM). The modeled fascicle 

lengths were measured over a range of tilt angles in the individualized model of GM 

(gray dots). The modeled fascicle lengths resemble the individual errors of measured 

fascicle length in pattern (A-C). * denotes a significant differences (P < 0.05) between 

the true and presumed muscle parameters. 

………………………………………………………………………………………………………………………………………… 

 
 

 

Measurements of muscle geometry in vivo: transverse curvature of GM and 

effects of tilt and rotation 

In vivo the measured curvature of the aponeuroses of twenty muscles at 

two-thirds of muscle belly length varied substantially, from 1° to 42°. Over 

subjects, the difference in curvature of the distal and proximal aponeuroses 

ranged from 1° to 29°.  

For five subjects, tilt and rotation measurements were performed. The 

range of probe angles over which presumed fascicles were seen was wider 

for probe tilt than for probe rotation (Table 2.2). The effects of probe tilt on 

presumed (fasc) were larger than those of probe rotation (maximum deviation 

of presumed (fasc) was 15 ± 5% in tilt and 2 ± 1% in rotation).  

For in vivo measurements, also linear (Fig. 2.6A) and quadratic (Fig. 

2.6B) relations between presumed (fasc) with tilt angle were found. Note that 

these differences in pattern are related to differences in muscle curvature. If 

the curvature of the distal aponeurosis is modeled appropriately, similar 

linear and quadratic relations are seen (Fig. 2.6).  
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Table 2.2 Range of tilt and rotation angles, range of muscle geometry measurement 

errors ((fasc) ,(fasc) and (m.th)), and the pattern of (fasc) error as a function of tilt or 

rotation angles, as measured in cadavers and subjects in vivo. 

    Angle (º)  (fasc) (cm)    (fasc) (º)   (m.th) (cm) Pattern  

 min max min max min max min max  

Tilt          

Cadaver 1 

Cadaver 2 

Cadaver 3 

Cadaver 4 

Mean 

-20.0  

-20.0 

-15.0 

-20.0 

-18.8 

+20.0 

+25.0 

+35.0 

+15.0 

+23.8 

3.61 

4.03 

4.23 

2.74 

4.41 

5.66 

5.40 

3.31 

11.38 

16.41 

23.51 

19.87 

11.42 

19.69 

26.38 

23.69 

0.66 

1.28 

1.67 

1.04 

0.73 

1.44 

1.79 

1.13 

Linear 

Linear 

Quadratic 

Linear 

Subject 1 

Subject 2 

Subject 3 

Subject 4 

Subject 5 

Mean 

-20.0 

-20.0 

-20.0 

-10.0 

-15.0 

-17.0 

+25.0 

+25.0 

+20.0 

+15.0 

+15.0 

+20.0 

4.31 

4.16 

4.29 

5.39 

4.56 

5.58 

4.59 

4.99 

6.37 

5.14 

18.81 

22.81 

26.50 

21.12 

17.49 

23.98 

26.91 

30.35 

24.31 

18.48 

1.71  

1.53  

1.79  

1.77  

1.45 

1.84 

1.71 

2.01 

1.90 

1.55 

Linear 

Linear 

Quadratic 

Quadratic 

Linear 

 

 

Rotation          

Cadaver 1 

Cadaver 2 

Cadaver 3 

Cadaver 4 

Mean 

-5.0 

-5.0 

-10.0 

-10.0 

-7.5 

+5.0 

+10.0 

+10.0 

+10.0 

+8.8 

3.56 

4.41 

4.27 

2.65 

3.70 

4.52 

4.35 

2.84 

13.38 

17.15 

26.88 

22.06 

13.80 

18.14 

27.81 

23.56 

0.71 

1.25 

1.71 

1.07 

0.75 

1.27 

1.77 

1.13 

 

- 

- 

- 

- 

Subject 1 

Subject 2 

Subject 3 

Subject 4 

Subject 5 

Mean 

-10.0 

-5.0 

-5.0 

-5.0 

-5.0 

-6.0 

+10.0 

+10.0 

+5.0 

+5.0 

+10.0 

+8.0 

4.61 

4.47 

4.55 

5.81 

4.61 

4.70 

4.56 

4.61 

5.95 

4.73 

21.14 

20.52 

27.12 

22.14 

16.91 

21.69 

22.06 

29.51 

24.01 

17.81 

1.77 

1.36 

1.84 

1.85 

1.40 

1.79 

1.42 

1.91 

1.93 

1.51 

- 

- 

- 

- 

- 

(fasc) = fascicle length; (fasc) = fascicle angle; (m.th) = muscle thickness; pattern = 

pattern of (fasc) error; min = minimum; max = maximum; — denotes no pattern of 

(fasc) error. 
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Figure 2.6 Typical examples of the effects of probe tilt angle on the variation of 

presumed fascicle length of GM measured in subjects in vivo. A. Example where the 

measured presumed fascicle lengths and modeled fascicle lengths can be described by 

a linear function of tilt angle. B. Example where the measured presumed fascicle 

lengths and modeled fascicle lengths can be described by a quadratic function of tilt 

angle. The presumed fascicle lengths (black dots, mean ± SEM) were measured in the 

ultrasound scans made over a range of tilt angles. The modeled fascicle lengths, 

measured over a range of tilt angles in the individualized model of GM (gray dots), 

resemble the measured presumed fascicle lengths in pattern. 

……………………………………………………………………………………………………………………………………… 

 

 

 

In vivo muscle geometry measurements show that: 1) the transverse 

curvature of the aponeuroses in vivo resembles the results for cadavers, and 

2) the effects of tilt and rotation on muscle geometry resemble the effects 

found in the cadavers. We therefore conclude that errors found as a 

consequence of misjudgment of the fascicle plane are also to be expected for 

in vivo measurement. 

 

 

Discussion 

The most important results of this study are, first, that within presumed 

fascicle planes, fascicle-like structures may be interpreted erroneously as 
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true fascicles, and second, that deviations of the true fascicle plane at the 

mid-belly position in GM lead to substantial errors of measured fascicle 

lengths. The true fascicle plane at the mid-belly position in GM can be found 

by using transverse images of GM to determine the transverse curvature of 

the distal aponeurosis at the distal end of the muscle belly. 

 

Fascicle-like structures 

The occurrence of fascicle-like structures in presumed fascicle planes has 

been indirectly reported in previous studies (Klimstra et al., 2007; Scott et 

al., 1993). In the present study, when measurements were performed on the 

fascicle-like structures in the presumed fascicle planes, substantial 

measurement errors of true (fasc) were found. What is seen in the ultrasound 

image of a fascicle plane are actually the bright white lines of the 

hyperechoic collagen-rich connective tissue between the fascicles 

(Henriksson-Larsen et al., 1992; Rutherford and Jones, 1992). The muscle 

fibers within the fascicles are hypoechoic and are therefore imaged as black 

interspaces. Some ultrasound studies report that the ultrasound probe is 

expected to be parallel to the true fascicle plane when the presumed fascicles 

are seen in one uninterrupted straight line connecting both aponeuroses 

(Kawakami et al., 1998; Maganaris, 2003). Detailed inspection of the 

ultrasound images of the presumed fascicle planes of the present study and 

images presented in ultrasound studies of GM (e.g. Loram et al., 2006; 

Morse et al., 2005; Narici et al., 1996; Reeves and Narici, 2003) suggest that 

the fascicles in these images may not be traced from the distal aponeurosis 

to the proximal aponeurosis. Reported criteria such as ―visualize at least half 

of fascicle length‖ (Shortland et al., 2004), ―clearly visible fascicles‖ (Morse 

et al., 2005) and ―fascicle-rich longitudinal view‖ (Loram et al., 2006) 

suggest that uninterrupted lines may not be considered a requisite for 

observing fascicles. This suggests that a fascicle will be observed if the 

direction of the fascicle’s perimysium is visible for most of its trajectory and if 

an estimate can be made of both intersections of the fascicle with the 

aponeuroses. Given the 3-D architecture of fascicles in muscle, we may 

speculate that what is perceived as one presumed fascicle in a 2-D 

ultrasound image can actually be multiple fascicles that overlap. This may 

explain why presumed, but erroneous, fascicles can be observed in 

ultrasound images that are not oriented in the true fascicle plane. If the 

ultrasound probe is tilted or rotated further from the orientation of the true 

fascicle plane, more parts of fascicles will overlap in the image and cause the 
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perception of one fascicle-like structure to disappear. It is often proposed 

that the true fascicle plane can be found by manual adjustment of the 

orientation of the ultrasound probe to optimize the visibility of muscle 

fascicles (Loram et al., 2006; Martin et al., 2001; Shortland et al., 2002). 

However, this criterion is subjective and, with presumed fascicles visible over 

a wide range of probe tilt angle, it can even yield a wrong orientation of the 

ultrasound probe. 

 

Effects of tilt on (fasc) 

Errors in true (fasc) could be deliberately induced by tilting the ultrasound 

probe outside the orientation of the true fascicle plane. Assuming a parallel 

orientation of the aponeuroses, the presumed fascicles have a higher length 

in a tilted plane (Klimstra et al., 2007). This will only be true if the fascicle 

plane is oriented perpendicular to the distal aponeurosis (Fig. 2.7A). With tilt 

angles away from the perpendicular plane, the distance between the two 

aponeuroses in the corresponding plane will increase. This distance, together 

with fascicle angle, determines the overestimation of (fasc). Toward either 

side of zero tilt, (fasc) will increase and produce a quadratic relation between 

(fasc) and tilt angle. In the present study, this was found only in one of the 

cadavers and in two of the subjects. In an ultrasound study of the human 

tibialis anterior muscle (Klimstra et al., 2007), the muscle was simplified as 

two parallel straight planes, representing the aponeuroses. For curved 

muscles such as GM, ultrasound measurements of muscle geometry are 

expected to be more sensitive to changes of probe orientation. We found that 

the effects of tilt were larger when the curvature of the distal aponeurosis 

was more pronounced. However, at the mid-belly position the fascicle plane 

was not always oriented perpendicular to the distal aponeuroses (Fig. 2.7B). 

As a consequence, with tilt angles away from the true fascicle plane (toward 

+25°), the distance between the two aponeuroses in the corresponding plane 

increased. With tilt angles toward the perpendicular plane, the distance 

between the two aponeuroses decreased. In such a case a linear function 

was found for errors of fascicle length, and underestimations of (fasc) were 

shown. Note that if the fascicle plane is actually on the other side of the 

perpendicular plane, the effect of tilt will be the opposite, and a linear 

decrease of (fasc) will be found. In the present study, linear error functions 

were found in three of the cadavers and three of the subjects. In a 3-D 

ultrasound study of GM (Kurihara, 2005), the ultrasound plane with ―a clearly 

visible  fascicle from its  proximal to distal end‖  provided the  highest (fasc). 
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Figure 2.7 Cross-sectional images used in explaining one source of fascicle length 

errors. A. Outline of a transverse section of a cadaver GM where the true fascicle plane 

(thick dark line) is oriented perpendicular to the distal aponeurosis (a(dist)). With tilt 

angles away from the true fascicle plane (gray lines) the distance between the two 

aponeuroses in the corresponding plane will increase. Note that this distance, together 

with fascicle angle, determines the error of the fascicle length. In this case a quadratic 

function is found for measurement error of fascicle length. B. Outline of a transverse 

section of cadaver GM for which the true fascicle plane (straight dark line) was not 

oriented perpendicular to the distal aponeurosis (a(dist)). With tilt away from the true 

fascicle plane (toward +25°), the distance between the two aponeuroses increases. 

With tilts toward -20° the length between the two aponeuroses decreases. In this case 

a linear function is observed for the error of fascicle length as a function of probe tilt 

angle. C. Within the transverse cross-section of GM of one of the subjects, an 

irregularity of the distal aponeurosis (a(dist)) was shown. This irregularity suggests the 

occurrence of a third head of the gastrocnemius (3hd), which was also found in one of 

the cadavers and caused faulty measurement of the fascicle length. 

………………………………………………………………………………………………………………………………………… 

 

 

For the tibialis anterior, tilt of the ultrasound probe away from the plane 

perpendicular to the muscle skin interface also results in a decrease in (fasc) 

(Klimstra et al., 2007). This indicates that although the orientation of the 

true fascicle plane was not known in these studies, a decrease in (fasc) could 

be measured in contrast to the commonly believed increase (Kawakami et 

al., 1998). However, a linear relation of (fasc) with tilt angle has not been 

reported to our knowledge. 

The range of probe tilt angle over which the fascicle-like structures are 

visible in GM is larger than what has been reported in other types of muscles. 

In the human brachialis muscle, tilt of the ultrasound probe by more than 5° 

caused ―unclear images‖ due to a lack of a visible humerus (Herbert and 

C 
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Gandevia, 1995). With tilt by more than 5° the humerus was not located in 

the ultrasound image, and therefore presumed fascicles could not be defined. 

Similarly, if the distal aponeurosis of GM is not visible in the ultrasound 

image, presumed fascicles are not perceived anymore. Since the distal 

aponeurosis of GM is wider than the humerus,5 the range of tilt angles over 

which presumed fascicles can be observed will be larger in GM than in 

brachialis muscle. In the ultrasound study of the human tibialis anterior 

mentioned previously (Klimstra et al., 2007), the maximum range of probe 

tilt and rotation were based on the study of the human brachialis muscle 

(Herbert and Gandevia, 1995). It is plausible that the range of probe tilt 

angles for tibialis anterior over which presumed fascicles are visible is larger. 

The present results show that with the transverse curvature of the 

aponeurosis included in our model of GM, the different patterns of the error 

function of (fasc) can be predicted. It seems likely that for muscles with 

different curvatures of the aponeuroses or with different muscle shapes, 

differences in the effect of probe orientation can be expected.  

 

Sources of errors of (fasc) 

Ultrasound scans of presumed fascicle planes at the GM mid-longitudinal 

position were made with the probe held perpendicular to the skin or muscle 

surface. The errors with respect to (fasc) for half of the cadavers suggest that 

even though GM has a relatively simple geometry, this criterion is not 

sufficient for obtaining the correct probe orientation. Note that in these 

cadavers the true fascicle plane was not oriented perpendicular to the skin or 

muscle fascia. To the best of our knowledge, very little is known about the 

orientation of fascicle planes in GM and their possible inter-individual 

variation. In an ultrasound study of GM (Narici et al., 1996), the muscle of 

one cadaver was sectioned perpendicular to the skin. For this single case, 

this approach yielded a satisfactory section of a fascicle plane. In another 

study (Martin et al., 2001), GMs of five cadavers were sectioned with a 

―sagittal incision.‖ This description does not provide detailed information of 

the orientation of the incision with respect to the skin or muscle surface. 

However, as fascicle planes in GM are not oriented in a sagittal orientation, 

fascicles will normally be cut with such an incision. In half of the cadavers in 

the present study, the fascicle planes were not oriented perpendicular to the 

proximal aponeurosis, and we conclude that for GM the criterion of a 

                                            
5 c.f. http://visiblehuman.epfl.ch/index.php 
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perpendicular orientation of the ultrasound probe to the skin or muscle 

surface at mid-longitudinal position is generally not valid. 

The errors of (fasc) in GM due to a disorientation of the ultrasound probe 

found in the present study went up to a maximum of 25%. When compared 

to differences of (fasc) of GM reported in ultrasound studies, e.g. 8% between 

males and females, 21% between cadavers and live subjects, 17% between 

paretic and non-paretic limb in children with cerebral palsy, 10% between 

healthy children and children with cerebral palsy (Chow et al., 2000; Martin 

et al., 2001; Mohagheghi et al., 2007, 2008), it is obvious that these errors 

are substantial. Therefore, detailed anatomical knowledge of GM is essential 

for the prevention or limitation of these errors.  

In one of the cadavers an extra muscle head in the gastrocnemius 

complicated the detection of the interface of GM and soleus muscle. A third 

head of the human gastrocnemius occurs in 4% (Iwai et al., 1987) and 

different types exist (Bergman et al., 1995). In the present study a 

substantial thickness of the third head was measured (i.e. 30% of GM 

thickness). In the ultrasound images, presumed fascicles in GM appeared to 

be located partially in the third head. If the third head would not have been 

identified, erroneous measurements of muscle parameters would have been 

made. For one of the subjects an irregularity of the distal aponeurosis was 

found in the transverse cross-section (Fig. 2.7C). This irregularity, indicating 

the occurrence of a third head of the gastrocnemius muscle, caused difficulty 

in defining the distal aponeurosis in the longitudinal scans. Caution is 

indicated during in vivo measurements with a third head present. 

The effects of tilt and rotation were investigated in a relatively low 

number of cadavers because of the limited availability. To test whether the 

patterns of errors were also present in vivo, the effects of tilt and rotation 

were studied in a small group of subjects. The combined results of the 

cadaver and in vivo measurements and the modeling study showed that the 

measurement errors are explained by the difference in the orientations of the 

distal and proximal aponeuroses. To further determine how representative 

the anatomical variations were for a broader group of subjects we analyzed 

another fifteen subjects. The measurements on the twenty in vivo subjects 

showed that the orientation of the aponeuroses and their variation resembled 

those shown for the cadavers. This suggests that in vivo measurement errors 

are likely to occur. 
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Strategies for error prevention 

A mid-longitudinal ultrasound analysis of GM is most often reported in 

literature (Kawakami et al., 1998; Maganaris et al., 1998; Narici et al., 

1996). As it has been shown that (fasc) varies within this fascicle plane 

(Huijing, 1985; Narici et al., 1996), a standardized location on the mid-

longitudinal axis is needed to obtain reproducible measurements. Two 

methods have been used. The first is marking the location of the ultrasound 

probe on acetate paper marked according to moles and small angiomas (de 

Boer et al., 2008). The second is use of 3-D ultrasound methods (Fry et al., 

2004; Kurihara, 2005; Malaiya et al., 2007), since in a 3-D representation of 

muscle, anatomic markers such as bony protuberances and muscle belly 

ends are identified (Fry et al., 2007) and can be used to standardize the 

location as well as the orientation of the ultrasound image within GM. 

In addition, probe orientation is a matter of concern. The two commonly 

used criteria for probe orientation at the mid-longitudinal plane of GM found 

in literature (i.e. the perpendicular placement of the probe with respect to 

skin and the manual adjustment of the probe to optimize the visibility of 

fascicles) are not always sufficient for imaging the true fascicle plane. Our 

results show that for all cadavers, at the distal end of GM, the mid-

longitudinal fascicle plane was perpendicular to (the tangent of) the distal 

aponeurosis. This particular orientation can be most easily determined using 

a transverse image at this location. The probe is oriented such that at the 

middle of the image, the distal aponeurosis is parallel to the bottom of the 

image. Subsequently, the probe is rotated 90° and is now within the mid-

longitudinal fascicle plane. Within the fascicle plane, the probe is placed 

further proximal for longitudinal imaging. The correct orientation of the probe 

can be controlled by using a goniometer. This strategy will lead to valid 

measurements and enhance the reproducibility, which is required for 

repeated measures as, for example, in longitudinal studies on muscle 

adaptation. Considering possible errors in relation to inter-individual variation 

of GM anatomy, it is therefore advisable to determine the morphology of GM 

in the transverse plane and check for possible occurrence of a third 

gastrocnemius head. Similarly for other muscles, knowledge of their specific 

anatomy may be crucial, and new criteria for probe position need to be 

developed in such cases.  

This study presents a strategy for accurate ultrasound measurements of 

GM muscle geometry. Aligning the probe perpendicular to the distal 

aponeurosis within the distal end of the GM muscle belly and using that 
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alignment for subsequent longitudinal imaging will help minimize probe 

orientation-related errors in measurement of fascicle lengths and fascicle 

angles, as well as muscle thickness.  

 

 

Acknowledgements 

This study was funded by Phelps-stichting voor Spastici, Bussum, The 

Netherlands. 

We thank Henk Schutte for his help with the cadaver study. 

  



 

52 
 

 



Chapter 3 

53 
 

Chapter 3 
Reproducibility of hand-held ankle dynamometry to 

measure altered ankle moment-angle characteristics in 
children with spastic cerebral palsy 
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Abstract 

Background: In children with spastic cerebral palsy, the range of motion of 

the ankle joint is often limited. Measurement of range of motion may be 

hampered by a non-rigid foot deformity. We constructed a hand-held 

instrument which allows measurements of static footplate angle and moment 

in children with cerebral palsy while correcting for foot deformity. This study 

aimed to test the reproducibility of the measurements performed with the 

instrument and to use it for measuring ankle moment-angle characteristics in 

individual children who are typically developing and children with cerebral 

palsy. 

 

Methods: Footplate angles and moments were measured at five standardized 

positions in ten children who are typically developing and ten children with 

cerebral palsy. The intraclass correlation coefficient was calculated for test-

retest reliability. For precision, the standard error of measurement and 

smallest detectable difference were determined. The footplate range of 

motion and the slope of the moment-angle curve were determined, both 

towards plantar flexion and dorsal flexion. 

 

Findings: The reproducibility study revealed a high reliability of the 

dynamometer at 5 repetitions (>0.97). Precision lies within 5º for angle 

measurements and within 0.2 Nm for moment measurements. In the 

children with spastic cerebral palsy, the range of motion towards dorsal 

flexion was 18º lower and the slope of the moment-angle curve towards 

dorsal flexion was substantially higher. 

 

Interpretation: We developed a hand-held dynamometer which allows 

reliable and precise measurements of static footplate angle and moment in 

children with spastic cerebral palsy. The hand-held dynamometer is qualified 

to reproducibly evaluate moment-angle characteristics in a clinical context. 
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Introduction 

Children with spastic cerebral palsy (SCP) are impaired in motor function, 

causing limited mobility and decreased ambulation in their daily activities 

(Rosenbaum, 2007). Kinematics of gait in SCP can be classified into a 

number of pathological patterns (Becher et al., 2002; Rodda et al., 2004). 

Some of these patterns include an equinus position of the ankle caused by a 

limited range of motion (ROM) of the ankle. One possible cause of a limited 

ROM is spasticity, a hyper excitability of the stretch reflex elicited by 

elongation of the plantar flexors during gait (Lance, 1980; Van der Krogt et 

al., 2009). A secondary effect of spasticity may be a compromised muscle 

development resulting in reduced slack length and/or increased passive 

stiffness of the plantar flexors (Tardieu et al., 1982; Shortland et al., 2002). 

Several pathophysiological mechanisms may be responsible for the reduced 

ROM: 1) muscle fiber growth, limited in fiber cross-sectional direction and/or 

longitudinal direction (Huijing, 2007; Shortland et al., 2002), 2) changed 

mechanical properties of the intramuscular connective tissue (Booth et al., 

2001), or 3) stiffer myofascial connections of the spastic muscle with the 

surrounding muscles and connective tissues (Huijing, 2007).  

For the ankle, using a dynamometer, muscle stiffness can be indirectly 

measured as the relation between ankle angle and net ankle moment (e.g. 

Harlaar et al., 2000; Peng et al., 2004; Tardieu et al., 1979). However, 

common dynamometers are quite substantial instruments and are not readily 

available for measurements in a clinical context. Smaller and lighter 

instruments such as goniometers and hand-held dynamometers can be used 

in clinical practice of pediatric care. Both methods, however, have some 

drawbacks. Manual goniometry does not seem to be precise enough to 

measure changes in ankle angles in children with SCP. The ankle angle has 

to change by more than 10-20º to be reliably measured (e.g. Allington et al., 

2002; Fossang et al., 2003; Kilgour et al., 2003; McDowell et al., 2000). This 

strongly impedes the use of goniometers to evaluate clinical effects. Hand-

held dynamometers are often used to measure isometric muscle force in 

children with SCP (e.g. Crompton et al., 2007), but to our knowledge their 

reliability for measuring angles has not been established. One reason for this 

might be that simultaneous measurements of ankle angle and moment in 

children with SCP are difficult. In addition, occurrence of an equinus 

deformity in children with SCP is often accompanied by a varus/valgus 

deformity of the foot (Bennet et al., 1982), which obstructs reproducible 

measurements. With equinus deformity, a rigid coupling between forefoot 
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and calcaneus can be compromised due to foot deformation. Moreover, a 

proper fit of a dynamometer can be difficult in children with SCP in case of an 

equinus. To solve these problems, we developed a hand-held ankle 

dynamometer with an adjustable foot fixation. The dynamometer allows 

adaptation in varus/valgus direction to stabilize the longitudinal arch of the 

foot, such that correct measurements of static angle of the footplate and net 

moment applied at the footplate can be made. 

The goal of this work is to determine the reproducibility of measurements 

of static footplate angle-moments of individual children with SCP and children 

who are typically developing (TD) using the newly developed hand-hand 

dynamometer. Measurement precision was assessed at increasing number of 

measurement repetitions and occasions. For clinical interpretation, the 

magnitude of measurement precision of the hand-held dynamometer was 

related to the difference in ROM between SCP and TD children. Finally, as 

joint stiffness is considered to be higher in children with SCP, the slope of the 

moment-angle curve was measured in both groups. 

 

 

Methods 

Instrumentation 

The hand-held dynamometer (Fig. 3.1) consists of a novel adjustable foot-

fixation, a torque wrench and a goniometer. The adjustable foot fixation has 

a part for the forefoot and a part for the calcaneus. These can be adjusted in 

distance and in rotation with respect to each other, accommodating foot sizes 

from 150 to 230 mm. The calcaneus part has a heel support (width: 45 mm) 

and a point to attach a torque wrench. Both parts are equipped with Velcro 

straps to fasten the foot. 

The torque wrench (Sensotork 712, Stahlwille, Wuppertal, Germany) was 

used to measure the moment at the connection with the foot fixation in the 

sagittal plane (i.e. towards dorsal flexion and plantar flexion). 

To measure the angle of the footplate with the vertical, we used a 

goniometer (Model ACU001, Acumar, Lafayette, USA). Although the angles 

are intended to represent the ankle or talocrural joint, we prefer to report 

these as footplate angles. The goniometer was attached to the torque wrench 

(Fig. 3.1). The moment and angle are read out simultaneously. Positive 

values refer to an external dorsal flexion moment (Nm) and dorsal flexion 

(º). 
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Figure 3.1 The components of the hand-held dynamometer. 1. The adjustable foot 
fixation with a part for the forefoot and a part for the calcaneus. The two parts can be 
adjusted in distance and in rotation with respect to each other to adapt to varus or 
valgus deformity. 2. The torque wrench. 3. The goniometer. 

………………………………………………………………………………………………………………………………………… 

 

 

 

Subjects and design 

Ten children with SCP (five males, five females, mean age = 8.9yrs) and ten 

TD children (four males, six females, mean age = 8.7yrs) were included in 

the study after informed consent from their parents. A sample size 

calculation showed that ten subjects per group were necessary for the 

planned reproducibility study (=0.05; =0.20; minimum ICC=0.80; Walter 

et al., 1998). All children with SCP walked independently (Gross Motor 

Function Classification System level of I-III; GMFCS; Palisano et al., 2007) 

and had no fixed deformity of their feet. The study was approved by the 

Medical Ethics Committee of the VU University Medical Center. 

All subjects were tested by one tester, on two occasions, separated by 

one hour to minimize stretch effects of the first on the second occasion. In 

between occasions, the foot-fixation was removed from the foot. During each 

occasion the level of spasticity of the gastrocnemius was measured using the 

SPAT (Van der Noort et al., 2009). The SPAT is a simplified Tardieu Scale. 

Spasticity is assessed during a passive stretch at high velocity to measure 

the angle of catch. Spasticity is graded on a 4-point scale (0 = normal 

muscle resistance; 1 = increased muscle resistance without a catch; 2 = 

catch and release; and 3 = clear catch). For dynamometer measurements, 

the children were asked to lie prone on a bench, with both feet overhanging 

the edge. For TD children, the right leg was measured. For children with SCP, 

1 

3 

2 
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the leg with highest SPAT score was measured. The foot fixation was firmly 

attached to the foot. If present, a varus/valgus deformity of the foot was 

manually corrected by repositioning the forefoot relative to the calcaneus and 

the fixation was adjusted to maintain this correction.  

With the dynamometer, moment angle relations were measured at: 1) 

the angle at 0 Nm (neutral), 2) the angle at -4 Nm (plantar), 3) the angle at 

+4 Nm (dorsal), 4) the moment at the angle halfway between angles 1 and 2 

(half plantar), and 5) the moment at the angle halfway between angles 1 and 

3 (half dorsal). The maximum moments were selected from a pilot study. 

Moments higher than 4 Nm caused discomfort in the children and inability to 

relax. With a higher moment (to a maximum of 7 Nm) the angles were within 

5º of the angles at 4 Nm. All measurements were repeated ten times and 

each repetition was held for five seconds. The pilot study showed that the 

angle and moment did not change up to thirty seconds after the first five 

seconds. To prevent spastic reflexes, the movement towards each joint angle 

was performed at low velocity.  

To control for involuntary activation of m. tibialis anterior (TA) and m. 

gastrocnemius lateralis (GL) in reaction to passive footplate movement, 

electromyographic (EMG) signals of TA and GL were recorded at 1000 Hz 

during the measurements. Before the measurements, EMG at maximal 

voluntary contraction (MVC) of TA and GL was measured in prone position. 

Skin preparation and electrode placement of EMG were carried out according 

to SENIAM guidelines (Freriks et al., 1999). Off-line EMG signals were high-

pass filtered at 20Hz to remove artifacts, and normalized with respect to the 

peak value of the EMG during MVC. 

 

Statistics 

Student’s t-tests were used to test for significant differences between the 

anthropometrics, as well as the mean angle and moment measurements of 

the TD and SCP children (P < 0.05). 

To determine test-retest reliability and precision of the footplate angle 

and moment measurements, the influences of the repetition and occasion of 

measurements were assessed. A Generalizability-study (G-Study, Roebroeck 

et al., 1993; Shavelson & Web, 1991) was performed to calculate variance 

components of the factors subject (s), occasion (o) repetition (r), and the 

two-way interactions of these factors (i.e. or, so and sr). Subject reflects the 

object of interest (i.e. variance between subjects), while the other factors 

reflect error variances caused by the corresponding factors. The three-way 
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interaction (sor) is defined as the residual error and reflects the non-

systematic error sources that are unknown (Roebroeck et al., 1993). From 

the magnitude of these variance components, the most important sources of 

measurement error were determined using a factorial analysis of variance 

model in SPSS 16.0.1 (SPSS Inc, Chicago, USA). Small negative variance 

components (i.e. from -0.05 to 0.00) were set to zero. 

Based on the calculated variance components, a Decision-study (D-

Study, Roebroeck et al., 1993; Shavelson & Web, 1991) was used to 

determine the test-retest reliability and precision of different study designs 

(i.e. different numbers of measurement repetitions and occasions). Precision 

expresses the amount of measurement error and is an indicator of the 

responsiveness of the instrument to changes in the measured variable (i.e. 

ankle angle and net moment). As a measure of test-retest reliability, we 

used the intraclass correlation coefficient (ICC). ICC is the ratio of variance of 

interest over total variance: 

 
variance of interest s

ICC
variance of interest error variance s o r or so sr sor

 
      

          (3.1) 

The variance component of the object of measurement (i.e. subject) is 

divided by the sum of the variance component of the object of measurement 

and all the error variance components (i.e. occasion, repetition and the 

interactions ro, so, sr and sor). ICC is dimensionless; it ranges from 0 to 1. 

For an instrument that measures individuals, an ICC above 0.9 is considered 

high (Nunnally and Bernstein, 2000).  

As measures of precision, we used the standard error of measurement 

(SEM) and the smallest detectable difference (SDD). SEM expresses the 

amount of measurement error; it was calculated as the square root of the 

summation of all error variance components (Roebroeck et al., 1993): 

( , , , , , ) [º ] [ ]SEM o r or so sr sor or Nm                          (3.2) 

SDD denotes the smallest measurement change that can be interpreted 

as a real difference and was calculated as (Roebroeck et al., 1993): 

 2 1.96 [º ] [ ]SDD SEM or Nm                                           (3.3) 

Because SEM and SDD have the same dimensions as the object of 

measurement (i.e. º and Nm) they are meaningful at individual assessment, 

rather than the ICC, which is a measure of reliability at group level. 
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For the different study designs, when the mean of multiple 

measurements is considered to be the outcome, the original error variance 

components were divided by the number of occasions and/or repetitions. For 

example, if the number of repetitions is 2, all variance components that 

contain repetition are divided by 2. SEM and SDD will therefore be smaller 

with increasing occasion or repetition (Roebroeck et al., 1993). 

A dependent Student’s t-test was used to test for significant differences 

between the SDDs of the TD and SCP children (P < 0.05). 

To study if the slope of the moment-angle curve towards dorsal flexion 

(see below) was related to the level of spasticity towards dorsal flexion 

(determined by the SPAT), the correlation between these two parameters 

was calculated using Pearson’s r. 

A post-hoc power analysis in G*Power 3.1.0 was performed between SCP 

and TD children for the moment-angle relations and for the slopes in the 

moment-angle curve (see below).  

 

Moment-angle characteristics 

From the angle and moment measurements, the slope of moment-angle 

curve was calculated towards dorsal flexion (mdors): 

4
[ /º ]

dors
m Nm

dorsal angle neutral angle



              (3.4) 

and towards plantar flexion (mplant): 

4
[ /º ]

plant
m Nm

plantar angle neutral angle





                     (3.5) 

 

 

Results 

Anthropometrics, physical examination and measurements of static footplate 

angle and net moment  

The anthropometrics of the children with SCP resembled those of the TD 

children (Table 3.1). The mean values of ankle angles and net moments, 

measured with the dynamometer for the reproducibility study, are shown in 

Table 3.2. The neutral angle seemed lower in the SCP group compared to the 

TD group (-13º and -7º, respectively), but this difference was not significant 

(P = 0.06).  The dorsal  flexion angle at 4 Nm was significantly lower  in  the  
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Table 3.1 Anthropometrics and dorsal ROM of the TD and SCP children. 
 

Group 

 

Subject 

 

Sex 

 

Age [yrs] 

 

Length [cm] 

 

Mass [kg] 

 

LL Length [cm] 

 

ROM [º] 

 

GMFCS 

 
TD 1  f 10  144  35  34.0  30  -  

 
2  f 12  150  50  35.0  20  -  

 
3  f 6  127  27  28.0  15  -  

 
4  m 6  123  21  26.5  30  -  

 
5  f 11  149  44  37.0  15  -  

 
6  m 7  120  21  28.0  25  -  

 
7  f 8  130  26  28.5  35  -  

 
8  f 10  135  29  32.5  35  -  

 
9  m 9  132  41  29.0  25  -  

 
10  m 8  141  35  33.0  20  -  

mean (SD)   8 (2) 135 (10) 32 (9) 31.1 (3.5) 25 (7)* -  

                
SCP 

1  m 12  155  45  34.0  15  III  

 
2  m 10  136  33  32.0  15  I  

 
3  f 9  125  30  29.0  10  II  

 
4  m 7  130  25  31.0  5  III  

 
5  f 9  150  30  32.0  -5  I  

 
6  m 7  126  29  29.0  5  II  

 
7  f 10  147  42  31.0  5  II  

 
8  m 12  135  33  30.0  0  III  

 
9  f 7  131  32  31.0  -5  I  

 
10  F 6  130  29  26.0  10  I  

mean (SD)   8      (2)  136 (10) 32 (6) 30.5 (2.1) 5 (7) - 

              

LL Length = the lower leg length; ROM = the range of motion towards dorsal flexion;  

*= significantly different from SCP (P < 0.05) 

………………………………………………………………………………………………………………………………………… 

 

SCP group compared to  the  TD  group  (8º  and 26º, respectively; P < 

0.01).  For  all dynamometer measurements, the level of activation of the TA 

and GL did not exceed 10% of MVC (TD maximum: 9.8%; SCP maximum: 

9.5%). 

 

Sources of variance determined by the G-Study 

Table 3.3 shows all variance components of the factors subject, occasion, 

repetition and their interactions. For angle measurements of both TD and 

SCP   children,   most   of   the  variance was  attributed   to the  object   of  
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Table 3.2 The mean (SD) angles and moments measured in the TD and SCP group for 

the reproducibility study. As neutral, plantar and dorsal angles were always measured 

at the same moment, the SD of these measurements is zero. 

Group Parameter 

Measurement 

neutral plantar dorsal half plantar half dorsal 

 

TD Angle -6.0 

 

(7.7) 

 

-60.0 

 

(9.1) 

 

26.0 

 

(7.3) 

 

-35.0 

 

(6.4) 

 

9.5 

 

(8.0) 

 Moment 0.0 (0.0) -4.0 (0.0) 4.0 (0.0) -1.6 (0.4) 1.2 (0.7) 

SCP Angle -10.0 (6.1) -57.0 (12.2) 8.0 (5.3) -30.5 (10.1) -2.0 (9.0) 

 Moment 0.0 (0.0) 0.0 (0.0) 4.0 (0.0) -1.2 (1.1) 0.8 (0.9) 

            

 

 

Table 3.3 G-Study results: the variance components of multiple sources of variance of 

angle and moment measurements in the TD and SCP group. Units are degrees2 for 

angle and Nm2 for moment. 

Group Source of Variance df 

Angle 
  

Moment 
 

neutral plantar dorsal 
 half 

plantar 
half dorsal 

  

TD subject 9 55.16 74.77 48.277  0.16 0.50 

 occasion 1 0.12 0.13 0.074  0.00 0.00 

 repetition 9 0.01 0.05 0.081  0.00 0.00 

 occasion * repetition 9 0.01 0.04 0.140  0.00 0.00 

 subject * occasion 9 1.20 1.31 0.497  0.00 0.00 

 subject * repetition 81 0.07 0.16 0.216  0.00 0.00 

 residual  81 1.12 1.43 1.001  0.00 0.02 

SCP subject 9 214.15 216.36 106.314  0.31 0.25 

 occasion 1 1.97 0.17 0.413  0.00 0.00 

 repetition 9 0.04 0.04 0.004  0.00 0.00 

 occasion * repetition 9 0.04 0.01 0.017  0.00 0.00 

 subject * occasion 9 1.68 1.60 4.599  0.01 0.02 

 subject * repetition 81 0.04 0.18 0.123  0.00 0.00 

 residual 81 1.38 1.22 2.388  0.00 0.00 

df = degrees of freedom 
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measurement (i.e. subject). This variance was more pronounced in the SCP 

group (e.g. 214 degrees2 for neutral angle in SCP compared to 55 degrees2 

in TD). Note that in the SCP group, the variance estimates of subject were 

substantially larger for neutral and plantar angle compared to dorsal angle 

(214 and 216 compared to 106 degrees2, respectively). 

Inspection of the remaining variance components of angle measurements 

reveals that: 1) all error variance components were more than 10 times 

smaller than the lowest variance component of subject, 2) the main effect of 

occasion of neutral angle measurement was at least 5 times higher than that 

of other angles, 3) the interaction of so was relatively high in both TD and 

SCP children, 4) this interaction of so was highest in dorsal angle 

measurement of children with SCP (4.6 degrees2). 

For moment measurements, almost all of the variance was attributed to 

subject. The remaining error variances were at least 10 times smaller. 

 

Reliability and precision of measurements for different study designs 

determined by the D-Study 

With the estimated variance components determined in the G-Study, ICC, 

SEM and SDD were calculated. We explored the effect of including a second 

occasion in the protocol and of increasing the number of repetitions from 1 to 

5 to 10. The results of these 6 (2x3) study designs are shown in Table 3.4.  

For angle measurements, all 6 study designs produced a high reliability 

in both TD and SCP children (i.e. ICC > 0.91). For the simplest study design, 

where one occasion was measured with one repetition, SEM and SDD of 

angle measurements were highest for dorsal angle measurements of  

children with SCP (i.e. 2.8º and 7.6º, respectively). Overall, increasing the 

number of occasions from 1 to 2 reduced SEM and SDD by ≈0.5º and ≈1.5º, 

respectively. At two occasions, when the number of repetitions was increased 

from 1 to 5, SEM and SDD were further reduced by ≈0.5º and ≈1.7º, 

respectively. The highest SDD was now found for neutral angle measurement 

in SCP (3.2º). Increasing the number of repetitions from 5 to 10 had less 

effect; now SEM and SDD were only reduced by ≈0.1º and ≈0.4º, 

respectively. 

For the moment measurements, the ICCs for all study designs were 

higher than 0.93 (Table 3.4). At 2 occasions and 5 repetitions, SEM and SDD 

did not exceed 0.05 Nm and 0.15 Nm, respectively. No significant differences 

were found between the SDDs of the TD and those of the SCP. 
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Table 3.4 D-Study results: measures of reliability and precision of angle and moment measurement in the TD and SCP group for 

different study designs. ICC is dimensionless. Units of SEM and SDD are both in º. 

Group o r 

  
Angle 

 
Moment 

  

 
neutral 

 
plantar 

 
dorsal 

 
half plantar 

 
half dorsal 

     

 
ICC SEM SDD 

 
ICC SEM SDD 

 
ICC SEM SDD 

 
ICC SEM SDD 

 
ICC SEM SDD 

         

                       

TD 1 1  0.96 1.59 4.41  0.96 1.76 4.89  0.96 1.42 3.93  0.98 0.05 0.15  0.99 0.04 0.121 

 1 5  0.99 0.78 2.16  0.99 0.85 2.36  0.99 0.68 1.88  0.98 0.05 0.10  0.99 0.04 0.121 

 1 10  0.99 0.60 1.68  0.99 0.65 1.80  0.99 0.52 1.43  0.98 0.05 0.09  0.99 0.04 0.117 
                       

 2 10  0.98 1.13 3.12  0.98 1.26 3.49  0.98 1.02 2.83  0.98 0.05 0.15  1.00 0.04 0.104 

 2 5  1.00 0.55 1.53  1.00 0.61 1.68  1.00 0.49 1.35  0.99 0.04 0.15  1.00 0.04 0.098 

 2 10  1.00 0.43 1.19  1.00 0.46 1.28  1.00 0.37 1.03  0.99 0.03 0.13  1.00 0.04 0.098 

                        

                                           

SCP 1 1  0.98 2.27 6.28  0.99 1.79 4.97  0.91 2.75 7.61  0.94 0.13 0.35  0.93 0.13 0.362 

 1 5  0.99 1.61 4.47  1.00 0.88 2.45  0.98 1.36 3.76  0.95 0.12 0.33  0.93 0.13 0.354 

 1 10  0.99 1.51 4.19  1.00 0.69 1.91  0.98 1.06 2.94  0.96 0.11 0.30  0.93 0.12 0.339 
                       

 2 1  0.99 1.61 4.46  0.99 1.28 3.54  0.95 1.94 5.38  0.99 0.06 0.16  0.99 0.05 0.130 

 2 5  0.99 1.14 3.16  1.00 0.63 1.74  0.98 0.96 2.66  0.99 0.05 0.14  0.99 0.05 0.126 

 2 10  1.00 1.07 2.96  1.00 0.49 1.35  0.99 0.75 2.08  0.99 0.04 0.11  0.99 0.04 0.117 

                                              
o= occasion; r = repetition 
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In conclusion, the D-study reveals that the dynamometer has a high 

precision. At 5 repetitions, the SDD for angle and moment does not exceed 

5º and 0.35 Nm, respectively. 

 

Effects of cerebral palsy on footplate moment-angle characteristics  

Fig. 3.2 shows typical examples of angle and moment measurements 

performed with the hand-held dynamometer at 5 repetitions. Overall, the 

angle measurements showed more variance than the moment 

measurements. This corresponds to the higher variance components of angle 

measurement calculated in the G-study. In children with SCP, the mean 

angle towards dorsal flexion measured at 4 Nm was 18º lower than that in 

TD children (P < 0.01; power 0.99). This was accompanied by a significantly 

higher mdors in children with SCP: 0.20 Nm/º (SD 0.05) versus 0.12 Nm/º 

(SD 0.02) (P < 0.01; power 0.99). The higher mdors in children with SCP did 

not correlate with the level of spasticity (r = 0.35). 

 

 

Discussion 

We developed a hand-held ankle dynamometer which can be used to 

measure footplate angle and passive moment of children with SCP who have 

an equinus of the foot possibly combined with a varus/valgus deformity. We 

found that the hand-held dynamometer provides reliable and precise 

measurements of ankle angle and net moment in individual TD and SCP 

children at 5 repetitions. During the measurements, concurrent EMG data 

showed no activity of the stretch reflex. 

 

Sources of variance in measuring angle and moment 

In the G-Study, variance components of moments and angles provide insight 

in the factors that contributed to the variance of these parameters. Overall, 

the variance component of subject dominated the variance, which is obvious 

since subject was the factor of interest. In children with SCP, the variance 

estimates of subject were substantially larger compared to those of TD 

children. This corresponds to the larger inter-individual differences measured 

in mean neutral and plantar angle in children with SCP. Especially the neutral 

angle can be affected by the level of muscle stiffness in children with SCP. 

With a higher stiffness of the spastic muscles, the neutral angle will be lower. 

As the level of spasticity differed between individuals in the SCP group, this 

may  explain  the higher  variance values  in this group. The  lower variance  
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Figure 3.2 Examples of moment and EMG as a function of footplate angle in SCP and 

TD children. A. Typical examples of the footplate angle-moment relation of a child of 

the SCP group (black) and of the TD group (white). For all measurements of footplate 

angle (circles) and moment (triangles), five repetitions are shown. The angle 

measurements show more variance than the moment measurements. The child of the 

SCP group has a lower dorsal angle and has a higher slope towards dorsal flexion. 

B. The mean level of EMG activation (in % of MVC) of the tibialis anterior (TA) and the 

gastrocnemius lateralis (GL), measured at the corresponding angles of the children 

shown in (A); black SCP; white TD. The EMG activation did not exceed 10% (dotted 

lines). 
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estimate of subject in dorsal flexion measurement corresponds to the lower 

inter-individual difference in ROM towards dorsal flexion in the children with 

SCP. 

 

Reproducibility of static footplate angle and moment measurements with the 

hand-held dynamometer 

High ICC values, found in the present study, are due to the high values of 

variance of the object of measurement (i.e. subject) compared to the low 

values of error variance. Application at individual level requires knowledge of 

the precision of the instrument. We therefore included SEM and SDD. The 

precision obtained for the hand-held dynamometer for footplate angle is high 

compared to that of ankle angle with manual goniometry (<5º versus 10-

20º, c.f. Allington et al., 2002; Fossang et al., 2003; Kilgour et al., 2003; 

McDowell et al., 2003). This may be explained by two factors: 1) the 

adjustable foot fixation provides a proper fit of the foot and allows alignment 

of the hand-held dynamometer with the foot. Misalignment of the 

measurement device with bony landmarks is a source of error for angle 

measurement (Kilgour et al., 2003), 2) with the hand-held dynamometer, 

angles are measured at standardized moments. With manual goniometry, 

measurements are performed with variable forces applied by the tester, 

which is expected to increase the error of measurement. 

In our study, children were measured in prone position with the knee 

extended. This is different from other studies where the children were in 

supine position (e.g. Fosang et al., 2003; Kilgour et al., 2003). Lying prone 

or supine will have no biomechanical effects on the measurements. Based on 

clinical experience of one of the authors, children in prone position show a 

lower level of overall spasticity. This can be explained by a suppression of the 

extension pattern, but lacks scientific proof. 

At 5 repetitions and 2 occasions, the precision of the hand-held 

dynamometer is better than 4º. More repetitions or occasions will slightly 

improve the precision. However, reported differences of ROM toward dorsal 

flexion in SCP and TD children range from 5º to 11º (e.g. McMulkin et al., 

2008; Kilgour et al., 2005; and Tardieu et al., 1979). As the precision of the 

hand-held dynamometer at 5 repetitions allows detection of such clinical 

relevant differences, this method allows reproducible measurements of 

changes in ROM in individual children with SCP after treatment. 
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Study limitations 

The hand-held dynamometer allows reliable measurements with high 

precision. However, some limitations of the study need to be taken into 

account:  

1) The number of subjects was relatively low. Roebroeck et al. (1993) 

reported that a low number of subjects can result in negative variance 

components, which are conceptually impossible. Since negative variance 

components were found only incidentally, we feel confident that this did not 

affect the outcome of the study. The low number of subjects could explain 

the lack of correlation between mdors and the level of spasticity. 

2) In our design, measurements were performed by one tester and 

showed reliable values. If more testers were included in the study design, 

more error variance would be introduced. 

3) For logistic reasons, the two different occasions were measured on the 

same day. Measuring over days might introduce more error variance. 

4) Measuring MVC in individuals with an upper motor neuron lesion is 

often difficult as isolated voluntary contractions are hindered by a lack of 

selectivity. In the present study, EMG levels did not exceed 10% of MVC, 

indicating that involuntary contractions were only of limited effect. The 

measurements were recorded five seconds after the foot had been slowly 

brought into position, allowing the muscles to adapt to the new position. 

Misjudgment of muscle activity was likely minimal and did not influence the 

outcome 

5) The results obtained using the hand-held dynamometer were not 

compared statistically to those of manual goniometry. However, there is 

sufficient literature on variability and reliability of manual goniometry to 

allow a comparative discussion (see introduction of this chapter). The higher 

precision obtained for the hand-held dynamometer is explained by the 

correction of foot deformity applied and the standardization of measurements 

by controlling the applied moment. 

 

Measuring ankle angle and moment in children with SCP 

Measurements of ankle angle and moment in children with SCP have been 

performed with dynamometers at a constant velocity (e.g. Peng et al., 2004; 

Tardieu et al., 1982). This is different from our hand-held dynamometer, 

where measurements were performed at static moments and angles. 

Therefore, different stiffness properties of the muscles will contribute to the 

measured net moment (e.g. passive elasticity compared to visco-elasticity 
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with the fixed dynamometers). For scientific use within a clinical context, the 

hand-held dynamometer has advantages over fixed dynamometers. The 

adjustable foot fixation allows for correction of forefoot position in case of 

non-rigid foot deformities (varus/valgus position). In addition, the lower leg 

is free of any fixation, allowing space for simultaneous measurements such 

as ultrasound imaging of muscles contributing to ankle moments actually 

exerted. 

In our study protocol, children in the SCP group were included with 

GMFCS level of I-III. The majority of children with SCP with spastic diplegia 

and hemiplegia are rated with GMFCS level I-III (i.e. 72% and 98%, 

respectively, Beckung et al., 2007; Voorman et al., 2007). The hand-held 

dynamometer can therefore be reliably used to measure a large population of 

children with SCP. Whether the dynamometer is reliable for measurements 

on children with SCP with higher GMFCS levels warrants further investigation. 

In the children with SCP, we found that the ROM towards dorsal flexion 

of the footplate, measured at a standardized ankle moment, was 18º smaller 

compared to that of the TD children. By scaling the moment arm of the 

plantar flexors in adults (5.2 cm, Fukanaga et al., 1996) to the tibia length 

ratio of children and adults (3/4, Shortland et al., 2002), the moment arm of 

plantar flexors in children can be estimated at 4.0 cm. With such a moment 

arm, an 18º difference in footplate angle will result in 1.2 cm difference in 

length of the muscle-tendon complex between SCP and TD children. This can 

result in a difference in muscle stiffness over the ROM. We showed that, 

compared to the TD children, the lower dorsal flexion angle in the children 

with SCP was accompanied by an increase of the slope towards dorsal 

flexion. This can be interpreted as an increased joint stiffness, which has 

been suggested in dynamometer-studies of children with SCP (Peng et al., 

2004; Tardieu et al., 1982). Joint ROM and stiffness are both important 

parameters in clinical decision-making of the treatment of children with SCP 

(Tardieu et al., 1982). The treatment of ankle equinus in children with SCP is 

either directed at reducing the stretch reflex induced contractile activity of 

the spastic muscles or at lengthening the muscle and increasing its length-

range of force exertion by serial casting or surgery (Steinbok, 2006).  

Determination of the appropriate treatment modality requires insight in 

the causes and mechanism of the limited ROM and increased stiffness of the 

ankle plantar flexors. As the hand-held dynamometer leaves the skin of the 

plantar flexors free, the dynamometer measurements can be combined with 

ultrasound measurements of muscle geometry (e.g. Bénard et al., 2009; 
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Shortland et al., 2002) to study parameters related to muscle geometry and 

their possible effects on limitation of ROM. If such variables prove to 

contribute to limited ROM in spastic paresis, the results could be used in 

clinical decisions for individual patients and clinical application may be one of 

the long range possibilities in such a case. In the unlikely case that none of 

the variables to be studied would contribute at all, this scientific and clinically 

relevant information would lead to new research into the causes and 

mechanisms of spastic paresis. 

 

 

Conclusions 

We developed a hand-held dynamometer that is feasible to use for scientific 

use within a clinical context, due to its low weight, small size, non obstructive 

design and ability to correct for foot deformities. Because of the high 

reproducibility of footplate angle and moment measurement, the 

dynamometer is qualified as a clinical tool to evaluate footplate ROM in 

individual children with SCP. Its concurrent use with other measurements 

(e.g. ultrasound) may provide further inside in the etiology of the limited 

ankle ROM towards dorsal flexion to specify targeted treatment in children 

with SCP. 
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Chapter 4 
Effects of growth on geometry of gastrocnemius muscle in 

children: Analysis of 3-D ultrasound 
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Abstract  

During development, muscle growth is usually finely adapted to meet 

functional demands in daily activities. However, how muscle geometry 

changes in typically developing children and how these changes are related 

to functional and mechanical properties is largely unknown. In rodents, 

longitudinal growth of the pennate m. gastrocnemius medialis (GM) has been 

shown to occur mainly by an increase in physiological cross-sectional area 

and less by an increase in fiber length. Therefore, we aimed to: 1) determine 

how geometry of GM changes in healthy children between the ages of five to 

twelve years, 2) test if GM geometry in these children is affected by gender, 

3) compare normalized growth of GM geometry in children to that in rats at 

similar normalized ages and, 4) investigate how GM geometry in children 

relates to range of motion of angular foot movement at a given moment.  

Thirty children (sixteen females, fourteen males) participated in the 

study. Moment-angle data were collected over a range of angles by rotating 

the foot from plantar flexion to dorsal flexion, at standardized moments. GM 

geometry in the mid-longitudinal plane was measured using 3-D ultrasound 

imaging. This geometry was compared to that of GM geometry in rats. 

During growth from five to twelve years of age, mean neutral footplate angle 

(at 0 Nm) occurred at -5º (SD 7º) and was not a function of age. Measured 

at standardized moments (4 Nm), footplate angles towards plantar flexion 

and dorsal flexion decreased by 25% and 40%, respectively. In both rat and 

children, GM muscle length increased proportionally to tibia length. Only in 

children, the length component of the physiological cross-sectional area and 

fascicle length increased by 9% and 5% per year, respectively. Fascicle angle 

did not change over the age range measured. In children, the Achilles tendon 

length increased by 8% per year. GM geometry was not affected by gender. 

We conclude that, while length of GM in rat develops mainly by an 

increase in physiological cross-sectional area of the muscle, GM in children 

develops by uniform scaling of the muscle. This effect is probably related to 

the lower fascicle angle in human GM, which entails a lower contribution of 

radial muscle growth to increased GM muscle length. A net effect of uniform 

scaling of GM muscle belly causes it to be stiffer explaining the decrease in 

range of motion of angular foot movement at 4 Nm towards dorsal flexion 

during growth. 



Chapter 4 

73 
 

Introduction 

In pennate muscles, major determinants of muscle function are the number 

of muscle fibers, the muscle fiber cross-sectional area, the number of 

sarcomeres in series, the organization of fibers within the muscle and the 

connective tissue properties. During development, these characteristics are 

usually finely adapted to meet functional demands in daily activities. 

Specifically during growth, the muscle needs to grow to keep up with the 

increase in body mass and bone length. However, in congenital and 

hereditary neuromuscular disorders such as cerebral palsy and brachial 

plexus injury, muscle growth is hampered and consequently, joint mobility is 

limited (Shortland et al., 2002; Tardieu et al., 1982; van Gelein Vitringa et 

al., 2011). Improvement of treatment of the affected developing muscle 

requires a detailed insight in how its geometry develops and how this differs 

from that of typically developing muscle.  

To date, very little is known about the development of the geometry of a 

typically developing muscle (Blazevich and Sharp, 2005). The few studies 

available indicate that both pennation angle (Binzoni et al., 2001; Kawakami 

et al. 2006; Mademli and Arampatzis, 2008; Morse et al., 2008; Narici et al., 

2003; Thom et al., 2007) and fascicle length (Mohagheghi et al., 2008) 

increase with age, although a lack of correlation of these variables with age 

has also been reported (Legerlotz et al., 2010). Furthermore, the functional 

implications of these results are unknown as the changes in variables are not 

related to functional and mechanical variables. To the best of our knowledge, 

a comprehensive study of how the major determinants of the muscle length-

force characteristics change with age has not been performed.  

Muscle geometry during development has been extensively studied in 

rodents.  These studies showed an increase in pennation angle (Stickland, 

1983; m. soleus) and showed that the longitudinal growth of the muscle 

(belly), specifically in the m. gastrocnemius medialis (GM), is due 

predominantly to an increase in physiological cross-sectional area of the 

muscle and not to an increase in fiber length by addition of sarcomeres in 

series (De Koning et al., 1987, Heslinga and Huijing, 1990; Heslinga and 

Huijing, 1993).  The question is raised whether muscle growth of children in 

the same relative age is similar to that in rodents.  

The aims of our study were to: 1) determine how geometry of GM 

changes in children at the ages from five to twelve years, 2) test whether GM 

geometry in these children is influenced by gender, 3) compare growth of GM 
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geometry in children to that in rats, and 4) investigate how GM geometry in 

children relates to range of motion of angular foot movement.  

Our main hypothesis is that, in children, the longitudinal growth of GM 

muscle belly in the mid-longitudinal plane is due to an increase in the length 

component of the physiological cross-sectional area of the muscle and not by 

an increase in fascicle length. 

A widely used visualizing technique for studying muscles in vivo is free-

hand two-dimensional (2-D) ultrasound. With this technique muscle 

geometry can be validly measured (e.g. Bénard et al., 2009; Kawakami et 

al., 1993). A recent development in this field of research is the extension 

from 2-D to three-dimensional (3-D) ultrasound (Barber et al., 2009; Fry et 

al., 2004; Kurihara et al., 2005). As 3-D ultrasound allows valid 

measurements in the mid-longitudinal plane and valid measurement of 

muscle belly length (Barber et al., 2009), this technique will be used to 

measure muscle geometry of GM in children. For a comparison to GM 

geometry in rats, data from previous in situ studies of rat GM performed by 

Huijing and co-workers will be reanalyzed (De Koning et al., 1987; Heslinga 

and Huijing, 1990; Heslinga and Huijing, 1993). 

 

 

Methods 

Subjects 

Thirty children (sixteen female and fourteen male Caucasians, ages ranging 

from five to twelve years) participated in the study, after obtaining informed 

consent from their parents. The study was approved by the Medical Ethics 

Committee of the VU University Medical Center. 

 

Anthropometry 

The whole protocol was executed by one investigator. For all children the 

right leg was studied. To allow left/right comparisons, the whole protocol was 

repeated on the left leg in fifteen of these children as well. Body mass, tibia 

length ((tib)) and Achilles tendon moment arm were measured. Tibia length 

was calculated as the mean of the distance from the tibia plateau to the most 

prominent part of the malleoli measured at the medial side of the leg. Within 

the sagittal plane, Achilles tendon moment arm length was calculated as the 

mean of the smallest distance from these most prominent parts of the 

malleoli to the middle of the Achilles tendon measured at both lateral and 

medial side of the leg. This length was measured at a foot angle of 0º 
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(defined as the angle with lateral border of the foot sole perpendicular to the 

tibia). 

 

Footplate moment-angle data 

For subsequent measurements, the children were lying prone on a bench, 

with both feet overhanging the edge. To measure foot angle at standardized 

moments in the children, a custom designed hand-held dynamometer was 

used (Bénard et al., 2010). The hand-held dynamometer consists of an 

adjustable foot-fixation, a torque wrench and a goniometer (Fig. 4.1A). The 

foot-fixation has an adjustable part for the forefoot and an adjustable part 

for the calcaneus. These parts can be adjusted for a good fit. Both parts are 

fastened to the foot using Velcro straps. At its connection with the foot 

fixation, the torque wrench is used to measure the moment within the 

sagittal plane (i.e. towards dorsal flexion and plantar flexion). The angle of 

the footplate with the horizontal was measured using the goniometer placed 

on the torque wrench (Fig. 4.1A). Moment (Nm) and angle (º) are read out 

simultaneously. For both variables, positive values refer to dorsal flexion 

conditions. 

Footplate angle and moment data were collected at: 1) the angle 

corresponding to a moment of -4 Nm (φplant), 2) the angle corresponding to a 

moment of 0 Nm (φneutr), 3) the angle corresponding to a moment of 4 Nm 

(φdors), 4) the moment at an angle halfway between angles 1 and 2, and 5) 

the moment at the angle halfway between angles 2 and 3. Moments higher 

than 4 Nm caused discomfort in the children and decreased the ability to 

relax (e.g. higher EMG activity). In addition, in pilot work, exerting such a 

higher moment (up to a maximum of 7 Nm) yielded angles within 5º of those 

measured at 4 Nm. All dynamometer measurements were repeated five 

times and for each repetition the moment applied was held for five seconds 

(Bénard et al., 2010). The mean result of five repetitions taken at the end of 

five seconds holding time was taken as a data point. 

From the moment-angle data, the slope of moment-angle curve was 

calculated towards both dorsal flexion (mdors) and plantar flexion (mplant). 

Linear estimates of joint stiffness were calculated for overall comparative 

means, according to (eq. 4.1 and 4.2): 
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Figure 4.1 Schematics of the hand-held dynamometer, 3-D ultrasound imaging 

protocol and measurement of GM geometry. A. The hand-held dynamometer consists 

of an adjustable foot-fixation, a torque wrench and a goniometer. The foot-fixation has 

parts supporting the forefoot and calcaneus. These parts are connected by a rod, 

allowing independent adjustments in rotation and abduction/adduction. The forefoot 

part is equipped with a fixation point to the table (*). B. An example of the path of the 

ultrasound probe during a scanning of GM following guide marks, from proximal to 

distal: 1) the medial, and 2) lateral condyl of the femur, 3) the medial, and 4) lateral 

border of GM muscle belly, 5) the most distal muscle belly end, and 6) the calcaneus. 

C. Three orientation items (*) were used to define the mid-longitudinal plane of GM 

(shaded plane and inset): 7) The estimate of the origin of GM (for definition, see 

methods and also see markers (1) and (2) in Fig. 4.1B), 8) the most distal muscle 

belly end, and 9) a line perpendicular to tangent to  the distal aponeurosis in the  

- 
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Figure 4.1 continued: 

transversal plane (dotted line). A marker was placed at 10) the ventral intersection of 

the Achilles tendon and the calcaneus to measure tendon length. D. Measurement of 

muscle geometry of GM within its mid-longitudinal plane. GM is covered by the 

subcutis (SUB) and supported by m. soleus (SOL). Parts of both femur (fem) and tibia 

(tib) are shown. The black dotted lines define the outline of the muscle. The most 

distal muscle belly end is indicated by a black arrow. The length of the target fascicle 

(fasc) (dashed black line), centred  at 2/3rd  (*) of muscle belly length (from the origin) 

is measured. Muscle thickness was calculated as the mean of the thicknesses at the 

ends (black double arrows) of the target fascicle. The fascicle-aponeurosis angle was 

also calculated as the mean of the angles of the fascicle with the proximal and distal 

aponeurosis (black arcs). Scale bar depicts 1 cm. E. model of the mid-longitudinal 

plane from which the length of the aponeurosis (a) and the length component of the 

physiological cross-sectional area (Af) were calculated (see equation 4.3 for details on 

these variables). 

…………………………………………………………………………………………………………………………………………… 
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                 (4.1) 
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plantar angle neutral angle





                  (4.2) 

 

3-D ultrasound imaging of m. gastrocnemius medialis 

A 3-D ultrasound reconstruction of m. gastrocnemius medialis (GM) was 

made at three muscle length conditions, corresponding to the footplate 

angles φplant , φneutr and φdors.  For each condition, the footplate was fixed via 

the foot fixation (Fig. 4.1A).  Transverse ultrasound scans of GM were made 

dynamically using a B-mode ultrasound device (Technos MPX, ESAOTE 

S.p.A., Italy), with a 5 cm linear array probe (12.5 MHz). The ultrasound 

images were recorded at 25 Hz using a video card (miroVIDEO DC30; 

Pinnacle Systems Inc.). The ultrasound scans were made as follows: 1) the 

scanning area was covered with a thick layer of ultrasound gel (5 mm) to 

minimize necessary pressure exerted by the probe on the skin and to 

improve image quality, 2) the ultrasound probe was moved with a transverse 
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orientation, starting proximal of the femur condyles and ending at the most 

dorsal part of the calcaneus (Fig. 4.1B), 3) this movement was guided by 

markers indicating the lateral and medial condyle of the femur, the lateral 

and medial borders of the muscle belly, the distal muscle belly end and the 

calcaneus (see markers #1-6 in Fig. 4.1B), 4) on average a scan took about 

thirty seconds, 5) the position and orientation of the ultrasound probe were 

recorded at a frequency of 25 Hz by tracking a three marker frame, rigidly 

attached to the probe, using a one camera Optotrak 3020 system (Northern 

Digital, Waterloo, Canada). 

Prior to executing the protocol, the setup was calibrated by tracking, 

within the ultrasound image, a cross-point of two wires located in a water 

cube whilst moving the ultrasound probe around the cross-point (Prager et 

al., 1998). By using a least-squares fit on the cross-section in the collected 

ultrasound images, the system was calibrated spatially for three translations 

and three rotations. Using the calibration, the 3-D positions of the pixels 

within ultrasound images were calculated using software custom 

programmed in MATLAB (version 7.1, the Mathworks Inc., 2005). With the 

software, a digital reconstruction of the scanned area of GM was created 

using a nearest neighbour algorithm on the pixels in the collected ultrasound 

images (Gee et al., 2004). 

 

 

Electromyography 

To control for involuntary activation during the dynamometer and ultrasound 

protocol, electromyographic (EMG) signals of m. tibialis anterior and m. 

gastrocnmeius lateralis were A/D converted at 1000 Hz using a multichannel 

system (Porti5, TMS-International™, The Netherlands) and recorded on a PC. 

Skin preparation and electrode placement of EMG were carried out according 

to SENIAM guidelines (Freriks et al., 1999). For each muscle, two electrodes 

were placed at 2 cm longitudinal distance (centre to centre) at the most 

prominent middle portion of the muscle bellies. Before the measurements, 

EMG at maximal voluntary contraction (MVC) of about 5 seconds was 

measured in prone position for both muscles at 0º footplate angle. EMG 

signals were off-line full wave rectified, high-pass filtered at 20 Hz to remove 

artifacts, and subsequently normalized to the peak value of the EMG during 

MVC. Footplate moment-angle measurements and ultrasound scans were not 

analyzed if EMG signal were higher than 10% of MVC (Bénard et al, 2010). 
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Data Analysis: Muscle geometry in growing children  

Variables of muscle geometry were measured using an analyzing tool, 

custom programmed in MATLAB 7.1. In this analyzing tool, the mid-

longitudinal plane of GM was defined within the 3-D ultrasound array by 

three orientation items (Fig. 4.1C): a) marker (#7) at 1/4 of the distance 

from the most prominent dorsal point of the medial condyle to the most 

prominent dorsal point of the lateral femur condyle. This marker is used as 

an estimate of the proximal end of muscle belly, neglecting a small 

anatomical part curving towards the origin into the popliteal fossa, b) marker 

(#8) at the distal muscle belly end, and c) a line perpendicular to tangent to 

the distal aponeurosis in the transversal plane. This line is a good 

approximation of the orientation of the mid-longitudinal plane as shown in a 

cadaver study (Bénard et al., 2009). A fourth marker (#10) was placed at 

the ventral intersection of the Achilles tendon and the calcaneus (Fig. 4.1C). 

Within the selected mid-longitudinal plane, thirteen additional markers 

were placed: five on both the distal and proximal aponeurosis, as well as 

three along the length of the fascicle that has its middle at 2/3 of muscle 

belly length (Fig. 4.1D). A second order polynomial was fitted through the 

markers of each aponeurosis and a line was fitted through the markers of the 

fascicle. 

Using all markers, the following seven muscle geometrical variables were 

calculated: 1) muscle belly length m being the distance between the 

estimated origin and most distal end of GM muscle belly (#7 and #8, 

Fig. 4.1C), 2) muscle tendon length t being the distance between the most 

distal end of GM belly and the intersection of the tendon at the calcaneus (#8 

and #10, Fig. 4.1C), 3) muscle fascicle length (fasc) as the distance between 

the intersections of the fitted fascicle line with the fitted polynomials of the 

aponeuroses (Fig. 4.1D), 4) fascicle angle with the aponeurosis (fasc) being 

the mean of: a) the angle between the fascicle line and the tangent of the 

polynomial at the intersection with the distal polynomial and b) the angle 

between the fascicle line and the tangent of the polynomial at the 

intersection with the proximal polynomial (Fig. 4.1D), 5) muscle thickness 

(m.th) being the mean of: the distances between the distal and the proximal 

aponeurosis polynomials, a) measured perpendicular to the tangent of the 

distal aponeurosis polynomial at the intersection of the fascicle line b) 

measured perpendicular to the tangent of the proximal aponeurosis 

polynomial at the intersection of the fascicle line (Fig. 4.1D, double arrows), 

6) aponeurosis length a, calculated as the longest side of the selected mid-
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longitudinal plane modeled as parallelogram (using m, (fasc) and (fasc), 

Fig. 4.1E), and 7) length component of the physiological cross-section:  

Af = a·sin((fasc))               (4.3) 

Note that Af is the sum of all fiber diameters within the mid-longitudinal 

plane (Fig 4.1E; see also Van der Linden et al., 1998). 

The whole analysis was repeated five times, and means were calculated 

for all geometrical variables. A pilot study showed that, with more than five 

repetitive measurements, standard deviations of the variables within each 

individual did not decrease and were less than 5% of the mean for length 

variables and less than 10% for (fasc).  

A valid comparison of the geometrical muscle characteristics over the 

range of ages requires examination of the geometry at a similar reference 

length. Preferably, this reference would be optimum length of the muscle 

(i.e. the length at which the muscle exerts its maximal active force). For 

adults, the joint configuration at which ankle plantar flexors attain their 

optimum length occurs between 10º plantar flexion and 20º dorsal flexion 

(Maganaris et al., 2003; Marsh et al., 1982). For children, this particular joint 

angle is unknown and also whether or not this angle changes with age. As 

the passive force of different types of in situ rat and mice muscles 

(maximally dissected) starts to increase near its optimum length (c.f. Jaspers 

et al. 1999; Williams and Goldspink, 1978, Woittiez et al. 1989; Zuurbier and 

Huijing, 1991), the slack length may also be an appropriate length for the 

comparison of the muscle geometry, provided that the material properties of 

the muscle fibers are similar throughout development. Using the 

dynamometer, we determined the neutral footplate angle, at which the net 

moment applied to the torque wrench equalled zero (φneutr) and assume that 

muscle length at this angle approaches slack length. As mechanical 

properties of the agonist and antagonists crossing the ankle are likely 

developing in a similar way, the relative muscle length at φneutr (i.e. the 

length of the muscle with respect to optimum or slack) is assumed to be 

similar over the different ages and allowing a comparison of the geometrical 

characteristics.  

 

Data analysis: Comparison of human and rat GM geometry during growth 

Comparison of our data of human GM geometry with those of rats (based on 

values derived from the literature) is only valid at the same relative age. 

Therefore, we normalized the age of rats and humans with respect to their 
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mean life expectancy (i.e. 156 weeks and 80 years, respectively) and GM 

geometry variables with respect to initial values (i.e. measured at 6.5% of 

the mean life expectancy). Based on the studies of Huijing and co-workers 

(i.e. De Koning et al., 1987; Heslinga and Huijing, 1990; Heslinga and 

Huijing, 1993; Heslinga et al., 1995), we calculated the normalized changes 

in geometrical variables of rat GM at its optimum length and compared these 

to data collected in the present study. 

 

Statistics 

A Student’s t-test was used to test for significant differences between: 1) 

females and males regarding age, body mass, (tib) , Achilles tendon moment 

arm length, φneutr, φdors, φplant, mdors, mplant, m, t, a, Af, (fasc), (m.th) and 

(fasc), and 2) left and right leg regarding all these variables except age and 

body mass. 

Pearson’s correlation coefficients were calculated between age and these 

variables and between (tib) and these variables. A least squares fit was used 

to determine slope and intercept of the regression function relating age and 

the different variables. A Student's t cumulative distribution function was 

used to test for significant differences between females and males regarding 

the intercept and slope of the regression functions of the variables with age.  

Generalized estimating equations (GEE, SPSS, version 17.0.1, SPSS Inc., 

2008) were used on m, t, a, Af, (fasc), (m.th) and (fasc) to test for main 

effects of moment and age, and their interaction. GEE is a regression 

technique that allows for analysis of repeated measures of one factor (i.e. 

footplate angle at given moment). Age was treated as a covariate. A Wald 

test (SPSS 17.0.1) was performed post-hoc to test for significant main 

effects of factors age and footplate angle and for interaction between these 

factors. For all statistics, the level of significance was set at P < 0.05. The 

standard deviation over subjects is reported below. 

 

 

Results 

The age of the subjects ranged from five to twelve years and mean ages of 

boys and girls were similar (8.8 ± 2.8 versus 9.1 ± 1.8, Table 4.1).  

 

Effects of growth on anthropometric variables  

Mean body mass, tibia length and Achilles tendon moment arm length all 

increased significantly with age (r > 0.77, Table 4.1). Mean values  of   these 
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Table 4.1 Mean anthropometrics and mean joint variables and their correlations with 

age. 

Variable 
Mean (SD)  Coefficient of correlation r 

             ♀                 ♂    ♀ ♂ 

age [years] 9.13 (1.82) 8.79 (2.78)  - - 

body mass [kg] 33.81 (8.77) 31.57 (9.39)  0.77* 0.92* 

(tib) [cm] 32.30 (4.59) 31.73 (4.57)  0.82* 0.93* 

AT moment arm length [cm] 3.96 (0.65) 4.38 (0.43)  0.77#* 0.89* 

        

φneutr [º] -3.68 (7.52) -5.94 (5.57)  0.02 -0.12 

φdors [º] 20.43  (8.74) 20.69 (6.46)  -0.32 -0.60* 

φplant [º] -53.89 (6.86) -51.47 (7.48)  0.46 0.57* 

mdors [Nm/º] 0.17 (0.04) 0.16 (0.04)  0.52* 0.54* 

mplant [Nm/º] 

 

0.08 

 

(0.01) 

 

0.09 

 

(0.02) 

  

0.37 

 

0.67* 

 

# = significantly different from ♂ (P < 0.05), * = significant correlation (P < 0.05), 

(tib) = tibia length, AT = Achilles tendon, φ = footplate angle measured at 0 Nm (neutr), 

4 Nm (dors) and -4 Nm (plant), m = slope of the moment-angle curve towards dorsal 

flexion (dors) and towards plantar flexion (plant). 

…………………………………………………………………………………………………………………………………………… 

 

 

variables were similar between boys and girls, as were their slopes as a 

function of age, except for the slope of the relation between Achilles tendon 

moment arm and age, which was significantly higher in the boys (0.25 

versus 0.13 cm per year, Fig. 4.2A-C). There were no differences between 

the left and right leg concerning tibia length and Achilles tendon moment arm 

length. Body mass and tibia length increased with 3.5 kg and 1.8 cm per 

year respectively, which is at different normalized rates, with respect to their 

initial value they increased with 18% versus 7% per year, respectively. The 

normalized rate of increase of Achilles tendon moment arm length as a 

function of age was 6% per year. 

It is concluded that for boys and girls the anthropometrics were similar 

except for the Achilles tendon moment arm. As expected, body mass 

increased at a significantly higher normalized rate compared to tibia length. 

 

Effects of growth on ankle joint variables 

Figures 4.3A and B show typical examples of mean footplate moment-angle 

curves in the youngest and the oldest children (i.e. 5-6 yr versus 11-12 yr). 
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Figure 4.2 Effects of growth on anthropometric variables in boys and girls. A. Body 

mass. B. Tibia length ((tib)). C. Achilles tendon (AT) moment arm length. Regression 

lines are shown for boys and girls separately. Only the relation of AT moment arm and 

age was significantly different between boys and girls. 

…………………………………………………………………………………………………………………………………………… 

 

 

 

From young to old, the angles measured at -4 Nm and +4 Nm (i.e. φplant and 

φdors) decreased by approximately 11º and 16º, respectively, which amounts 

to a decrease of 25% and 40%, respectively. In boys, both footplate angles 

φplant and φdors correlated significantly with age (Table 4.1). In girls, the 

correlation coefficients for both φplant and φdors with age had the same sign as 

for boys, but these correlations were not significant. Note that for girls, this 

is explained by outlying data (Fig 4.3E). The footplate angle measured at 

0 Nm (φneutr) was similar for boys and girls and did not change with age 

(Table 4.1 and Fig. 4.3D). There was no difference between left and right 

legs regarding joint parameters. 

The unchanged neutral angle and the reduction of both φplant and φdors 

resulted in increased slopes mplant and mdors in older children (Fig. 4.3F-G). 

For boys and girls, the slopes increased with 0.02 Nm/º and 0.07 Nm/º, 

respectively (i.e. by 36% and 55%, respectively). This indicates that 

functional characteristics in boys and girls developed in a similar way and 

that range of motion (ROM) of angular foot movement, measured at 

standardized moments, decreases at older age. The increased slopes of the 

moment-angle curves indicate that stiffness of angular foot movement 

increases with age. 
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Figure 4.3 Footplate moment-angle curves for the youngest and oldest group and the 

effects of growth on joint related variables. Footplate moment-angle curves for the 

youngest and oldest group: A. Girls. B. Boys. Mean (and SD) footplate angles and 

moments are shown for the 5-6 year age group and the 11-12 year age group. The 

curves are third order polynomials fitted to the moment-angle data. Between both 

groups, there was no difference in neutral footplate angle, measured at 0 Nm. For the 

11-12 group, towards both plantar flexion and dorsal flexion, ROM (arrows) were 

smaller and the estimated slopes (dotted lines) were significantly higher. Footplate 

joint related variables:  C. Footplate  angle towards  plantar flexion  at -4 Nm  (φplant).  
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Figure 4.3 continued: 

D. Footplate  angle at 0 Nm  (φneutr).  E. Footplate angle towards dorsal flexion at 4  

Nm (φdors). F. Slope of the moment-angle curve for plantar flexion (mplant). H. Slope of 

the moment-angle curve for dorsal flexion  (mdors). Individual values are plotted for 

both boys and girls. 

…………………………………………………………………………………………………………………………………………… 

 

 

Effects of growth on variables of muscle geometry and their acute changes as 

a function of footplate angle  

Muscle geometry of GM changed considerably during growth in both boys and 

girls. As there were no differences between boys and girls, muscle 

geometrical variables were pooled across gender. There was no difference 

between left and right legs regarding muscle geometry. 

Generalized estimating equations (GEE) shows for all variables significant 

effects of age, except for (fasc). All length variables increased with age, which 

is confirmed by their correlations with age (Fig. 4.4). Muscle length (m) grew 

1 cm (i.e. 6%) per year. Muscle-tendon complex (m + t) grew with 1.9 cm 

(i.e. 7%) per year. Aponeurosis length (a) and fascicle length ((fasc)) grew at 

different absolute rates, but at similar rates when normalized to initial length 

(i.e. respectively, 0.8 and 0.2 cm or 7% and 5% per year). The length 

component of the physiological cross-section (Af) grew 9% per year (not 

shown), indicating that GM muscle length increased also due to trophy. Note 

that the full length of GM tendinous tissues (i.e. a + t), grew at a similar 

rate of 7%, indicating that there was no change in the length ratio of the 

tendinous parts located inside and outside the muscle belly. 

As (fasc) did not significantly change, for the age range studied, we 

conclude that growth related increases in m is fully explained by increases of 

a (related to fiber trophy) and (fasc) (Fig. 4.5), with changes in a 

contributing 80% of the increase in muscle length and changes in (fasc) 

contributing 20%. Tendon length (t) grew at a rate of 8% (or 0.9 cm per 

year), i.e. similar to that of the muscle belly and aponeurosis. 

After normalization of all muscle related length variables with respect to 

tibia length, no correlation with age was present, indicating that for all these 

length variables tibia length is a more important factor. 

GEE showed significant main effects of footplate angle (at given 

moments) for all variables (Fig. 4.4). Wald tests showed for all ages, that 

acutely  changing  the footplate  angle from  φneutr  to φdors  increased m   and 
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Figure 4.4 See next page for caption. 
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Figure 4.4 continued: 

Effects of growth on variables of muscle geometry measured at different footplate 

moments. A. Muscle belly length (m). B. Tendon length (t). C. Fascicle length ((fasc)). 

D. Aponeurosis length (a). E. Muscle thickness ((m.th)). F. Fascicle-aponeurosis angle 

((fasc)). All variables were measured in GM for three conditions (i.e. -4 Nm, 0 Nm and 

+4 Nm applied to the footplate) and all variables are plotted as a function of age 

(n=14 for boys and n=16 for girls). For the regression analysis, the data of both 

genders were pooled, as there was no significant difference between boys and girls. 

Statistical analysis with GEE (factors age and footplate moment-angle) showed 

significant main effects of age for all muscle geometry variables (with the notable 

exception of (fasc)). For all variables, the coefficient of correlation r with age is shown 

for the three moment conditions. 

…………………………………………………………………………………………………………………………………………… 

 

 

 
Figure 4.5 Schematic representation of normalized muscle geometry of GM in young 

children and in young rats. A. From the younger to the older group, in GM of children, 

a and (fasc) increase, by 7% and 5% per year, respectively. This results in an increase 

of muscle belly length (Δm) at a similar rate. The increase in a has the largest 

absolute contribution to Δm. Note that (fasc) does not differ between both groups. 

B. GM mid-longitudinal plane geometry of young rats (age = 10w) is shown with the 

muscle length (m) scaled to m of young children. In rats, normalized (fasc) and (fasc) 

are both higher compared to those of GM of the children. The normalized Achilles 

tendon length is substantially smaller compared to that of children. 



 

88 
 

(fasc) (respectively +13% and +15%), but did not affect t, a, (m.th) and 

(fasc). Lengthening of GM by footplate rotation is thus mostly caused by 

elongation of its fascicles. Wald tests also showed that with footplate 

movement over the ROM from φplant to φdors, muscle thickness ((m.th)) 

increased substantially (+10%). Elongation of the muscle belly over the total 

ROM increased (fasc) and decreased (fasc). 

GEE showed no significant interaction between factors age and footplate 

angle for m, t, (m.th) and (fasc). Therefore, the regression lines of the 

respective graphs (Fig. 4.4A-B, E-F) should be considered as being parallel, 

indicating that the acute absolute changes in these variables as a function of 

footplate angle were similar at different ages. In contrast, for (fasc) and a 

significant interactions effects were found. Wald tests showed that for (fasc), 

the slope at φdors was higher than that at both φplant and φneutr (Fig. 4.4C). 

For a, the opposite was found; the slope at φdors was lower than that at φplant 

and φneutr (Fig. 4.4D). This difference in response of (fasc) and a to acute GM 

elongation indicates that at older age the aponeuroses become stiffer and 

therefore with acute GM elongation more length change is needed from its 

fascicles. 

 

Effects of growth on anthropometric and geometrical variables: children 

versus young rats 

In children and in rats, from an age of 6 to 10% of life expectancy (i.e. ten to 

sixteen weeks in rats and five to eight years in children), body mass and tibia 

length grew similarly (Fig. 4.6A-B). This is also true for GM belly length, 

which grew proportionally to increases in tibia length (Fig. 4.6C). For 

children, the ratio of GM muscle belly length (at neutral footplate angle) and 

tibia length was 0.63 and did not change with age (Fig. 4.6E). In young rats, 

at GM optimum length, this ratio was about 0.89 and also did not change 

with age. It is concluded that for growing rats, normalized GM muscle belly 

was about 43% longer than for children. This relatively long muscle belly in 

rats is accompanied by relatively long aponeurosis and fascicles (i.e. a/(tib) 

and (fasc)/(tib) were 0.6 and 0.3 respectively in rats versus 0.4 and 0.2 

respectively in children). Fascicle length in the children was shown to 

increase with age, but not in rats, (Fig. 4.6D). Also, the normalized length 

component of the physiological cross-section was higher in rats (0.24 in rats 

versus 0.11 in children, Fig. 4.6F), but both variables increased by similar 

percentages (42% in  rats and  41% in children).  In contrast,  fascicle  angle 
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Figure 4.6 See next page for caption. 
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Figure 4.6 continued: 

Comparison of effects of growth in young rats and children. A. Normalized body mass. 

B. Normalized tibia length ((tib)). C. Normalized muscle (belly) length (m). 

D. Normalized fascicle length ((fasc)). E. Ratio of muscle (belly) length and tibia length 

(m/(tib)). F. Ratio of the length component of the physiological cross-sectional area 

and tibia length (Af/(tib)). Age is normalized for respective values of life expectancy. 

For A-D, body mass and length variables are normalized for their initial value (at 

intercept, i.e. at normalized age of 6.5%). Data of the rats were obtained from De 

Koning et al. (1987) and Heslinga et al. (1990, 1993, 1995) and reanalyzed. 

…………………………………………………………………………………………………………………………………………… 

 

 

with the aponeurosis in rat GM was substantially larger than in GM of children 

(26º versus 16º). 

For children the ratio between Achilles tendon length and tibia length was 

more than three times the ratio shown for rats (i.e. 0.37 vs. 0.11). 

 

 

Discussion 

Using 3-D ultrasound imaging, GM geometry in children was studied. A major 

finding was that, in human growth between the ages of five to twelve years, 

GM increased its length proportionally to the increased tibia length by scaling 

uniformly: the length component of the physiological cross-sectional area of 

GM as well as GM fascicles both grew in length, without changes of fascicle 

angle with the aponeurosis. GM geometry in the children was not affected by 

gender. 

GM growth of children differs from that of rats. In rat GM, muscle belly 

length increases exclusively by an increase in physiological cross-sectional 

area and does not scale uniformly. Although the contribution of growing 

fascicle length to the increase in muscle belly length is small compared to 

that of the length component of the physiological area in human GM (i.e. 

20% versus 80%), we have to reject the hypothesis that GM muscle belly in 

children grows in length exclusively by an increase in length component of 

the physiological area. 

 

Geometrical changes in human GM during growth  

In parallel fiberd muscle and muscle of very low degree of pennation (i.e. 

lines of pull of muscle fibers and of the muscle being almost parallel), 
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growing muscle can only increase its length by adding sarcomeres in series, 

i.e. by increasing fiber and fascicle length. In more highly pennate muscle 

(such as GM) additional factors needs to be considered. To date, very little is 

known about the geometrical changes in skeletal muscle in children. The few 

studies investigating muscle development in children examined geometric 

variables separately. Recalculating the results from 2-D ultrasound studies of 

GM (Mohagheghi et al., 2008)  we estimate that fascicle length would 

increase by 4% per year and that over the age range of twenty years, 

muscle thickness and fascicle angle (data Binzoni et al., 2001) would 

increase by about 7% and 5% per year respectively. For fascicle length and 

muscle thickness we report similar values. In contrast, for the age range of 

five to twelve years, based on results of Binzoni et al., a sizable increase is 

expected ((fasc) = 1.0º per year), but we found no significant changes in 

fascicle angle with the aponeurosis. This is explained by a sizable inter-

individual variation contributing to size of the standard deviation. However, if 

there would have been an actual increase, our data shows it would have 

been limited to 0.3º per year only. Based on our findings we conclude that, 

for the ages five to twelve years, fascicle angle will only increase very slightly 

at best. In mammals, the number of muscle fibers may increase in the very 

early period immediately after birth (first months). However, during later 

growth an increase in physiological cross-sectional area has been shown to 

be primarily the result of muscle fiber hypertrophy instead of muscle fiber 

hyperplasia (c.f. for review Antonio and Gonyea, 1994; Goldspink, 1972; 

Pearson, 1990). Increases in fascicle angle will therefore create room for the 

increased component of muscle fiber diameter along the aponeurosis (for an 

explanation of this process, see also Rollhäuser and Wendt, 1955). If fascicle 

angle does hardly change, it implicates that the expected increase in fiber 

and fascicle diameters within GM can only be accommodated by a 

simultaneous and proportional increase in aponeurosis length. These 

considerations indicate that GM longitudinal growth in children between ages 

of five to twelve years is the result of growth of its muscle fibers and 

fascicles in both length and in diameter, the latter contributing most. 

 

Comparison of growth related geometrical changes in human and rat GM and 

mechanisms underlying regulation of GM geometry 

Results for growth of human GM differ from those reported for rat GM. For 

similar normalized ranges of age, in rats, muscle longitudinal growth of GM 

occurs exclusively by growth in diameter of its muscle fibers and fascicles 
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(i.e. in rats, GM fascicle length does not increase). This discrepancy suggests 

fundamental differences in the regulation of GM growth between both 

species.  

We have shown that at 6.5% of expected life span, in rat, GM muscle 

belly length normalized for tibia length was 143% of that in human. 

Consequently, the relative tendon length of GM was significantly smaller in 

rats. The relatively long muscle belly in rats was accompanied by a higher 

normalized fascicle and aponeurosis lengths as well as a 10º higher fascicle 

angle with the aponeurosis (Fig. 4.5B). Consequently, in rats the normalized 

length component of the physiological cross-section within the GM mid-

longitudinal plane (Af) was also higher (by 140%). Such a difference in Af 

may not only be caused by a relatively larger fascicle diameter, but also may 

be the result of having relatively more muscle fibers arranged in parallel in 

the longitudinal direction of the muscle. The impact of differences in GM 

geometry between rats and humans on how this muscle grows is 

considerable and raises the question which mechanisms underlie the 

differences in growth of geometric variables of rodents and humans. These 

mechanisms may be related to: 1) changes in the required functional 

demands (maximum force and length) applied to the muscle during 

development, 2) endocrine factors, or 3) change in muscle excursion during 

development. 

We showed that the rate of increase in length component of the 

physiological cross-section (Af) of GM normalized for tibia length was similar 

in rats and children, which is likely due to similar normalized rates of fiber 

diameter growth. This similarity may imply similar functional demands during 

growth. However, as rats are quadrupeds, as well as toe-walkers, the net 

result of these conditions on the demand for GM muscle force is difficult to 

predict. In addition, differential changes in rat and human GM geometry 

during growth may be explained by growth factor signaling during 

development. Recently, studies using ex vivo culture of mature isolated 

muscle fibers, showed that muscle anabolic growth factors induce radial 

muscle fiber growth (trophy) without longitudinal growth (Jaspers et al., 

2008; Watt et al., 2010). For rat GM, trophy induced gains in muscle length 

will be large enough to attain optimum length at the joint angle at which a 

muscle is most frequently active (Herring et al. 1984). For human GM, the 

magnitude of trophy induced muscle length gain is smaller due to the lower 

fascicle angle. Therefore, serial addition of sarcomeres is required to 

maintain proportionality between GM optimum length and tibia length.  



Chapter 4 

93 
 

Furthermore, muscle excursion could potentially be a stimulus for growth 

of GM in children (e.g. Crawford, 1954). The rationale for this is that during 

normal growth, the increase in moment arm leads to an increase in change 

of muscle length over the full joint ROM and an increase in serial sarcomere 

number would accommodate that need. For rodents, muscle excursion does 

not seem to be a regulating factor of serial sarcomere number (c.f. Huijing 

and Jaspers, 2005). However for growing children, this may be different. The 

Achilles tendon moment arm increases with age, while the range of footplate 

angles during walking remains constant (Stansfield et al., 2001). 

Consequently, the length range over which GM actually exerts force will be 

increased during gait, which may stimulate longitudinal growth of GM. 

Further research is warranted to determine to what extent the stimuli of 

body growth and muscle excursion contribute to how GM grows in children. 

 

Functional implications of GM growth on ROM of angular foot movement and 

GM extensibility: Growth related changes  

Our present result of decreasing ROM towards footplate dorsal flexion (at 4 

Nm) by about 1.5º per year, is in accordance with a decrease of about 2º per 

year estimated from data of a study on joint laxity in Chinese children of the 

similar age range (Cheng et al., 1991). Such a decrease in ROM with normal 

growth has been ascribed to changes within joint capsules, ligaments and 

muscle-tendon complexes (e.g. Cheng et al., 1991, Gajdosik et al 1999). 

However, to what extent each of these structures contributes to limiting ROM 

is unknown. GM contributes to passive ankle stiffness: passive ankle stiffness 

in adults measured with the knee extended (long gastrocnemius) is 20-40% 

higher (Riemann et al., 2001). 

Within skeletal muscle, structures contributing to passive joint resistance 

are: 1) intracellularly: cross-linking between the actin and myosin filaments 

in passive muscle fibers, generating a tension without EMG activity and 

filaments such as titin (Wang et al., 1993), and 2) extracellularly: connective 

tissues such as endomysia, perimysia and epimysia (see for review Gajdosik, 

2001). Presently, we show that with normal body growth, increasing length 

of GM occurs to a great extent by trophy of its fascicles. With more muscle 

tissue arranged in parallel, the resistance to lengthening of GM will be higher. 

Note that in children, increases in muscle tissue arranged in series (i.e. 

number of sarcomeres) with normal growth of GM also affects ROM (i.e. 

increase). As the contribution of increase in fascicle length to muscle belly 

was four times lower than that of the increase in length component of the 
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physiological cross-section, the effect of added serial muscle tissue on ROM 

will be small. Therefore, the added parallel muscle tissue is expected to have 

the largest effect on ROM.  

 

Functional implications of GM growth on ROM of angular foot movement and 

GM extensibility: Changes in tendon length accompanying angular foot 

movement  

Our present results show that in children, elongation of GM lengthened its 

fascicles, whereas tendon and aponeurosis length were minimally affected. 

Several studies of GM in adults yielded opposite conclusions with respect to 

tendon elongation (c.f. Abellaneda et al., 2009; Herbert et al., 2002; 

Kawakami et al., 2008; Morse et al., 2008): on passive ankle movement 

towards dorsal flexion, elongation of the tendon has been shown to be 

considerable (i.e. 27% to 53%). First, these differences may be explained by 

different techniques for measuring GM tendon length. In our study, GM 

tendon length was measured directly in the 3-D reconstruction of GM, 

whereas in the studies mentioned above, GM tendon length change was 

calculated indirectly by subtracting muscle belly length change from muscle 

tendon complex change calculated from ankle angles (Grieve et al., 1978). In 

addition, there are differences in externally applied moments: approximately 

4 Nm in the children in our study versus ≥20 Nm in the adults in the cited 

references (not reported in Herbert et al.). With a higher moment applied to 

the ankle, it is likely that a higher force will be exerted on the passive 

structures of GM, which will be lengthened more. As applying 4 Nm, exerted 

with the hand-held dynamometer, was close to the maximum moment the 

children could tolerate without getting uncomfortable we were not able to 

measure GM elongation at higher moments. A third possible explanation may 

be that at higher age, due to an increase in physiological cross-sectional area 

(i.e. more tissue in parallel), GM muscle belly becomes stiffer, necessitating 

higher tendon length change. 

 

Functional implications of GM growth on ROM of angular foot movement and 

GM extensibility: Changes GM muscle thickness accompanying angular foot 

movement  

Our present results show that after lengthening of GM, its thickness was 

increased. Although we are not the first to report such a phenomenon (c.f. 

Legerlotz et al., 2010), this increase is remarkable. As the volume of the 

muscle is constant, it was expected that with elongation, muscle thickness 



Chapter 4 

95 
 

would decrease somewhat. Such decrease of thickness has been found with 

elongation of in situ rat GM (e.g. Huijing and Woittiez. 1984). However in 

that study, GM was exposed and maximally dissected from its surrounding 

tissues, leaving it free from forces exerted by these tissues. In the present 

study, human GM, studied in vivo, is connected to all of its surrounding 

tissues. With additional external forces exerted on GM, effects of elongation 

on its deformation are difficult to predict. Our present data show that effects 

of an increase in fascicle length outweigh effects of a decrease in fascicle 

angle on muscle thickness, yielding a net increase in muscle thickness. 

Contrary to the rat in situ study, forces exerted on GM by movement of the 

foot are not necessarily aligned with the longitudinal direction of GM. For 

example, if the foot is dorsal flexed from 0º footplate angle, the insertion of 

the Achilles tendon on the calcaneus will move caudally but also ventrally, 

resulting in forces exerted on GM in similar directions. As a result GM 

becomes longer with angular movement of the foot, but also thicker. Note 

that we measured GM thickness at 2/3 of muscle belly length. However, by 

studying the contours of GM we have the impression that this also occurred 

more proximal of this location. More distal of the 2/3 location, muscle 

thickness cannot be measured adequately because the most distal fascicles 

cannot be distinguished from the proximal aponeurosis at the intersection. 

 

Functional implications of GM growth on ROM of angular foot movement and 

GM extensibility: Footplate movement towards plantar flexion 

ROM towards plantar flexion has been investigated less frequently than 

dorsal flexion. Limitations of ROM towards plantar flexion constitute fewer 

problems clinically in, for example, walking where dorsal flexion is an 

absolute prerequisite for foot clearance and a stable stance phase (Rose and 

Gamble, 1994) and decreases of plantar flexion may only limit push off, that 

can be compensated in many ways. Furthermore, during walking older 

children will experience greater active and/or passive forces (due to higher 

body mass or by higher forces generated by antagonistic muscles) and 

therefore the range of motion through gait may not be affected. However, 

studying plantar flexion ROM may contribute to understanding of total ankle 

ROM. Our present results indicate that during normal growth, ROM towards 

plantar flexion (at 4 Nm) decreased by 4% per year. This decrease could be 

caused by changes in properties of the dorsal flexors similar to those found 

in GM. In addition, in rodents, myofascial connections between antagonistic 

muscle groups have been shown to be present (for a review see Huijing, 
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2009) and specifically also between the triceps surae and dorsal flexors of 

the ankle (e.g. Rijkelijkhuizen et al. 2007; Meijer et al., 2007). This means 

that forces generated actively or passively within antagonistic muscle may be 

exerted at the tendon of an agonistic muscle. In the situation where this is 

the case, for understanding limits to passive ROM of a joint one needs to 

consider properties of the directly stretched muscle, as well as its 

antagonistic muscles. Therefore, observed geometrical changes in GM with 

normal growth potentially also contribute to decreasing plantar flexion ROM, 

but also vice versa (e.g. the dorsal flexor muscles affecting dorsal flexion 

ROM). 

We conclude that decreased dorsal flexion ROM at a given joint moment 

in older children is explained by increased length component of the 

physiological area of GM with normal growth. Fascicles of GM are likely 

opposing factors to elongation of GM in children and stiffness measured at 

the ankle is largely determined by the stiffness of GM fascicles (muscle fibers 

and intermuscular connective tissues). This may also be true for ankle dorsal 

flexor muscles, as the plantar flexion also decreases with age. 

 

Limitations of this study 

Some limitations of our study need to be taken into account: 

1) We studied children in late-infancy and pre-adolescence (i.e. five to 

twelve years). Our data indicate linear relationships for the variables 

investigated. It is unlikely that during early-infancy and puberty the studied 

variables will change linearly, therefore extrapolation of our conclusions to a 

different age range should be performed with extreme care. 

2) The images obtained using 3-D ultrasound have a lower resolution 

compared to those obtained with 2-D ultrasound. However, the resolution of 

3-D ultrasound images is sufficient for visualizing fascicles. Furthermore, the 

advantage of 3-D ultrasound is that the mid-longitudinal plane can be found 

in a standardized manner post experimentally, avoiding errors of 

measurement in geometrical variables (Bénard et al., 2009) and that 

measurements can be performed within a much larger region (i.e. muscle 

belly and tendon length) compared to 2-D ultrasound images. 

3) We have reported the moments applied at the interface between 

torque wrench and foot-fixation. Ideally, one would like to know the net 

moment at the talocrural joint to relate to gastrocnemius data. However, this 

net moment can only be estimated globally using mean data from the 

literature, concerning foot mass, as well as foot size, in addition to the known 
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apparatus mass. All such factors affect the net ankle moment. Using moment 

balance equations for the foot, foot-fixation and torque wrench as one free-

body (see Chapter 8), it was calculated that for the dorsal flexion condition 

the estimated ankle moment differs most from the external moment actually 

exerted (i.e. by +1.9 Nm). This results in a maximum difference in footplate 

angle smaller than 5º causing some differences in muscle-tendon complex 

length and muscle fascicle length of about 1%. Therefore, these effects of 

weight, as well as those of different foot size, were neglected and we choose 

to report measured externally applied moment, on the footplate rather than 

the estimated net moment at the talocrural joint. 

4) We studied GM and made inferences about externally applied 

moment. However, other parts of the triceps surae and also antagonistic 

muscles contribute to this moment. We can therefore only speculate about 

quantitative changes in this moment as the result of changes of GM 

geometry with normal growth. It is likely that muscle volume of other ankle 

plantar flexors and antagonistic muscles will increase also with growth, 

influencing this moment.  

5) Fascicle related variables (length and angle) were studied only at one 

location within GM muscle belly. This involves an implicit assumption of 

homogeneity. However, detailed anatomical and physiological study of GM 

showed distributions (even within the mid-longitudinal plane, and larger 

distribution within the whole muscle) of fascicle length and angle and of 

serial number of sarcomeres, as well as the fiber mean sarcomere length 

(e.g. Dekhuizen et al., 1986; Huijing, 1985; Jaspers et al, 1999; Zuurbier 

and Huijing, 1992). Yet our present measurements of fascicle length and 

angle are representative for a large group of fascicles within the mid-

longitudinal plane. Despite that, we feel that the current results under the 

assumption of homogeneity constitute a first step in understanding how GM 

geometry changes with normal growth. For obvious reasons, measurement of 

serial sarcomere number is impossible in human subjects. How the effects of 

inhomogeneity of fiber length, serial sacromere number and fiber mean 

sarcomeres lengths will affect the relation between geometrical parameters 

and the mechanical properties of GM should be an object of further research. 

 

Concluding remarks 

We have studied GM development and ROM of angular foot movement in 

children in the age of five to twelve years using a novel combination of 3-D 

ultrasound imaging technique and hand-held dynamometry. The 3-D 
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ultrasound imaging technique allows measurement of geometrical variables 

in a standardized manner in the mid-longitudinal plane of GM. Also GM 

growth in children was compared to that of rats. 

For growing children, we show that geometry of GM and its tendon scales 

uniformly with length. The length component of the physiological cross-

section as well as fascicle length, increased with age, whereas fascicle angle 

did not change. For the age range from five to twelve years, GM geometry 

develops similarly in boys and girls. ROM of angular foot movement towards 

dorsal flexion decreases during growth, which is explained by the uniform 

scaling of the GM geometry. 

The combined knowledge regarding the development of GM geometry, 

ROM of angular foot movement and accompanying stiffness provides a 

reference set for studying muscle pathology of children with neuromuscular 

disorders and for input of neuromuscular models studying effects of muscle 

growth and pathology on movement control. As 3-D ultrasound imaging 

allows for measurements of gross muscle geometry, studying highly pennate 

muscles such as GM in growing children with muscle pathology will enhance 

our knowledge of the effects of such diseases and of intervention with for 

example pharmalogical denervation, casting and soft tissue surgery. 
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Abstract  

Aim: To investigate variables of geometry of the gastrocnemius medialis 

(GM) muscle and ankle range of motion (ROM) in children with spastic 

cerebral palsy (SCP) (age = 9-13y), as well as in typically developing (TD) 

peers. 

  

Methods: Geometry of the mid-longitudinal plane of GM was assessed using 

3-D ultrasound imaging. This was done at footplate angles standardized by 

external moments using a hand-held dynamometer. 

 

Results: Body parameters were similar for SCP and TP, but not malleolus 

height, being 1 cm lower in SCP. During measurements, SCP and TD did not 

differ concerning level of activation of neighboring muscles of GM. In children 

with SCP, footplates angles were all more towards plantar flexion, at 

standardized moments. The largest difference was 27º at +4 Nm external 

dorsal flexion moment. After normalization for tibia length and measured at 

similar footplate angles, GM was about 1 cm shorter in SCP. This may be 

related to the lower malleolus height. The lower normalized GM length in SCP 

was fully explained by a lower normalized GM belly length. Within GM muscle 

belly, normalized length component of the physiological cross-section and 

normalized fascicle length were both lower in SCP (by 11% and 25% 

respectively). The slope of the moment – normalized fascicle length curve 

was higher in SCP (to a maximum of 53%). Additional X-ray imaging of ankle 

and foot of one child from the SCP group and one typically developed adult 

showed that in SCP, changes in foot joint configurations contributed to the 

lower malleolus height. 

 

Interpretation: In children with SCP, diagnosed with decreased dorsal ROM of 

the ankle, GM length was substantially lower compared to TD peers. 

Important factors contributing to GM shortness were tibia length and 

changes in foot and ankle joints. The higher slope of the moment – 

normalized fascicle length curve indicates that GM fascicle stiffness is 

increased in SCP. This was partially explained by the lower fascicle length. 

Other factors (e.g. intracellular material properties of muscle fibers, 

intramuscular connective tissue and epimuscular myofascial force 

transmission) may be changed such that resistance to lengthening is 

increased. These factors are important to consider for treatment of reduced 

ankle ROM in children with SCP. 
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Introduction 

A limited ankle range of motion (ROM) is a common problem in children with 

spastic cerebral palsy (SCP) (Bénard et al. 2010; Nordmark et al., 2009; 

Tardieu et al., 1982). In children with SCP, the ankle ROM towards dorsal 

flexion can be reduced by an overactive stretch reflex of ankle plantar flexor 

muscles in response to rapid stretching, while the passive ROM is presumed 

to be decreased by changes in growth of these muscles (i.e. shorter and/or 

stiffer muscles around the ankle, e.g. Tardieu et al., 1982). A common 

treatment to improve ROM of the ankle is serial casting and/or chemical 

denervation of the spastic ankle plantar flexors by injecting botulinum toxin A 

(BTX-A) (e.g. Scholtes et al., 2007). Although these interventions seem to be 

successful at the short-term, long-term results are poor as the recurrence of 

decreased ROM is high (Blackmore et al., 2007, Bottos et al., 2003, Koog 

Min, 2010, Moore et al., 2008, Tedroff et al., 2009). It is expected that 

detailed knowledge of the mechanisms underlying the reduced ROM around 

the ankle in children with SCP will contribute to an optimization of treatment.  

The geometry of a muscle is a major determinant of the mechanical 

characteristics of skeletal muscle. Ultrasound studies of geometry of 

gastrocnemius medialis (GM) muscle have shown that in children with SCP, 

GM muscle belly, measured at resting ankle angle, is relatively short (Fry et 

al. 2004, Malaiya et al., 2007, Oberhofer et al. 2010) and that GM tendon is 

longer (Wren et al, 2010) compared to typically developing (TD) peers. The 

muscle belly shortness has been presumed to originate from shorter muscle 

fibers or fascicles (i.e. bundle of skeletal muscle fibers surrounded by 

connective tissue) (Williams and Goldspink, 1978; Tardieu et al., 1982). A 

reduced number of sarcomeres has been shown in spastic soleus muscle in 

mice (Ziv et al., 1984). More recently, using ultrasound imaging, 

measurement of GM geometry in children with SCP in the age of four to 

twelve years also showed a reduced fascicle length (Mohagheghi et al. 2008; 

Wren et al., 2010). In contrast however, compared to TD peers, similar 

fascicle lengths despite a reduced muscle belly length were reported in 

children with SCP of similar mean age (Malaiya et al, 2007; Shortland et al., 

2002). Such a shorter GM belly in children with SCP was argued to be caused 

by a reduced GM cross-sectional area: for a highly pennate muscle such as 

GM, muscle belly length is also determined by the length component of the 

physiological cross-sectional area (c.f. Heslinga and Huijing, 1995; Huijing 

and Jaspers 2005). A reduced cross-sectional area with similar fascicle 

lengths will thus result in a reduced length component of the physiological 
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cross-sectional area. So, detailed knowledge regarding the alterations in 

geometry in children with SCP and how this is related to a reduced ROM is 

still a subject of controversy and remains inconclusive. 

A major reason for these conflicting results may be a lack of 

standardization of ultrasound analysis of GM geometry, while it has been 

shown that underestimation and overestimation of geometrical parameters 

may occur (Bénard et al., 2009). In addition, muscle length and geometry 

are obviously both dependent of ankle angle, so standardization of ankle 

angle is of utmost importance to compare between subjects.  

To date, primarily GM muscle belly has been subject of study (for review, 

see Barret and Lichtwark, 2010), whereas passive structures of GM, including 

tendon and aponeuroses, also contribute to force-length characteristics of 

GM. Studying these structures may provide additional information concerning 

possible causes of the reduced ROM in children with SCP. 

Therefore, the aim of this study was to measure GM length and variables 

of geometry in SCP and TD children and to relate this ankle ROM. GM 

geometry was determined in its mid-longitudinal plane using a standardized 

protocol for three-dimensional (3-D) ultrasound imaging. We hypothesized 

that: 1) muscle shortness in GM of children with SCP is primarily caused by 

shortness of its muscle belly and not its tendon, and 2) the shorter GM belly 

is caused by a combination of lower muscle fiber longitudinal and cross-

sectional growth (the latter measured as the length component of the 

physiological cross-sectional area). 

 

 

Methods 

Subjects  

Eight children with bilateral SCP and sixteen TD children participated in the 

study after informed consent from their parents (and from the children aged 

12y or above). The study was approved by the Medical Ethics Committee of 

the VU University Medical Center. 

The ages of the children ranged from nine to thirteen years. All children 

with SCP walked independently with or without walking aids: they had a 

Gross Motor Function Classification System level of I-III (GMFCS, Palisano et 

al., 2007). All children with SCP were indicated for treatment of reduced 

passive ankle ROM with a fixed plantar flexor contracture, defined as dorsal 

flexion lower than 0º (i.e. the angle between the tibia and the lateral border 

of the foot sole being 90º), with full knee extension. Children with SCP had 
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had no prior surgical interventions of the lower limbs and no BTX-A 

treatment up to half a year prior to measurement. 

 

Anthropometry 

The whole protocol was executed by one investigator. For all children with 

SCP, the ROM of the ankle towards dorsal flexion of both legs was measured 

manually and the leg with the lowest ROM was used for further study. For TD 

children, the right leg was studied.  

Body mass, tibia length and Achilles tendon moment arm were 

measured. Tibia length ((tib)) was calculated as the mean of the distance 

from the tibia plateau to the most prominent part of the malleolus measured 

at the medial side of the leg. Within the sagittal plane, Achilles tendon 

moment arm length was calculated as the mean distance from the middle of 

the Achilles tendon to the most prominent (within the frontal plane) parts of 

the lateral and medial malleolus. Malleolus height was calculated as the 

mean distance from the most prominent part of the lateral and medial 

malleolus to the foot sole. Both Achilles tendon moment arm length and 

malleolus height were measured at an ankle angle of 0º or maximum dorsal 

flexion for children with SCP. 

 

Footplate moment-angle data 

For subsequent measurements, the children were lying prone on a bench, 

with both feet overhanging the edge. To manipulate the angle between the 

foot sole and the tibia, a custom designed hand-held dynamometer, that can 

be adjusted to correct forefoot position in case of non-rigid varus/valgus foot 

deformities, was used (c.f. Bénard et al., 2010). This dynamometer allows 

simultaneous measurements of moment [Nm] and angle between footplate 

and tibia φfp [º] within the sagittal plane (i.e. dorsal flexion and plantar 

flexion). Positive values refer to dorsal flexion conditions. Although the 

angles are intended to represent the ankle or talocrural joint, we prefer to 

report these as footplate angles. 

With the dynamometer, footplate angle and moment data were collected 

at: 1) the footplate angle corresponding to a moment of -4 Nm, 2) the 

footplate angle corresponding to a moment of 0 Nm, 3) the footplate angle 

corresponding to a moment of +4 Nm, 4) the moment at the footplate angle 

halfway between angles 1 and 2, and 5) the moment at the footplate angle 

halfway between angles 2 and 3. All such dynamometer measurements were 

repeated five times and for each repetition the moment applied was held for 
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five seconds (Bénard et al., 2010). The mean result of five repetitions at the 

end of the five seconds holding time was taken as a data point for analysis. 

 

3-D ultrasound imaging 

A 3-D ultrasound reconstruction of gastrocnemius medialis (GM) muscle was 

made at five muscle length conditions, corresponding to the five moment-

angle conditions assessed. Cross-sectional ultrasound scans of GM were 

made using a B-mode ultrasound device (Technos MPX, ESAOTE S.p.A., 

Italy), with a 5 cm linear array probe (12.5 MHz). The ultrasound images 

were recorded at 25 Hz using a video card (miroVIDEO DC30; Pinnacle 

Systems Inc.). GM was scanned in proximo-distal direction while the position 

and orientation of the ultrasound probe were recorded by tracking a three 

marker frame, rigidly attached to the probe, using an Optotrak 3020 camera 

system (Northern Digital Instruments, Waterloo, Canada). After calibration, a 

voxel array of the scanned area of GM was reconstructed from the recorded 

ultrasound images and their synchronous position and orientation data 

(Bénard et al., 2011). The reconstruction of GM was used for further 

analysis. 

 

Electromyography 

To quantify excitation during the dynamometer and ultrasound protocol, 

electromyographic (EMG) signals of the tibialis anterior muscle and the 

gastrocnemius lateralis muscle were digitized at 1000 Hz using a 

multichannel system (Porti5, TMS-International™, The Netherlands). Skin 

preparation and EMG electrode placement were carried out according to 

SENIAM guidelines (Freriks et al., 1999). EMG at maximal voluntary 

contraction (MVC) (duration about 5 seconds) was measured in prone 

position for both muscles at a footplate angle of 0º (or maximal dorsal flexion 

in children with SCP when 0º could not be attained). Off-line EMG signals 

were high-pass filtered at 20Hz to remove artifacts, and normalized with 

respect to the peak value of the EMG during MVC. If EMG signal were higher 

than 10% of MVC, moment-angle measurements and ultrasound scans were 

discarded from the analysis (Bénard et al, 2010). 

 

Data Analysis  

Variables of muscle geometry were measured using an analyzing tool, 

custom programmed in MATLAB (version 7.1, the Mathworks Inc., 2005). In 

this analyzing tool, the mid-longitudinal plane of GM was defined within the 
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3-D reconstruction and within this selected plane eight muscle variables were 

measured based on interpretation of the first author (for details, see Bénard 

et al., 2011): 1) muscle-tendon complex length m+t, 2) muscle belly length 

m, 3) muscle tendon length t, 4) muscle fascicle length (fasc), 5) fascicle 

angle with the aponeurosis (fasc), 6) muscle thickness (m.th), 7) aponeurosis 

length a, and 8) length component of the physiological cross-sectional area 

Af, which is the sum of all fiber diameters in the mid-longitudinal plane (Van 

der Linden et al., 1998).  

The complete interactive analysis was repeated five times, and means 

were calculated for all muscle variables parameters. A pilot study showed 

that with more than five repetitive measurements, standard deviations of the 

variables for each individual did not decrease further and were less than 5% 

in the length variables and less than 3º in (fasc). 

For visualization of the relationships of moment - φfp, moment - m+t, and 

moment - (fasc), third-order polynomial fits will be plotted. However, actual 

data points were used in the statistical analysis. 

 

X-ray study of joint configuration of ankle and foot 

To study joint configuration of ankle and foot in the sagittal plane, two lateral 

X-ray images were made of the foot including the distal part of the lower leg. 

The foot-fixation was attached to the foot and images were made at footplate 

angles corresponding to those measured at 0 Nm and +4 Nm. For this study, 

one typically developed adult (age 28 = y, body mass = 65 kg, (tib) = 37cm) 

and one child of the SCP group (age = 13 y, body mass = 60 kg, (tib) =  38 

cm) participated (taking X-rays on TD children not being judged ethical). 

Images were made with subjects lying on their side. Afterwards, the angle 

between the calcaneus and the footplate was measured in the images using 

an analyzing tool, custom programmed in MATLAB 7.1. The orientation of the 

calcaneus was taken as a line between the most craniodorsal point of the 

calcaneus and the most cranial point of the anterior articular surface of the 

subtalar joint (Tardieu et al., 1977a). 

 

Statistics 

A Student’s t-test was used to test for significant differences between SCP 

and TD regarding: age, body mass, tibia length, Achilles tendon moment arm 

and malleolus height.  

A mixed design ANOVA (with moment treated as repeated measures) 

was used on φfp, m+t, m, t, a,Af, (fasc), (m.th), (fasc) and on all length para-
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meters scaled to (tib) to test for main effects of group, moment, and their 

interaction. 

Factorial ANOVA was used on normalized EMG of tibialis anterior and 

gastrocnemius lateralis measured during dynamometry measurements and 

during ultrasound scans of GM to test for effects of group (SCP and TD) and 

moment (-4, -1, 0, +1, +4 Nm). 

For all statistics, the level of significance was set at P < 0.05. The 

variance reported is the standard error (SE) over subjects.  

 

 

Results 

Anthropometric variables: SCP vs. TD 

Mean body parameters are shown in Table 5.1. Note that mean age, mean 

body mass, and Achilles tendon moment arm of SCP and TD children were 

not different. Although mean tibia length was 2.7 cm lower in children with 

SCP, this was not significantly different (P = 0.08). Only malleolus height of 

children with SCP was significantly lower (by 0.9 cm) compared to that of TD 

children (P < 0.01). 

 

Comparison of moment - footplate angle characteristics 

For children with SCP, mean footplate angles measured at all five 

standardized moments, applied externally by the experimenter, were smaller 

(i.e. more towards plantar flexion, P < 0.001) than those of TD children 

(Fig. 5.1A, Table 5.2). The largest difference was found for the footplate 

angle measured at +4 Nm, being 27º lower in children with SCP. In addition, 

the ROM of the footplate between externally applied moment of 0 Nm to +4 

Nm was 6º less in children with SCP (φfp  = 18º in children with SCP 

compared to φfp= 24º in TD children). 

 

Involuntary muscle excitation 

ANOVA showed no main effects (group and moment) on normalized EMG for 

both tibialis anterior and gastrocnemius lateralis, neither for dynamometer 

measurements nor during collection of ultrasound scans of GM. 

 

Muscle-tendon complex lengths and footplate angles  

Fig. 5.1B shows GM muscle-tendon complex length (m+t) in SCP and TD 

groups as a function of footplate angle. If SCP and TD children had similar 

skeletal dimensions,  m+t would  be expected to  be identical  at similar foot- 
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Table 5.1 Descriptive and anthropometric variables of the TD children and children 

with SCP. For all variables, apart from number N, mean values (and SE) are shown. 

Apart from malleolus height, no significant differences were found between TD and 

SCP concerning these variables. 

Parameter TD   SCP 

  mean SE   mean SE 

      N 16 - 
 

8 - 

age [y] 11.3 0.2 
 

11.1 0.3 

body mass [kg] 39.1 1.6 
 

40.8 3.5 

Tibia length [cm] 35.3 0.8 
 

32.6# 1.0 

AT moment arm [cm] 4.5 0.1 
 

4.7 0.2 

malleolus height [cm] 6.7 0.1 
 

5.8* 0.2 

            

* = significant difference compared to TD (P < 0.01), # = no significant difference 

compared to TD (P = 0.08), AT = Achilles tendon 

…………………………………………………………………………………………………………………………………………… 

 

 

plate angles. However, over the range of footplate angles (from -51º to 

-10º) that overlap between SCP and TD groups, m+t was significantly lower 

in SCP than in TD children (P < 0.05). At φfp = 28º, m+t was 3.6 cm shorter 

in the SCP group, compared to the TD group. At this footplate angle, despite 

a lower m+t, the external moment for SCP was about 2 Nm higher (see 

Fig. 5.1A). 

GM length that is normalized for tibia length ((tib)) was 1.02 versus 1.04 

times tibia length for children with SCP and TD children, respectively. This 

implies an absolute difference in length of 0.8 cm (Fig. 5.1C). In children 

with SCP, application of an external moment of +1 Nm, will stretch GM to a 

normalized length of 1.04 times (tib), similar to that in TD children. However, 

this occurred only after an additional 10º movement of the footplate towards 

dorsal flexion and a difference in externally applied moment of 2 Nm 

(Fig. 5.1C). 

We also found that malleolus height was about 0.9 cm lower in children 

with SCP, which suggests differences in the configuration of talus and 

calcaneus within the talocrural and talocalcaneal joints between both groups. 

Taking into account such differences between TD and SCP groups is crucial 

for an adequate interpretation of muscle geometrical data, as well as 

differences in footplate angles and moments. 
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Table 5.2 Footplate angles and absolute GM length and geometrical parameters measured at the externally applied moments. All 

variables are shown for the TD children and the children with SCP. For all variables, means values (and SE) are shown. 

Group Parameter 
Moment 

-4Nm -1Nm 0Nm +1Nm +4Nm 

TD φfp [º] -51.41 (1.73) -28.13 (1.43) -5.88 (1.78) 6.68 (1.89) 17.66 (1.98) 

 

m+t [cm] 35.63 (0.74) 36.81 (0.75) 38.28 (0.76) 39.09 (0.75) 39.88 (0.75) 

 

m [cm] 19.84 (0.53) 20.69 (0.54) 21.64 (0.56) 22.17 (0.57) 22.73 (0.59) 

 

t [cm] 15.79 (0.55) 16.12 (0.57) 16.63 (0.58) 16.93 (0.58) 17.15 (0.57) 

 

a [cm] 16.00 (0.56) 16.27 (0.50) 16.37 (0.56) 16.15 (0.57) 16.13 (0.55) 

 

Af [cm] 5.78 (0.35) 4.90 (0.40) 4.70 (0.23) 4.40 (0.21) 4.11 (0.21) 

 

 (fasc) [cm] 4.05 (0.09) 4.61 (0.11) 5.43 (0.13) 6.02 (0.18) 6.74 (0.18) 

 

 (m.th) [cm] 1.45 (0.06) 1.44 (0.06) 1.55 (0.06) 1.55 (0.05) 1.71 (0.07) 

 

(fasc) [º] 21.02 (0.83) 18.79 (0.70) 16.66 (0.51) 15.80 (0.50) 14.78 (0.58) 

CP φfp [º] -57.13 (2.69)* -41.43 (2.67)* -27.58 (3.10)* -18.14 (2.43)* -10.03 (2.17)* 

 

m+t [cm] 30.92 (0.78)* 32.10 (0.91)* 33.23 (0.97)* 33.94 (0.99)* 34.23 (0.97)* 

 

m [cm] 16.52 (0.51)* 17.28 (0.59)* 17.93 (0.55)* 18.54 (0.62)* 18.61 (0.61)* 

 

t [cm] 14.40 (0.46) 14.82 (0.55) 15.12 (0.56) 15.39 (0.56) 15.63 (0.57) 

 

a [cm] 13.85 (0.40)* 13.89 (0.45)* 14.37 (0.45)* 14.41 (0.54)* 14.41 (0.59)* 

 

Af [cm] 4.75 (0.21)* 4.05 (0.15)* 3.94 (0.18)* 3.45 (0.11)* 3.46 (0.16)* 

 

 (fasc) [cm] 2.80 (0.14)* 3.50 (0.24)* 3.69 (0.25)* 4.22 (0.17)* 4.52 (0.19)* 

 

 (m.th) [cm] 0.95 (0.06)* 0.96 (0.05)* 0.95 (0.05)* 1.00 (0.06)* 0.99 (0.04)* 

 

 (fasc) [º] 20.13 (0.87) 17.06 (0.59) 15.93 (0.54) 13.99 (0.46) 13.93 (0.50) 

* = significant difference compared to the value of TD at similar moment (P < 0.05), φfp = footplate angle, m+t = muscle-tendon 

complex length, m = muscle belly length, t = tendon length, a = aponeurosis length,Af = length component of the physiological 

cross-section,(fasc) = fascicle length,(m.th) = muscle thickness, (fasc)= fascicle angle 
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Figure 5.1 Externally applied moment and GM muscle-tendon length in relation to 

footplate angle: TD children versus children with SCP. A. Externally applied moment. 

B. Length of the muscle-tendon complex (m+t). C. Length of the muscle-tendon 

complex normalized for tibia length (tib). For all data series, mean values (and SE) and 

third-order polynomial fits are shown. In (A), dorsal and plantar refer to moment 

applied to the footplate towards, respectively, dorsal and plantar flexion. 

…………………………………………………………………………………………………………………………………………… 

 

 

Differences in muscle geometry 

As GM is potentially a major contributor to a reduced ROM at the ankle and 

or knee in children with SCP, GM geometry as a function of externally applied 

moment was compared for SCP and TD children. 

Fig. 5.2A shows the moment - normalized m+t characteristics in which 

the effects of tibia length differences described above are removed. In the 

children with SCP this curve was shifted to lower GM lengths (by 0.07 times 

tibia length) with respect to the TD children, implying an absolute difference 

of  approximately 2 cm.  In addition,  the mean slope of the curve  from 0  to  

C. 

A. B. 
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Figure 5.2 Comparison of externally applied moment in relation to GM length 

variables: typically developing (TD) children versus children with spastic cerebral palsy 

(SCP). A. Muscle-tendon complex length (m+t) normalized for tibia length ((tib)) 

B. Fascicle length ((fasc)) normalized for tibia length ((tib)). For all data series, mean 

values (and SE) and third-order polynomial fits are shown. Dorsal and plantar refer to 

moment applied to the footplate towards, respectively, dorsal and plantar flexion. 

…………………………………………………………………………………………………………………………………………… 

 

 

 

+4 Nm (dorsal flexion) was increased by 50% in children with SCP.  

Over the whole range of footplate angles, normalized GM tendon length 

(t) was not different between SCP and TD. This means that lower normalized 

m+t in children with SCP was fully explained by a lower normalized GM belly 

length (m, Table 5.1 and 5.2). 

Within GM muscle belly, over the whole range of footplate angles, 

normalized length component of the physiological cross-section (Af) and 

normalized fascicle length ((fasc)) were both lower in SCP (by 11% and 25% 

respectively, Table 5.1 and 5.2). Since the fascicle angle with the 

aponeurosis ((fasc)) was not different between both groups, the lower 

normalized fascicle length resulted in a lower normalized muscle thickness 

(by approximately 31%, Table 5.1 and Table 5.2). These differences in 

geometry of GM muscle belly indicate that in GM of children with SCP less 

tissue was arranged in series, as well as in parallel. As GM is a pennate 

muscle, both factors result in a lower muscle belly length.  

Fig. 5.2B shows moment - normalized fascicle length ((fasc)) 

characteristics. Such a plot removes effects of differences in tibia length, and 
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also incorporates all possible effects of changes in muscle geometry on (fasc). 

This figure shows the largest difference in normalized (fasc) was observed at 

+4 Nm (by 27%). As a result, the mean slope between 0 to +4 Nm (dorsal 

flexion range) was increased by 30% in children with SCP. In the range from 

+1 to +4 Nm, the slope is increased to 53%. In children with SCP, stretching 

of GM (by application of a moment of +1 Nm) caused for GM fascicles to 

attain a similar normalized length as those of TD after shortening (by 

application of a moment of -1 Nm). 

 

Differences in joint configurations of ankle and foot 

The X-ray images show two important findings (Fig. 5.3A). The first concerns 

the subtalar joint: within this joint, the talus, instead of its normal cranial 

position, was rotated somewhat medially with respect to the calcaneus. This 

was found in similar amounts at both footplate angles studied, demonstrating 

the effectiveness of the foot-fixation. The second finding concerns the 

orientation of talus and calcaneus within the sagittal plane: for the footplate 

held at the angle measured at exerting 0 Nm on the footplate during 

dynamometer measurements, the talo-calcaneus complex was oriented such 

that the calcaneus was almost parallel to the footplate (i.e. the angle 

between calcaneus and footplate being -2º).  

For the footplate angle corresponding to that of exerting 4 Nm on the 

footplate in the experiment, the talo-calcaneus complex was oriented such 

that the calcaneus angle with the footplate decreased compared to 0 Nm 

condition (to -9.5º, compare Fig. 5.3B to A). So when the external moment 

was increased from 0 to +4 Nm, the footplate rotated 19º towards dorsal 

flexion. In contrast, simultaneously, this rotation reduced the angle between 

calcaneus and footplate by 7.5º (i.e. towards plantar flexion, Fig. 5.3B). This 

relative plantar flexion of the talo-calcaneus complex constitutes 39% of the 

full dorsal rotation of the footplate and thus causes less triceps surae 

lengthening in SCP at the exerted dorsal flexion moment. Note that, in order 

to have the sole of the foot match the footplate angle, several additional 

compensating rotations occur at joints within the foot, further affecting 

lengths of synergistic (increasing) and antagonistic muscles (decreasing) of 

triceps surae.  
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Figure 5.3 Lateral X-ray images of the foot within the foot-fixation showing the 

sagittal orientation of the talo-calcaneus complex. A. The foot of a selected child with 

SCP, imaged with the footplate held at the angle measured at exerting 0 Nm on the 

footplate during the main experiment. B. The same foot as in (A), now imaged with the 

footplate held at the angle measured at exerting +4Nm on the footplate during the 

main experiment. C. The foot of a TD adult, imaged with the footplate held at the 

angle measured at exerting 0 Nm on the footplate during the main experiment. 

D. Similar foot as in (C), now imaged while the footplate was held at the angle 

measured exerting at +4 Nm on the footplate during the main experiment. In all 

images, the black dashed line outlines the talus, the lower dashed white line 

represents the orientation of the footplate and the upper white dashed line represents 

the orientation of the calcaneus. The latter line is obtained by plotting a line through 

two bony landmarks of the calaneus (white arrows, see methods for explanation). The 

bar in the upper right corner of the image depicts 35 mm. 

 

  

A. B. 

C. D. 
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For a typically developed adult (Fig. 5.3C-D), at 0 Nm external moment, 

the angle between calcaneus and footplate was +9º (Fig. 5.3C). This 

occurred at a position 11º more dorsal flexed than of the child. Applying +4 

Nm to the foot-fixation caused two effects: 1) the footplate rotated by 23º 

towards dorsal flexion with respect to the tibia; and 2) this rotation reduced 

the angle between calcaneus and footplate by 2º (i.e. towards plantar 

flexion, Fig. 5.3D). This relative plantar flexion of the talo-calcaneus complex 

constitutes 9% of the full dorsal rotation of the footplate. 

 

 

Discussion 

Medial gastrocnemius (GM) geometry was studied in children with SCP (age 

= 9-13y, GMFCS = I-III) who were diagnosed with a limited dorsal flexion 

range of the ankle. GM geometry was compared to that of TD children.  

During all measurements, the degree of excitation (EMG) of synergistic and 

antagonistic muscles of GM did not differ between SCP and TD children. 

A major finding was lower GM muscle-tendon complex lengths in children 

with SCP at equal footplates angle and different configurations of joints 

within ankle and foot in these children. X-ray imaging of the foot of one child 

selected from the SCP group showed a subluxation of the talus and a plantar 

flexed talo-calcaneus complex. Such different configurations are in 

agreement with lower malleolus height found in children with SCP. 

For two reasons GM (muscle belly) was substantially shorter in children 

with SCP: 1) as a result of shorter fascicles, and 2) less muscle tissue 

arranged in parallel within the mid-longitudinal plane. This indicates a lack of 

GM muscle growth in children with SCP. In addition, in children with SCP, the 

slope of the moment - normalized fascicle length curve was substantially 

higher. When GM of both groups was brought to a length at which 

normalized fascicle length was similar, the externally applied moment was 

substantially higher (i.e. by 2 Nm) in children with SCP. These differences 

indicate major changes in biomechanical properties of GM muscle belly in 

children with SCP. 

 

Limitations of this study 

Before possible factors contributing to the differences in GM of children with 

SCP are discussed, the following limitations of our study need to be taken 

into account:  
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1) We have reported the moments applied at the interface between 

torque wrench and foot fixation. Ideally, one would like to know the net 

moment at the talocrural joint to relate to gastrocnemius data. However, this 

net moment can only be estimated globally using mean data from the 

literature, concerning foot mass, as well as foot size, in addition to the known 

apparatus mass. All such factors affect the net ankle moment. Using moment 

balance equations for the foot, foot-fixation and torque wrench as one free-

body (see Chapter 8), it was calculated that for the dorsal flexion condition 

the estimated ankle moment differs most from the external moment actually 

exerted (i.e. by +1.9 Nm). However, this value did not differ between the 

groups. Therefore, we choose to report measured externally applied moment, 

on the footplate rather than the estimated net moment at the talocrural joint. 

2) GM geometry was related to externally applied moment. However, 

other parts of the triceps surae, as well as synergistic and antagonistic 

muscles contribute to this moment, so that GM parameters may not be 

uniquely related to the external moments. However, for in vivo research 

relating the two types of variables is the only way open to impose 

comparable external force related conditions. 

3) Fascicle related variables were studied only at one location within the 

mid-longitudinal plane of GM muscle belly. This involves an implicit 

assumption of homogeneity. However, detailed anatomical and physiological 

study of GM indicates distributions of fascicle length and angle and of serial 

number of sarcomeres, as well as the fiber mean sarcomere length (e.g. 

Huijing, 1985; Zuurbier and Huijing, 1992). However, our present 

measurements of fascicle length and angle are representative for a large 

group of fascicles within the mid-longitudinal plane. 

4) For in vivo measurements of muscle geometry it is difficult to obtain a 

reference length such as muscle optimum length. To compensate for this 

limitation, we have measured GM geometry over a range of footplate angles, 

and thus over a range of GM lengths. This allows for relating GM geometry to 

footplate angles and moments at multiple GM lengths. 

 

Shorter GM muscle-tendon complex in children with SCP due to altered joint 

configurations of ankle and foot  

Measured at similar footplate angles, GM was approximately 4 cm shorter in 

children with SCP. We hypothesized that this lower length was related in part 

to differences in skeletal dimensions (c.f. Barber et al., 2011; Malaiya et al., 
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2007; Mohaghegi et al., 2008; Oeffinger et al., 2010), but after 

normalization for tibia length a difference (1 cm) persisted. 

X-ray imaging of the foot of one child from the SCP group showed a 

subluxation of the talus. This is related to a valgus of the calcaneus and is 

quite common in diplegic and quadriplegic SCP (Trost, 2004, O’Connell et al., 

1998). In addition, a relative plantar flexion of the calcaneus with respect to 

the footplate was found. Such a rotation has been reported previously by 

Tardieu et al. (1977c), who suggested that this could have serious 

consequences for biomechanics and surgical results concerning the spastic 

triceps surea. 

A relative plantar flexion of the talo-calcaneus complex causes a 

reduction in triceps surae muscle-tendon complex length in children with SCP 

compared to TD peers when measured at similar footplate angles (persisting 

after normalization for tibia length). In addition, the diminished dorsal flexed 

position of the talo-calcaneus complex increases with dorsal flexion of the 

footplate. This dynamic change of calcaneus angle in the TD adult was 

substantially smaller than that of the child with SCP, but still large enough 

that it should concern biomechanists doing in vivo research at the ankle. 

Despite the fact that the size of this parameter is affected by several 

factors, the observation of lower malleolus height in the SCP group is an 

indication that altered joint configurations shown for a selected child of that 

group, generally occurs in children with SCP fulfilling the criteria of our SCP 

group. Therefore, we hypothesize that change in rotation of the talo-

calcaneus complex in such SCP groups during dorsal flexion is an important 

factor in acute plantar flexor shortness in dorsal flexion. The triceps surea, 

being the only muscle group inserting on the calcaneus, is exposed to major 

length effects. The moment arms of synergistic (i.e. tibialis posterior, flexor 

hallucis longus, flexor digitorum longus, peroneus longus and brevis) and 

antagonist (i.e. tibialis anterior, extensor hallucis longus, extensor digitorum 

longus) muscles of triceps surae, with respect to the talocrural joint, are 

much smaller. As a result, the effects of altered joint configuration on length 

changes of synergistic and antagonist muscles will be smaller than for triceps 

surae. Note that this will affect the relative positions of the muscles. In 

addition, synergistic and antagonist muscles are also exposed to 

counteracting effects of compensatory rotations at joints within the foot. 

For the triceps surae muscle, it is clear that the effects of deformations at 

the ankle joints have significant effects for the length and length range over 

which it operates in daily life of developing children with SCP. Muscle fiber 
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strain being an important stimulus for adaptation and growth of muscles 

(Huijing and Jaspers, 2005), knowledge of how joint configuration of ankle 

and foot affect these different strains in children with SCP is important for 

understanding the mechanisms of the reduced ROM. 

 

Differences in moment - GM fascicle length characteristics in SCP: potential 

differences in number of serial and parallel sarcomeres 

Averaged over all external moments applied, normalized fascicle length was 

about 25% lower in children with SCP. This could indicate that fascicles in 

children with SCP have 25% fewer sarcomeres in series within their muscle 

fibers, which would agree also with the diminished ROM found for children 

with SCP. We found also that the slope of the moment - normalized fascicle 

length curve was 30% to 53% higher in children with SCP. Such a qualitative 

effect would be expected with fewer sarcomeres in series. To get an 

indication if the increased slope can be quantitavely related to decreased 

fascicle lengths, we use the equation for stiffness          (with a given 

area A, Young’s modulus E and length ). This implies a linear stress-strain 

behavior and furthermore we assume tissue properties to be unchanged, i.e. 

an identical E for TD and SCP children. In such case, lowering length by 

25% (decreasing number of serial sarcomeres) yields an increase of stiffness 

of 33%, which is close to the increase of the mean the slope of the moment- 

normalized fascicle length of SCP for the dorsal flexion range (measured from 

0 to +4 Nm). However, in the +1 to +4 Nm range, the increase in slope is 

53% and cannot be explained this way. Another indication is to estimate the 

effect of the diameter of the belly, since we showed that GM of children with 

SCP had 11% less muscle tissue arranged in parallel within the mid-

longitudinal plane. Assuming that this lower quantity of muscle tissue occurs 

also in the other cross-fiber direction (using the equation for area         

  ) a decrease in diameter d of 11% yields 21% decrease in cross-sectional 

area. Such a decrease in area would yield a decrease in stiffness by 21%. In 

sum, our geometrical findings do not explain the lower ROM and increased 

moment - normalized fascicle length curve slopes, in a straightforward 

manner. This indicates that factors other than or additional to a potentially 

reduced number of serial sarcomeres are responsible for a lower ROM and 

increased moment - normalized fascicle length curve slopes. 
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Differences in moment - GM fascicle length characteristics: other factors 

explaining such differences in children with SCP 

The stiffness of a muscle is determined by active (i.e. by muscle activation) 

components and passive components (Lieber et al., 2004; Sinkjaer et al., 

1988). In our study, for dynamometer measurements, the footplate was 

brought to its position at very low speed and subsequently held for five 

seconds to avoid spastic effects of the muscles. 

Concerning active stiffness, during all measurements, low levels of EMG 

activity were measured in synergistic as well as antagonistic muscles of GM, 

but at levels similar for TD and SCP children, indicating that differences in 

slopes of the moment - fascicle length curves were not due to differences in 

the degree of activity of the synergistic and/or antagonistic muscles. Active 

stiffness in spastic muscles of children with SCP may be altered due to 

changes in fiber type distribution, with potential changes in stiffness per 

cross-bridge (Lieber et al., 2004). Experimental measurements of active 

stiffness in maximally dissected in situ cat peroneus longus muscle indicate 

that slow type I muscle fibers are stiffer compared to fast type II muscle 

fibers (Petit et al., 1990). It is commonly assumed that spastic muscles 

adapt to the chronic hyperactivity by increasing the relative number of type I 

fibers (e.g. Ito et al., 1996, Marbini et al., 2002). However, results regarding 

fiber types in biopsy studies are controversial. An increase, a decrease, as 

well as similar fraction of type I fibers have been reported (c.f. Lieber et al., 

2004). Based on these observations, increases in active stiffness of GM in 

SCP are not likely involved in the altered moment-fascicle length slopes and 

hence other factors need to be considered.  

Important determinants of passive muscle stiffness within the muscle 

belly are the intracellular material properties of muscle fibers (Lieber et al., 

2004) and intramuscular connective tissue (Booth et al., 2001). An important 

intracellular property is the stiffness of the cytoskeletal titin filament (Wang 

et al., 1993). A recent study of spastic upper leg muscles of stroke patients 

found no changes in molecular size of titin size (Olsson et al. 2006). In 

addition, results regarding the passive mechanical properties of isolated 

spastic muscle fibers are not conclusive. While some studies reported an 

increased stiffness of muscle fibers of spastic muscles from the upper 

extremity (children with CP indicated for tendon transfer, Fridén & Lieber, 

2003) and upper leg (vastus lateralis of adults with spinal cord injury without 

details on muscle shortness, Olsson et al., 2006), other studies showed that 

such properties were not altered in spastic muscles of the forearm (children 
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with CP and adult indicated for surgery, De Bruin et al., 2010) and upper leg 

(hamstrings of children with CP indicated for surgical lengthening, Smith et 

al., 2011).  

The quantity and composition of intramuscular connective tissues, such 

as endomysium and perimysium, are presumed to determine the slope of the 

passive stress-strain curve of muscles (Booth et al., 2001; Fridén and Lieber, 

2003; Rose, 1994). Moreover, the relatively large quantity of perimysium is 

considered a contributor to the passive resistance to stretching of muscle 

(Rowe, 1981). An increase of collagen content per mg muscle within human 

spastic knee extensor and flexor muscle (Booth et al. 2001 and Smith et al., 

2011, respectively) has been shown in children with SCP. Normally such an 

increase in collagen content would increase passive muscle stiffness. 

However, in a single fascicle study, it has been argued that there is a large 

amount of poorly organized collagen reinforced extracellular matrix in 

fascicles from spastic muscles (Lieber et al., 2003), resulting in a decrease of 

passive muscle stiffness.  

For spastic human plantar flexor muscles it is unknown whether the 

quantity and quality of intracellular material properties or of intramuscular 

collagen content are changed.  Therefore further study on single muscle fiber 

and fascicle segments, derived from biopsies, from this muscle are indicated. 

 

Epimuscular myofascial force transmission and moment - normalized fascicle 

length characteristics in children with SCP 

In addition to intramuscular factors, also extramuscular connective tissues 

should be considered as they may be involved in enhancement of 

epimuscular myofascial force transmission between spastic muscles and their 

synergistic and antagonistic muscles (Huijing, 2007). This hypothesis was 

based on animal experiments (for an overview see Huijing, 2007; 2009), in 

which myofascial force transmission was observed (note that there are also 

animal studies which suggested that for in vivo conditions, extramuscular 

connective tissue is at slack resulting in low loads exerted on synergists, e.g. 

soleus muscle in cat, Maas and Sandercock, 2008). Epimuscular myofascial 

force transmission is transmission between the bellies or tendons of muscle 

and surrounding muscular and non-muscular tissues, so that this part of the 

force exerted is not exerted onto, at least one of, the tendons of the muscle. 

Huijing (2007) hypothesized that a combination of proximally as well as 

distally directed myofascial loads on spastic muscle, plays an important role 

in forcing joints into their characteristic flexed positions (see his Fig. 8 for a 
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schematic explanation). Also, results for human patients indicate the 

existence of distally directed loads (Kreulen et al., 2003; Smeulders and 

Kreulen, 2007). 

Epimuscular myofascial loads on a muscle under consideration may 

originate from synergistic muscles and even from antagonistic muscles or 

alternatively from passive tissues within the segment (such as: 

1) neurovascular tracts, being the collagen fiber reinforcement of blood and 

lymph vessels and nerves, 2) general fascia, 3) intermuscular septa or 

4) interosseal membrane). For example, a net distally directed load on the 

target muscle was found when the target muscle was kept at low length (e.g. 

Maas et al., 2004) and synergistic muscles lengthened. In children with SCP, 

triceps surae is kept short primarily due to spastic reflexes, but also 

secondary due to altered talo-calcaneus orientations described above, even 

in conditions in which one would expect it to be lengthened more. Such 

changes in relative position of triceps surae with synergistic muscles are 

expected to enhance distally directed myofascial loads originating from 

synergistic muscles and passive tissues. However, due to the lower moment 

arm of synergistic muscles (of triceps surae) with respect to the talocrural 

joint, the net plantar flexion moment will be lower as such myofascial force 

transmission occurs. This may help for musculoskeletal system in preventing 

further excessive resistance to dorsal flexion. 

A potentially detrimental effect of the enhanced distally directed 

myofascial loads on the triceps surae originating from synergistic muscles is 

a decreased force with respect to the subtalar joint exerted by the distal 

tendon of the triceps surae on the calcaneus. This will yield results in a 

decreased supination moment at the subtalar joint (triceps surae inserting 

medially of the axis of the subtalar joint). The synergistic (with respect to 

plantar flexion) peroneus muscles pronate and plantar flex the foot. With an 

increased myofascial load on triceps surae originating from the peroneus 

muscles, the pronation moment at the subtalar joint will increase. This yields 

an enhanced valgus position of the calcaneus. Clinical evidence supporting 

this idea is that both peroneus muscles are often target muscles for surgical 

correction of a valgus foot in children with SCP (Nather et al., 1984; Young et 

al., 1990). 

Distally directed myofascial loads on triceps surae may originate also 

from deep flexor muscles of the foot (flexor hallucis longus, flexor digitorum 

longus and tibialis posterior). Flexor hallucis longus and flexor digitorum 

longus both act also as toe-flexors. Claw toes being a common problem in 
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children with SCP, even after surgical correction of triceps surae length 

(Handelsman et al., 2007), supports that idea. In contrast, tibialis posterior 

muscle often is over-active in hemiplegic children with SCP (causing pes 

cavovarus) and therefore this muscle may be involved less in creating load 

on triceps surae in the children measured in the present study.  

In addition to the potentially decreased myotendinous force exerted by 

the triceps surae at the calcaneus, an increased resistance to dorsal flexion 

of the foot was measured in children with SCP. These combined findings 

indicate that proximally directed loads on the triceps surae may be 

substantially increased. Such proximally directed loads on triceps surae may 

originate from:  

1) The femur, either via: a) the proximal tendons of the gastrocnemius 

on femur condyles, or b) neurovascular tracts (e.g. the tibial nerve passing 

through the popliteal surface and inserting first on the femur). Recent in situ 

study on spastic flexor carpi ulnaris muscle of children with SCP showed an 

increase of perimysium thickness, more specifically perimysial structures 

related to neurovascular tracts entering the muscle (De Bruin et al., 2010). 

Loads originating from the femur will generate an increased flexion moment 

at the knee. This may yield excessive knee flexion in the knee during gait 

(i.e. crouch gait) seen in some patients. Although crouch gait is seen 

primarily as an effect of the hamstrings (Gage, 1990) and soleus (Arnold et 

al., 2005; Steele et al., 2010), GM has also shown to be involved in this gait 

pattern (Baddar et al., 2002, de Morais Filho et al., 2010).  

2) The tibia, either via: a) the proximal tendons of the soleus, b) 

neurovascular tracts, or c) antagonistic muscle of triceps surae: extensor 

hallucis longus, extensor digitorum longus and tibialis anterior. Loads 

originating from the tibia will not affect knee joint angles. However, 

epimuscular myofascial force transmission via antagonist muscles could 

explain why patients with spastic agonistic muscles are not able to bring 

affected joints back in neutral position by simple additional activation of the 

antagonistic muscles (see Huijing et al., 2007 for a detailed discussion). If 

such pathways are active, as can be expected based on results of animal 

studies (Huijing et al., 2011), this will have major implications for treatment 

of the reduced ROM. 

In children with SCP, the relationship between altered ankle joints and 

increased myofascial force transmission between the triceps surae and its 

synergistic and antagonistic muscles may be a self-reinforcing phenomenon, 

especially during growth. Due to altered joint configurations and altered 



Chapter 5 

121 
 

moments at the joints, connective tissue surrounding the joints of the ankle 

will adapt. It has been shown that connective tissue adapts earlier to length 

changes compared to muscle tissue (Tardieu et al., 1977b, Williams and 

Goldspink, 1978). The resultant laxity in ankle joints further enhances the 

subluxation of the talus with respect of the calcaneus and the increased 

plantar flexion of the talo-calcaneus complex, both further decreasing the 

length of triceps surae. As muscle strain is an important stimulus for 

adaptation and growth of skeletal muscle (Huijing and Jaspers, 2005), the 

self-reinforcing effect will have major consequences for triceps surae 

development during growth and will have to be considered in treatment of 

reduced ankle ROM in children with SCP. 

In sum, in addition to a reduction in the number of serial and parallel 

sarcomeres, several factors may contribute to high slope of the dorsal flexion 

moment – fascicle length curve. First, serial sarcomere number number of 

GM is crucial for understanding the changes in the moment-fascicle length 

curve. However, such information can only be obtained by biopsies. To 

scrutinize the relative contribution of changes in fiber stiffness, titin isoform 

and intramuscular connective tissue requires histological and molecular 

analysis of muscle biopsies (e.g. Lieber et al., 2004; Smith et al., 2011; de 

Bruin et al., 2010). With regard to the role of stiffness of the extramuscular 

connective tissue (i.e. epimysium and neurovascular tracts), current 

techniques are limited. Non invasive imaging studies of local strain 

distributions (Yaman et al., 2009; Huijing et al, 2011) are first steps in 

obtaining such knowledge in vivo, even though clinical application may be 

difficult. Furthermore, to determine the interaction between GM geometry 

and altered configuration ankle joints during growth, children with SCP need 

to be studied over a wide range of ages, preferably including X-ray imaging. 

 

Conclusions 

In children with SCP diagnosed with decreased dorsal ROM of the ankle, GM 

muscle-tendon complex length was substantially lower compared to TD 

peers. Important factors contributing to GM shortness in children with SCP 

were tibia length and changes in foot and ankle joints. Within GM muscle 

belly of children with SCP, fascicles were shorter and there was less muscle 

tissue arranged in parallel within the mid-longitudinal plane. In addition, a 

higher slope of the moment – normalized fascicle length curve was found, 

indicating that GM fascicle stiffness in these children is increased. This was 

partially explained by the lower fascicle length. Other factors, such as 
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intracellular material properties of muscle fibers, intramuscular connective 

tissue and epimuscular myofascial force transmission, may be changed in GM 

of children with SCP such that resistance to lengthening is increased. These 

factors are important to consider for treatment of reduced ankle ROM in 

children with SCP. 
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Chapter 6 
Short-term effects of BTX-A and serial casting on muscle 

geometry in children with spastic cerebral palsy: 

Analysis of 3-D ultrasound  
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Abstract  

Aim: To assess length and geometric variables of gastrocnemius medialis 

(GM) related to ankle ROM in six children with spastic cerebral palsy (SCP) 

who were treated with BTX-A and serial casting of the lower leg (age: 9-

13y).  

 

Methods: GM geometry was assessed in the mid-longitudinal plane using a 

standardized protocol for 3-D ultrasound imaging. This was done at footplate 

angles standardized by external moments using a hand-held dynamometer. 

children with SCP were tested pre- and post treatment. 

 

Results: the integrated treatment of BTX-A and serial casting of children with 

SCP had a positive effect on footplate range of motion such that, measured 

at +4 Nm, footplate angle reached +5.7º dorsal flexion. This gain in footplate 

angle occurred with a concurrent increase of GM muscle-tendon complex 

length of 1.1 cm. This increase in muscle-tendon complex length was a 

combined result of increase in muscle belly length and muscle tendon length. 

Within GM muscle belly, only fascicle length was increased after treatment 

(by 0.6 cm).  

 

Interpretation: The short-term (<5 weeks) gain of dorsal ROM in children 

with SCP after integrated treatment of BTX-A and serial casting was the 

result of an increase in GM fascicle length, as well as in GM tendon length. 

Within this time period, the treatment did not cause atrophy of GM in the 

mid-longitudinal plane. This is a first step in analyzing collected data on 

effects of BTX-A and serial casting on GM geometry and reduced ROM in 

children with SCP. Future studies should focus on determinants such as time-

scale (short vs. long term effects) and tissues studied (e.g. antagonists of 

GM).  
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Introduction  

Children with spastic cerebral palsy (SCP) who are impaired by a reduced 

ankle joint range of motion (ROM), are often treated with botulinum toxin A 

(BTX-A) injection of the spastic ankle plantar flexor muscles in combination 

with serial casting of the ankle (Scholtes et al., 2007). Regardless of short-

term effects of these interventions, the long-term results are reported to be 

poor, as the recurrence of reduced ankle joint mobility is high (c.f. Blackmore 

et al., 2007; Bottos et al., 2003; Koog and Min, 2010; Moore et al., 2008; 

Tedroff et al., 2009). Although knowledge concerning the recurrence is 

sparse, it has been hypothesized (Gough, 2005) that the recurrence may be 

related to atrophy induced effects of BTX-A on the injected plantar flexors. 

For human very pennate ankle plantar flexors, atrophy decreases muscle 

length (c.f. Heslinga et al., 1995; Huijing & Jaspers, 2005; Shortland et al., 

2002). Atrophy subsequent to intramuscular BTX-A injections has been 

shown to occur in different muscles in rodents (Das et al., 2011; Chen et al., 

2002, Fortuna et al., 2011; Morbiato et al., 2007). However, experimental 

evidence for atrophy after BTX-A treatment in humans has, to the best of our 

knowledge, not been reported. 

A fairly recent development in analyzing muscle geometry of children 

with SCP is the use of three-dimensional (3-D) ultrasound imaging (Barber et 

al., 2010; Fry et al., 2004; Malaiya et al, 2007). Using 3-D ultrasound 

imaging, muscle geometry of superficial ankle plantar flexors can be imaged 

in vivo and related to functional parameters such as ankle ROM and stiffness 

related characteristics. 

The aim of the present study was to assess length and geometric 

variables of gastrocnemius medialis (GM) related to ankle ROM in children 

with SCP who were treated with BTX-A and serial casting to increase dorsal 

flexion ROM of the ankle. GM geometry was assessed in the mid-longitudinal 

plane using a standardized protocol for 3-D ultrasound imaging. Here we 

present some preliminary results only and as such this are a first step in 

analyzing collected data on effects of BTX-A and serial casting on GM 

geometry and reduced ROM in children with SCP. 

 

 

Methods 

Subjects 

Six children with bilateral SCP and sixteen typically developing (TD) children 

participated in the study after informed consent from their parents (and from 
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the children older than twelve years). The study was approved by the Medical 

Ethics Committee of the VU University Medical Center. 

The age of the children ranged from nine to thirteen years. All children 

with SCP walked independently with or without walking aids, they had a 

Gross Motor Function Classification System level of I-III (GMFCS, Palisano et 

al., 2007). All children with SCP were indicated for treatment of reduced 

passive ankle dorsal flexion of at least one leg. They had a fixed plantar 

flexor contracture, defined as dorsal flexion lower than 0º (i.e. the angle 

between the tibia and the lateral border of the foot sole being 90º), with full 

knee extension. Children with SCP had had no prior surgical interventions of 

the lower limbs and no BTX-A treatment up to half a year prior to 

measurement. 

 

Protocol children with SCP 

The whole protocol was executed by one investigator. Each SCP participant 

was assessed pre- and post-treatment. The pre-treatment measurement was 

performed up to one week prior to intramuscular BTX-A injection at the GM. 

The post-treatment measurement was performed after a period of serial 

casting. This period lasted two to three weeks, with weekly replacement of 

the cast. For the first week, the lower leg cast was applied such that there 

was some knee flexion and a dorsal flexion moment on the ankle (i.e. 

estimated at 4 Nm). For subsequent weeks, the dorsal flexion moment was 

increased (i.e. estimated at 8 Nm). In total, the time between pre- and post-

treatment measurements amounted to three to five weeks. 

 

Anthropometry 

For all children with SCP, pre-treatment, the ROM of the ankle towards dorsal 

flexion of both legs was assessed manually and the leg with the lowest ROM 

was used for further study. For TD children, the right leg was studied.  

Body mass, tibia length and estimated Achilles tendon moment arm were 

measured. Tibia length ((tib)) was calculated as the distance from the tibia 

plateau to the most prominent part of the malleolus measured at the medial 

side of the leg. Within the sagittal plane, Achilles tendon moment arm length 

was estimated as the mean distance from the middle of the Achilles tendon 

to the most prominent (within the frontal plane) parts of the lateral and 

medial malleolus. Malleolus height was calculated as the mean distance from 

the most prominent part of the lateral and medial malleolus to the foot sole. 

Both Achilles tendon moment arm length, as well as malleolus height were 
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measured at an ankle angle of 0º or maximum dorsal flexion for children with 

SCP. For children with SCP, these anthropometric variables were only 

measured pre-treatment. 

 

Footplate moment–angle data 

For subsequent measurements, the children were lying prone on a bench, 

with both feet overhanging the edge. To measure the angle between the foot 

sole and the tibia, a custom designed hand-held dynamometer, that can be 

adjusted to correct forefoot position in case of non-rigid varus/valgus foot 

deformities, was used (c.f. Bénard et al., 2010). This dynamometer allows 

simultaneous measurements of moment [Nm] and angle between footplate 

and tibia φfp [º] within the sagittal plane (i.e. dorsal flexion and plantar 

flexion). Positive values refer to dorsal flexion conditions. Although the 

angles are intended to represent the ankle or talocrural joint, we prefer to 

report these as footplate angles. 

Using the dynamometer, footplate angle and moment data were collected 

at: 1) the footplate angle corresponding to a moment of -4 Nm (plantar 

flexion), 2) the footplate angle corresponding to a moment of 0 Nm, 3) the 

footplate angle corresponding to a moment of +4 Nm (dorsal flexion), 4) the 

moment at the footplate angle halfway between angles 1 and 2, and 5) the 

moment at the footplate angle halfway between angles 2 and 3. All such 

dynamometer measurements were repeated five times and for each 

repetition the externally applied moment applied was held for five seconds 

(Bénard et al., 2010). The mean result of five repetitions at the end of the 

five seconds holding time was taken as a data point for analysis. 

 

3-D ultrasound imaging 

A 3-D ultrasound reconstruction of gastrocnemius medialis (GM) muscle was 

made at five muscle length conditions, corresponding to the five moment-

angle conditions assessed. Cross-sectional ultrasound scans of GM were 

made using a B-mode ultrasound device (Technos MPX, ESAOTE S.p.A., 

Italy), with a 5 cm linear array probe (12.5 MHz). The ultrasound images 

were recorded at 25 Hz using a video card (miroVIDEO DC30; Pinnacle 

Systems Inc.). GM was scanned proximo-distal direction while the position 

and orientation of the ultrasound probe were recorded by tracking a three 

marker frame, rigidly attached to the probe, using an Optotrak 3020 camera 

system (Northern Digital Instruments, Waterloo, Canada). After calibration, a 

voxel array of the scanned area of GM was reconstructed from the recorded 
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ultrasound images and their synchronous position and orientation data 

(Bénard et al., 2011). The reconstruction of GM was used for further 

analysis. 

 

Electromyography 

To quantify excitation during the dynamometer and ultrasound protocol, 

electromyographic (EMG) signals of the tibialis anterior muscle and the 

gastrocnemius lateralis muscle were digitized at 1000 Hz using a 

multichannel system (Porti5, TMS-International™, The Netherlands). Skin 

preparation and EMG electrode placement were carried out according to 

SENIAM guidelines (Freriks et al., 1999). EMG at maximal voluntary 

contraction (MVC) (duration about 5 seconds) was measured in prone 

position for both muscles at a footplate angle of 0º (or maximal dorsal flexion 

in children with SCP when 0º could not be attained). Off-line EMG signals 

were high-pass filtered at 20Hz to remove artifacts, and normalized with 

respect to the peak value of the EMG during MVC. If EMG signal were higher 

than 10% of MVC, moment-angle measurements and ultrasound scans were 

discarded from the analysis (Bénard et al, 2010). 

 

Data Analysis  

Variables of muscle geometry were measured using an analyzing tool, 

custom programmed in MATLAB (version 7.1, the Mathworks Inc., 2005). In 

this analyzing tool, the mid-longitudinal plane of GM was defined within the 

3-D reconstruction and within this selected plane eight muscle variables were 

measured based on interpretation of the first author (for details, see Bénard 

et al., 2011): 1) muscle-tendon complex length m+t, 2) muscle belly length 

m, 3) muscle tendon length t, 4) muscle fascicle length (fasc), 5) fascicle 

angle with the aponeurosis (fasc), 6) muscle thickness (m.th), 7) aponeurosis 

length a, and 8) length component of the physiological cross-sectional area 

Af, which is the sum of all fiber diameters in the mid-longitudinal plane (Van 

der Linden et al., 1998).  

The complete interactive analysis was repeated five times, and means 

were calculated for all muscle variables parameters. A pilot study showed 

that with more than five repetitive measurements, standard deviations of the 

variables for each individual did not decrease further and were less than 5% 

in the length variables and less than 3º in (fasc). 
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For visualization of the relationships of moment - φfp, moment - m+t, and 

moment - (fasc), third-order polynomial fits will be plotted. However, actual 

data points were used in the statistical analysis. 

 

Statistics 

A Student’s t-test was used to test for significant differences between 

children with SCP and TD peers regarding: age, body mass, tibia length, 

Achilles tendon moment arm and malleolus height. 

For children with SCP, generalized estimating equations (GEE, SPSS, 

version 17.0.1, SPSS Inc., 2008) were used for φfp, m+t, m, t,(fasc), (fasc), 

(m.th), a andAf to test for main effects of treatment (i.e. BTX-A and serial 

casting) on the variables measured over the whole range of moments. GEE is 

a regression technique that allows for analysis of repeated measures of 

different factors (i.e. footplate angle at given moment and treatment) and 

their interaction.  

For children with SCP, generalized estimating equations (GEE, SPSS, 

version 17.0.1, SPSS Inc., 2008) were used for normalized EMG of tibialis 

anterior and gastrocnemius lateralis to test for main effects of treatment. 

For all statistics, the level of significance was set at P < 0.05. The 

variance reported is the standard error (SE) over subjects. 

 

 

6.3 Results 

Anthropometric variables: SCP vs. TD 

Mean body parameters are shown in Table 6.1. Note that mean age, mean 

body mass and Achilles tendon moment arm were not significantly different 

between SCP and TD. Tibia length and malleolus height of children with SCP 

were both significantly lower (by 5.3 and 1.7 cm, respectively) compared to 

TD peers (P < 0.01). 

 

EMG and integrated effects of BTX-A and serial casting on moment - 

footplate angle characteristics  

GEE showed for both gastrocnemius lateralis and tibilais anterior no main 

effects of treatment on normalized EMG, neither for dynamometer 

measurements nor during collection of ultrasound scans of GM. 

Fig. 6.1 and Table 6.2 show pre- and post-treatment moment - footplate 

angle (fp) characteristics of children with SCP. GEE showed significant main 

effects of treatment and moment  on  footplate  angle  (P < 0.01).  Averaged  
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Table 6.1 Descriptive and anthropometric variables of the TD children TD and children 

with SCP. For all variables, apart from number of subjects N, mean values (and SE) 

are shown. 

Variable 
TD     SCP   

mean SE   mean SE 

N male/female 8/8 - 

 

6/1 - 

age [y] 11,3 0,2 

 

11,3 0,6 

body mass [kg] 39,1 1,6 

 

37,0 2,1 

tibia length [cm] 35,3 0,8 
 

30.0* 2,2 

AT moment arm [cm] 4,5 0,1 

 

4,3 0,1 

malleolus height [cm] 6,7 0,1  5.0* 0,1 

* = significant difference from TD (P < 0.01); AT = Achilles tendon 

…………………………………………………………………………………………………………………………………………….. 

 

 
 
 
 
 

 
Figure 6.1 Integrated effects of BTX-A and serial casting on the moment – footplate 

angle curve in children with SCP. As a reference only (i.e. not included in the statistical 

analysis), the moment - footplate angle curve of TD children is shown. Mean values 

(and SE) are shown. Dorsal and plantar refer to the moment applied to the footplate 

towards, respectively, dorsal and plantar flexion. 
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Table 6.2 Footplate angles and GM length and geometrical variables of children with 

SCP during treatment. For all variables, mean (SE) are shown. See text for explanation 

of variables. 

 
*significant main effect of integrated treatment of BTX-A and serial casting (P < 0.05) 

…………………………………………………………………………………………………………………………………………… 

 

 

over all moments, footplate angles increased towards dorsal flexion by about 

9º due to treatment, causing for the footplate to  attain some  dorsal  flexion 

(i.e. footplate angle > 0º) post-treatment. There was no significant 

interaction between treatment and moment for fp, suggesting that the 

slopes of the pre- and post-treatment moment - fp curves are similar.  

 

GM length and geometrical variables 

Fig. 6.2A shows moment – muscle-tendon complex length characteristics of 

children with SCP measured pre- and post-treatment. GEE showed significant 

main effects of treatment and moment (P < 0.05) on muscle-tendon complex 

length (m+t). Averaged over all moments, m+t of GM increased by about 1.1 

cm (or 3.5%) due to treatment. There was no significant interaction between 

the main effects of treatment and moment, suggesting that the slopes of the 

pre- and post-treatment moment - m+t curves are similar. 

 fp pre -55.70 (4.67) -39.17 (2.39) -24.60 (2.40) -14.50 (1.77) -7.03 (1.53)

post* -51.07 (3.62) -32.83 (2.32) -14.50 (2.74) -4.50 (2.29) 5.73 (1.99)


m+t pre 29.28 (1.19) 30.02 (1.18) 31.02 (1.08) 31.82 (1.2) 32.15 (1.05)

post* 30.32 (1.13) 31.24 (1.11) 32.22 (1.13) 32.71 (1.15) 33.15 (1.06)


t pre 14.43 (0.72) 14.78 (0.78) 15.00 (0.76) 15.36 (0.80) 15.59 (0.79)

post 14.88 (0.66) 15.38 (0.75) 15.80 (0.71) 16.11 (0.76) 16.16 (0.74)


m pre 14.84 (0.61) 15.24 (0.56) 16.02 (0.57) 16.45 (0.63) 16.56 (0.52)

post 15.44 (0.75) 15.86 (0.58) 16.42 (0.59) 16.60 (0.59) 16.99 (0.50)


(fasc) pre 2.52 (0.15) 2.85 (0.19) 3.05 (0.26) 3.79 (0.21) 4.06 (0.26)

post* 2.74 (0.24) 3.23 (0.21) 3.74 (0.25) 4.17 (0.27) 4.64 (0.27)


(m.th) pre 0.78 (0.05) 0.82 (0.04) 0.83 (0.04) 0.87 (0.05) 0.86 (0.03)

post 0.84 (0.04) 0.85 (0.04) 0.82 (0.03) 0.91 (0.06) 0.87 (0.05)

 (fasc) pre 18.48 (0.75) 16.88 (0.74) 16.25 (0.83) 13.50 (0.43) 12.90 (0.64)

post 18.97 (1.20) 16.04 (0.94) 13.80 (0.75) 13.52 (0.82) 11.91 (0.35)


a pre 12.42 (0.57) 12.48 (0.41) 13.07 (0.56) 12.74 (0.52) 12.57 (0.41)

post 12.82 (0.55) 12.73 (0.46) 12.74 (0.50) 12.51 (0.42) 12.42 (0.38)


Af pre 3.93 (0.21) 3.62 (0.18) 3.69 (0.31) 2.96 (0.10) 2.80 (0.16)

post 4.12 (0.23) 3.51 (0.23) 3.04 (0.19) 2.93 (0.22) 2.56 (0.12)

Parameter Measurement

Externally applied moment

-4Nm -1Nm 0Nm 1Nm 4Nm
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Figure 6.2 Integrated effects of BTX-A and serial casting on muscle belly length and 

fascicle length in children with SCP. A. Externally applied moment versus muscle-

tendon complex length (m+t). B. Externally applied moment versus fascicle length 

((fasc)). Mean values (and SE) are shown. As a reference only (i.e. not included in the 

statistical analysis), the curves of TD children are shown. Dorsal and plantar refer to 

the moment applied to the footplate towards, respectively, dorsal and plantar flexion. 

…………………………………………………………………………………………………………………………………………….. 

 

 

GEE showed that muscle belly length (m) and muscle tendon length (t) 

were not significantly increased after treatment (Table 6.2). This indicates 

that the increase in GM m+t after treatment should be seen as a combined 

result of an increase in m and t. 

Concerning the adaptation of GM belly geometry, fascicle length ((fasc)) 

was the only geometrical variable parameter which GEE showed to be 

significantly changed after treatment (P < 0.05, Fig. 6.2B). Averaged over all 

moments, GM (fasc) increased by about 0.6 cm (or 12.8%, P < 0.01) due to 

treatment. There was no interaction between treatment and moment for 

(fasc), suggesting that the slopes of the pre- and post-measurement moment 

- (fasc) curves are similar.  

Note that in the pre-treatment condition, only after stretching of GM (by 

application of a moment of +1 Nm, i.e. dorsal flexion), GM fascicles attained 

a similar normalized length as those in the post-measurement condition (by 

application of a moment of 0 Nm). 

 

In conclusion, the integrated treatment of BTX-A and serial casting of 

children with SCP had a positive effect on footplate range of motion such 

that, measured at +4 Nm, footplate angle reached +5.7º dorsal flexion. This 

gain in footplate angle occurred with a concurrent increase of GM muscle-

A. B. 
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tendon complex length of 1.1 cm. This increase in muscle-tendon complex 

length was a combined result of increase in muscle belly length and muscle 

tendon length. Within GM muscle belly, only fascicle length was increased 

after treatment (by 0.6 cm). 

The measurements indicate that the short-term (<5 weeks) gain of 

dorsal ROM in children with SCP after integrated treatment of BTX-A and 

serial casting was the result of an increase in fascicle length and tendon 

length. Within this time period, the treatment did not cause atrophy of GM in 

the mid-longitudinal plane. 

 

 

Discussion 

Short-term effects of BTX-A and serial casting on dorsal flexion ROM 

After integrated treatment of the lower leg of children with SCP with BTX-A 

and serial casting, the treatment goal was met: dorsal ROM of the ankle was 

increased such that the foot could attain some dorsal flexion position. Using 

the cosine rule and a mean Achilles tendon moment arm length of 5 cm, an 

increase in m+t of 1 cm yields a gain in ankle ROM of 12º. This was similar to 

the gain in dorsal ROM found in children with SCP after treatment. Thus it 

may be concluded that the gain in length of GM muscle-tendon complex 

allowed for the ankle to attain some dorsal flexion.  

However, in addition to GM muscle-tendon complex, other structures co-

determine dorsal ROM of the ankle (i.e. synergistic muscles, epimuscular 

connections, joint capsules, ligaments, and possibly skin). It is conceivable 

that these structures were affected also, to some extent, by the integrated 

treatment. 

Note that EMG signals of the tibialis anterior muscle and the 

gastrocnemius lateralis muscle were recorded and normalized to MVC values 

to quantify excitation during measurements. As these EMG signals did not 

differ pre- and post-measurement we conclude that the degree of excitation 

of synergistic and antagonistic did not affect the measurements. 

  

Increase in GM muscle tendon complex length: combined result of GM belly 

and tendon  

The gain in GM muscle tendon complex length was shown not to be the sole 

result of either an increased length of GM tendon or belly. This is likely due 

to the low power of our study and the relatively high variation in both GM 
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tendon and belly length (Table 6.2). However, it is possible that both GM 

tendon and GM belly contributed to the length gain of GM.  

An increase in tendon length after immobilization at high length of the 

triceps surae has been suggested to occur in young animals (e.g. Tardieu et 

al., 1977b, Williams and Goldspink, 1978). Although, compared to TD peers, 

GM tendon of children with SCP has been shown to be not shorter (see 

Chapter 5; Wren et al., 2010), an increase in tendon length would have been 

beneficial for these children. It has been found that serial casting of young 

children with SCP improved dorsal ROM of the ankle (McNee et al., 2006). In 

the children of this study, ankle ROM improved after treatment, whereas GM 

belly length and volume were not changed after serial casting. The authors 

therefore attributed the gain in dorsal ROM to a gain in Achilles tendon 

length.  

Although the short-term effect of a longer tendon length has a positive 

effect concerning muscle-tendon length and dorsal ROM of the ankle, on the 

long-term, such an increase in muscle tendon length may enhance muscle 

belly shortness by atrophy of GM belly as the result of less  strain on GM 

belly (c.f. Huijing and Jaspers, 2005). Future study of long-term effects of 

BTX-A and serial casting on GM geometry is needed to investigate if this is 

the case. 

The length gain of GM belly coincided with an increase in fascicle length. 

This increase in fascicle length could be the result of two factors: 1) the BTX-

A induced denervation of GM fibers and/or 2) an increase in the number of 

sarcomeres in series within GM fibers due to immobilization at high length 

(e.g. Williams and Goldspink, 1978). Results from the present study are 

compatible with the latter: after treatment, the total moment – fascicle 

length curve was shifted towards dorsal flexion without a change in slope. An 

increase in fascicle slack length (although unknown for in vivo 

measurements) by an increase in serial sarcomere number, shifts the total 

curve to higher lengths. In contrast, denervation will not influence slack 

length, but is expected to decrease the slope of the curve.  

Note that an increase of the number of sarcomeres in series would likely 

also decrease the slope of the moment – fascicle length curve (for details, 

see Chapter 1, specifically, equation 1.1). Such a change in slope was not 

found. Therefore, other factors contributing to the altered GM properties 

after treatment (such as foot and ankle joint configuration and epimuscular 

myofascial force transmission) need to be considered.  
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Indication of changes in foot and ankle joint configuration and epimuscular 

myofascial force transmission after treatment?  

In Chapter 5 it was hypothesized that in children with SCP, the combined 

effects of changed foot and ankle joints and enhanced epimuscular 

myofascial force transmission of GM on surrounding tissues are important 

factors contributing to GM shortness. The question is if this interaction also 

contributes to GM lengthening after treatment. 

 In the present study no X-ray images were made and thus, direct 

inferences concerning changes of foot and ankle joints is lacking. However, 

after treatment there was an unexplained lack of change in the slope of the 

moment-fascicle length curve. This lack of change may be the net result of: 

1) a decrease in slope (i.e. decreased fascicle stiffness) resulting from the 

increase in fascicle length, and 2) an increase in slope due to increased 

myotendinous forces of GM at the calcaneus. The latter follows from the 

increase in GM length after treatment. With higher GM lengths, distally 

directed loads on GM, originating from surrounding tissues, decrease (see 

discussion of Chapter 5 and Huijing, 2007 for explanation). As a result, 

forces exerted at the distal tendon of the triceps surae at the calcaneus will 

be enhanced. At low muscle length GM, when forces exerted at the calcaneus 

are low, this will not affect the moment measured. But at high GM length, 

when forces exerted at the ankle are high, the moment will be increased, 

resulting in a higher slope of the moment-fascicle length curve. Such a 

change in forces (and thus moments) around the ankle (less via synergistic 

muscle and more via triceps surae) would likely also affect the configuration 

of foot and ankle joints in children with SCP. X-ray imaging of foot and ankle 

before and after treatment could provide such information, but may be 

difficult to obtain due to ethical reasons. 

 

GM atrophy during treatment? 

After treatment, no indications of cross-sectional atrophy of GM in the mid-

longitudinal were present. However, it may be true that a net effect of fiber 

hypertrophy, caused by immobilization at high length (Williams and 

Goldspink, 1978), and fiber atrophy, caused by BTX-A (e.g. Das et al., 

2011), resulted in no change in fiber diameter. For ethical reasons, it may be 

difficult to study children with SCP treated either with BTX-A or serial casting, 

as the combined treatment is administered mostly due to its reported 

effectiveness (e.g. Glanzman et al., 2007). In addition, studying GM at fiber 

level is difficult. However, such invasive studies are needed to scrutinize how 
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these treatments affect cross-sectional fiber diameter of GM of children with 

SCP. 

 

Treatment effect on variables measured at plantar flexion moment  

It was found that, after treatment, when exerting -4 Nm (plantar flexion), 

maximum footplate angle towards plantar flexion was reduced and GM 

muscle-tendon and fascicle length were both increased. The lower ROM 

towards plantar flexion could be the result of connective tissue adaptations 

and decreased length of antagonistic muscles of GM due to immobilization of 

the ankle: fixed at a footplate angle close to 0º, resistance towards plantar 

flexion will be higher immediately after treatment due to these adaptations in 

connective tissue and antagonistic muscles. It is expected that when the 

children pick up their normal activities after removal of the cast, plantar 

flexion ROM will gradually increase and these effects will diminish. 

Similar adjustments may be true for GM muscle-tendon and fascicles. 

The moments measured towards plantar flexion are largely the result of 

moments exerted by antagonistic muscles. Due to their immobilized 

shortened position, they will yield an increased moment when the footplate is 

brought to plantar flexion. In addition, connective tissue within GM, as well 

as epimuscular connective tissue, may have adjusted to the immobilized 

lengthened position of GM. After treatment, GM therefore may show some 

increased resistance to shortening, similar to connective tissue surrounding 

the ankle joint. Long-term measurements of these children (presently not 

included) will show if such effects towards plantar flexion persist. 

 

Future work 

The preliminary results presented in this study are a first step in analyzing 

data collected regarding effects of BTX-A and serial casting on GM geometry 

and reduced ROM in children with SCP. As such some topics are only briefly 

discussed. To scrutinize the individual effects of BTX-A and serial casting on 

GM geometry and dorsal flexion ROM in children with SCP one would ideally 

administer either one of these treatments. However, this will not be judged 

ethical as this is expected to diminish effectivity of treatment (e.g. Ackmann 

et al., 2005; Blackmore et al., 2007). During the course of treatment, 

children were also tested one week after BTX-A injection, before starting the 

serial casting protocol. Future analysis of this data will contribute to 

understanding the effects of BTX-A, albeit at one week after injection. 
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Conclusions 

The integrated treatment of BTX-A and serial casting of children with SCP 

had a positive effect on footplate range of motion such that after treatment 

the children could attain some dorsal flexion. The short-term (<5 weeks) 

gain of dorsal ROM in children with SCP after integrated treatment of BTX-A 

and serial casting was the result of an increase in GM fascicle length, as well 

as in GM tendon length. 

This is a first step in analyzing collected data on effects of BTX-A and 

serial casting on GM geometry and reduced ROM in children with SCP. Future 

studies should focus on determinants such as time-scale (short vs. long term 

effects) and tissues studied (e.g. antagonists of GM). 
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General discussion 

The work presented in this thesis aimed to obtain insight in how length and 

geometry of gastrocnemius medialis (GM) muscle is related to the reduced 

dorsal range of motion (ROM) of the ankle in children with spastic cerebral 

palsy (SCP) and in how length and geometry of GM were affected by 

treatment of the lower leg with botulinum toxin A (BTX-A) injections and 

serial casting. 

The first part of the thesis focused on methodological aspects of the 

measurements. We studied the effects of probe orientation of 2-D ultrasound 

imaging on measurement of variables of GM geometry in human cadavers 

and in human subjects in vivo (Chapter 2). To measure footplate angle at 

standardized moments and relate these to length and geometrical variables 

of GM, we developed a hand-held dynamometer. Using this dynamometer, 

measurements of static footplate angle and externally applied moment, 

performed on children with and typically developing (TD) peers, were tested 

for intra-rater reproducibility (Chapter 3). 

In the next part of the thesis, using a 3-D ultrasound measurement 

protocol based on Chapter 2 and 3, GM geometry of TD children, specifically 

in the age of five to thirteen years, was studied at standardized footplate 

angles (Chapter 4). The next step was to compare GM length and geometry 

of children with SCP to that of TD peers (Chapter 5). To minimize the effects 

of growth on GM geometry, in these studies children in both groups were 

studied within a smaller age range (i.e. nine to thirteen years). The last 

study presented in this thesis focused on short-term effects of integrated 

treatment of BTX-A and serial casting of the lower leg of the children with 

SCP (Chapter 6). 

With all these studies combined, a first step has been made in scrutinizing 

how GM length and geometry of children with SCP is affected by the 

integrated treatment of BTX-A and serial casting. In the last part of the 

thesis some methodological considerations concerning the chapters on 

ultrasound imaging and hand-held dynamometry will be discussed. Following 

this, future directions for studying muscle geometry and ROM deficits in 

children with SCP, as well as clinical implications of overall results are 

considered. Finally, the general conclusions of this thesis will be discussed.  
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Methodological considerations 

Ultrasound imaging analysis 

We described a strategy for visualizing the mid-longitudinal plane of GM 

(Chapter 2). This strategy uses the orientation of the distal aponeurosis in 

the transversal plane. The advantage of 3-D ultrasound is that this strategy 

can be easily implemented in a protocol for localizing the mid-longitudinal 

plane of GM in the 3-D reconstruction (Chapter 4). 

It was found that for in vivo ultrasound analysis of GM, false fascicle-like 

structures were visible over a wide range of tilt and rotation angles and as a 

result measurement errors of muscle geometry of GM were easily made 

(Chapter 2). Typically, ultrasound imaging of affected muscles of subjects 

with a neuromuscular disorder provide images with a whiter appearance 

compared to images of normal muscle tissue (Pillen et al., 2008). This 

increase in luminosity has been attributed to both an increase in fat, as well 

in fibrous tissue (both appearing lighter in the ultrasound image compared to 

water). An accumulation of both these tissues in spastic muscles of children 

with SCP has been reported (Booth et al., 2001; Johnson et al., 2008). As a 

result of the increased luminosity of the ultrasound image of GM of children 

with SCP, the lines of perimysium and endomysium are less visible within the 

ultrasound image and therefore the correct orientation of fascicles is less 

obvious. It may be difficult to determine the correct orientation (i.e. fascicle 

angle) of muscle fascicles (Fig. 7.1A). To solve this, within the analyzing tool 

we have implemented the ability to overlay a grid on the mid-longitudinal 

plane (Fig. 7.1B). This grid can be rotated such that over a larger part of the 

image, multiple fascicles are in line with the grid, providing an average 

fascicle orientation. A pilot study performed on existing voxel arrays showed 

that with the use of the grid, intra-rater standard deviation of measurements 

of fascicle length and fascicle angle could be lowered by 20-40%. We have 

performed a study of two cadavers, concerning 3-D reconstruction and mid-

longitudinal section of GM (presently not included). Future analysis on this 

data will provide the accuracy of measuring geometrical parameters using 

3-D ultrasound. This also allows for determining the added effect of the grid, 

concerning these measurements.  

A third head of GM, with a prevalence of 4%, was shown to provide 

difficulty in measuring geometrical parameters (Chapter 2). In one of the in 

vivo subjects studied in Chapter 2, an irregularity in the ultrasound images 

(central of GM, below its distal aponeurosis) suggested the presence of a 

third head of GM (Fig. 2.7C). Such irregularities were not  found in the  thirty  
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Figure 7.1 Ultrasound imaging of GM of children with SCP. A. the mid-longitudinal 

plane of GM of child from the SCP group obtained with 3-D ultrasound imaging. Within 

the image, the orientation of the white lines of endomysium and perimysium may be 

difficult to estimate. B. Using a grid which can be rotated such that it is in line with 

multiple white lines, the fascicle orientation can be estimated. C. Cross-sectional 

ultrasound image of GM (at 50% of muscle belly length) in which a irregularity of the 

distal aponeurosis of GM (arrow) is present. D. Example of a child in which the 

luminosity of GM was higher than that of gastrocnemius lateralis (GL). In all images, 

soleus (SOL) and subcutis (SUB) can be seen.   
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TD children studied in Chapter 4. However, in two children with SCP (who 

were not included in Chapter 5 due to their age), an indentation of the distal 

aponeurosis, at 50% of muscle belly length, was present (Fig. 7.1C). This 

indentation appears to be different from a third head (compare Fig. 7.1C and 

Fig. 2.7C). It may be the result of spasticity and as such, can be seen as an 

indication of muscle contracture (both children were diagnosed with GMFCS 

level III and a substantial reduced dorsal ROM of the ankle). For both these 

children, based on the orientation of the distal part of the distal aponeurosis, 

the fascicle plane of GM was estimated. However, it can be expected that if 

such an indentation of the distal aponeurosis occurs more distally or more in 

the middle of GM (from lateral to medial), estimating orientation of the 

fascicle plane will be more difficult. Future research on more children with 

SCP is needed to get an indication of the incidence of the indentation of the 

distal aponeurosis. 

Last, it was found that within the ultrasound images of most children 

with SCP, there was a difference (to some degree) in luminosity of the GM 

and gastrocnemius lateralis (GL, Fig. 7.1D). Although GM is mostly the target 

muscle of studies of ankle plantar flexor muscles of children with SCP (e.g. 

Chapter 5; Shortland et al., 2002; Barber et al., 2011) one study has shown 

that concerning fascicle length, GM and GL do not seem to differ 

(Mohagheghi et al., 2008). It may however be that GM and GL differ with 

respect to connective tissue content. This would explain the increased 

luminosity of GM with respect to GL (see above). Such information may be 

additionally used for diagnosing muscle impairment in children with SCP (e.g. 

Pillen et al., 2008, concerning other neuromuscular disorders). However, this 

would need ultrasound data on a large group of children with SCP. 

 

Hand-held dynamometry 

In Chapter 3 we have shown that the hand-held dynamometer allows for 

reliable and precise measurements of static moment and footplate angle in 

SCP and TD children. During the course of the subsequent studies, further 

use of the dynamometer revealed some methodological issues which were 

not considered during the stage of development of the dynamometer: 

 

1. Changes in foot joint angles in SCP and TD children during dynamometry 

The foot-fixation was developed such that a rigid coupling could be made 

between calcaneus and forefoot (Fig 3.1), allowing for a full transfer from the 

force applied to the torque wrench to the moment applied at the ankle. 
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However, X-ray imaging of ankle and foot (Chapter 5) showed that this 

coupling was not fully rigid. Especially in the child with SCP, during dorsal 

flexion within the sagittal plane, the rotation of the talocalcaneus complex 

deviated substantially from that of the footplate. As a result of this the 

amount of triceps surea lengthening was found to be 39% lower than would 

have been estimated from footplate rotation. In addition, X-ray imaging of 

ankle and foot during dorsal flexion showed that although the footplate did 

not fully correct the subluxation between talus and calcaneus, we found no 

indication of movement at the subtalar joint during dorsal flexion. It is 

therefore concluded that the foot-fixation stabilizes the subtalar joint during 

measurements, preventing further errors in relating footplate angle to 

extension of ankle plantar flexor muscles. 

 

2. Externally applied moment versus estimated ankle moment  

We have used the hand-held dynamometer to measure the external moment 

applied at the foot-fixation in TD children (Chapter 4) and children with SCP 

(Chapters 5 and 6). Ideally, using the hand-held dynamometer, one would 

like to know the net moment at the ankle joint to relate that to 

gastrocnemius data. However, that actual moment at the ankle can only be 

estimated globally, using mean data from the literature concerning foot 

mass, as well as foot size, in addition to the known apparatus mass. To know 

which additional moment needed to be exerted by the experimenter, foot 

mass and size were preferably measured prior to experimental 

measurements in order to calculate their effect on the moment at the ankle. 

However, since the moment exerted and the angle obtained are both 

dependent variables, this was not feasible. 

Using moment-balance equations for foot, footplate and torque wrench 

all modeled as a free-body (see Chapter 8), the mean estimated ankle 

moment Mankle can be calculated. Table 7.1 shows this for TD children. For 

the +4 Nm dorsal flexion condition, the estimated ankle moment differs most 

from the moment actually measured (i.e. by +1.9 Nm). This is primarily 

caused by the mass of the torque wrench (0.8 kg) in interaction with the 

footplate angle. Such calculations were also performed for the TD and SCP 

children studied in Chapter 5. This showed that Mankle did not differ between 

the two groups. 

In addition, the effect of foot mass and size on Mankle differs between the 

smallest and largest TD children. The peak differences of these effects were 

calculated to be fairly small (i.e. 0.90, 0.30 and 0.60 Nm at the ankle  for  -4  



 

146 
 

Table 7.1 Estimates of net ankle moment and effects of differences in net ankle 

moment between small and large TD children on muscle geometry (%, in 

parentheses). This is shown for three externally applied moments. 

Parameter 

Externally applied moment 

-4 Nm 0 Nm +4 Nm 

Mankle [Nm] -3.94 - 1.27 - 5.94 - 

ΔMankle [Nm] 0.90 - 0.30 - 0.60 - 

Slope M(φfp) [Nm/º] 0.25 - 0.06 - 0.33 - 

Δφfp [º] 3.60 - 5.00 - 1.82 - 

Δmt [cm] 0.26 (0.74%) 0.36 (1.02%) 0.13 (0.37%) 

Δ(fasc) [cm] 0.03 (0.66%) 0.05 (0.92%) 0.02 (0.33%) 

Δ = differences between the smallest and largest child of the study, Slope M(φfp) = the 

slope in the moment - footplate curve, % = difference expressed as percentage of 

absolute mean value measured in all TD children. 

........................................................................................................... 

 

 

Nm, 0 Nm and +4 Nm, respectively). This yields a maximum difference in 

footplate angle smaller than 5º causing some differences in muscle-tendon 

complex length and muscle fascicle length of about 1% (Table 7.1). 

Therefore, these effects of foot mass and size were neglected.  

Note, that concerning angle measurement, reported values of precision 

with manual goniometry are substantially higher than those found for 

measurements performed with the hand-held dynamometer (i.e. 10-20º vs. 

<5º). It is expected that this is explained, to a large extent, by the larger 

errors in moment applied at the ankle when angles are measured manually 

without a dynamometer.  

Taken together, despite effects being substantial for estimated ankle 

moment, for geometric muscle parameters (m+t and (fasc)), the estimated 

errors due to differences in foot size and mass are negligible. Therefore, we 

chose to report the externally applied moment on the footplate because then 

individual data could be used.  
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3. Level of activation of synergists and antagonists of GM and measuring 

maximum voluntary contraction 

In Chapter 1 it was discussed that during dynamometry measurements low 

levels of EMG activity is often present (c.f. Gajdosik, 2001). Therefore, such 

measurements cannot be considered to be passive. In the studies presented 

in Chapter 2 to 6, EMG activity of synergistic and antagonistic muscles were 

recorded and normalized to maximum voluntary contraction (MVC). The 

decision to exclude measurements when normalized EMG levels exceeded 

10% were based on a pilot study where it was found that during 

measurements, such a level of activity was commonly present. It is noted 

that in some children the level of 10% was exceeded, especially in children 

who showed to have some level of anxiety during the measurements. 

However, this was not different between TD and SCP children. 

In addition, it was found that it in some children with SCP it was difficult 

to induce them to produce a MVC and multiple trials were needed to obtain a 

good estimate of MVC. This was often due to difficulty to move the foot into 

plantar or dorsal flexion selectively. If an unsatisfactory estimate of MVC was 

obtained, it would be expected that normalized EMG signals were 

substantiality higher in these children. Since this was not the case, we feel 

that this will not have affected our measurements. 

Comparing EMG data obtained during our measurements to those in 

similar studies of GM geometry of children with SCP is not possible as EMG is 

often not measured (e.g. Barber et al., 2011; Malaiya et al., 2007; 

Mohagheghi et al., 2007). However, EMG signals are often measured in 

dynamometry studies of the ankle. For children with SCP, it has been 

reported that EMG activity was absent during dynamometry (Alhusaini et al., 

2010). However, this study did not describe the criteria for activity and 

therefore a valid comparison to our data cannot be made. For typically 

developed adults, it has been reported that normalized EMG of lower leg 

muscles does not exceed 3% of MVC during dynamometry measurements 

(Morse et al., 2008). That some children in our study had a level of 

normalized EMG activity higher than 3% may be attributed to anxiety in 

these children. However, it has been shown for rat GM that different low 

levels of activity do not significantly change geometrical variables of GM 

(Roszek et al., 1994). Therefore, measurement errors due to different low 

levels of contraction are expected to be limited.  



 

148 
 

4. Resistance to movement of the ankle joint in children with SCP 

Measuring joint and muscle stiffness in vivo is not very meaningful (Chapter 

1). To obtain a derivative of the stiffness of the anke and GM, we have 

calculated the slope in, respectively,  the moment – footplate angle curve 

and the moment - muscle (fascicle) length curve. To compare our 

measurements to those of similar studies (e.g. Abellaneda et al., 2009; 

Gajdosik, 2001), we related these slopes to stiffness of joint and muscle 

presented in literature. At the time of the reproducibility study of the 

measurements performed with the dynamometer (Chapter 3), a 

quantification of ankle joint stiffness in children with SCP was, to the best of 

our knowledge, not reported in literature.  However, in dynamometry studies 

of the ankle joint of children with SCP, it was suggested that stiffness of the 

ankle joint was higher compared to TD peers (Peng et al., 2004; Tardieu et 

al., 1982). In a recent dynamometry study of children with SCP (age: 4-7 

years, GMFCS level: I-II, maximum ankle dorsal flexion: +14º; Alhusaini et 

al., 2010), ankle angle and moment where measured during manually 

applied sinusoidal oscillations of the footplate. In this study it was found that 

the mean slope of the moment – footplate angle curve of children with SCP 

was three times that of TD peers. This is somewhat higher than two times 

higher slope found in our study. This difference may be the result of the type 

of movement performed (static in our study versus continuous in the study 

of Alhusaini and colleagues), but also of the type of footplate: in the study of 

Alhusaini et al., the footplate does not allow for correction of the forefoot 

position, causing for possible measurement errors of the moment applied at 

the ankle. 

In conclusion, both our study and that of Alhusaini and colleagues confirm 

the suggestion from Tardieu et al. (1982) that resistance to movement is 

increased in the ankle of children with SCP. This will likely contribute to the 

limited ROM towards dorsal flexion of the ankle in children with SCP. Future 

studies (such as presented in Chapter 6) may reveal how this resistance to 

movement is affected by treatment of spasticity and slack length of GM of 

children with SCP.  
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Future directions and clinical implications 

GM growth in typically developing children: implications for studying for SCP 

peers 

Because treatment of a reduced ankle ROM of children with SCP often starts 

before the age of five years and these children are potentially treated on 

multiple occasions in the following years (Ackmann et al., 2005), children 

with SCP are often studied within the age range of five to thirteen years (e.g. 

Chapter 5; Malaiya et al., 2007; Shortland et al., 2002; Wren et al., 2010). 

In TD children, over a similar age range, GM length variables all increased 

with age (Chapter 4). For children with SCP, detailed knowledge of how GM 

geometry is influenced by growth is, to the best of our knowledge, not 

available. To exclude potential growth effects, we studied these parameters 

in both children with SCP and TD peers in a smaller age range of nine to 

thirteen years. 

In these older children with SCP, compared to TD peers, GM was lower in 

length by shorter fascicles and by a lower amount of muscle tissue arranged 

in parallel within the mid-longitudinal plane (Chapter 5). For children with 

SCP within the age of two to fifteen years, other studies have reported a 

lower fascicle length compared to TD peers (i.e. Mohagheghi et al. 2008; 

Wren et al., 2010), whereas others have reported a lack of such differences 

(i.e. Malaiya et al, 2007; Shortland et al., 2002). Note that in all these 

studies, ankle angles at which GM length and geometrical variables were 

studied were not standardized at specific moments and the reported 

differences (or lack of differences) may have occurred due to varying level of 

force applied by the tester or by a difference in neutral angle between 

children with SCP and TD peers. Furthermore, measurements were 

performed while the foot of the children was manually held in position. Such 

a manual fixation may enhance altered configuration of foot and ankle joints, 

causing for less lengthening of GM (Chapter 5). 

In contrast, in younger children with SCP (age: 2-5 y, GMFCS level: I-II, 

minimum ankle dorsal flexion range of 0º) only GM physiological cross-

sectional area was shown to be lower compared to that of TD peers, whereas 

fascicle length was not different (Barber et al., 2011). The study by Barber 

and colleagues used the strategy for localizing the mid-longitudinal of GM we 

described in Chapter 2 and studied GM at a similar footplate angle (i.e. 0º) of 

SCP and TD children. Thus a comparison of these data with those of our 

study seems valid and indicates that a reduction in longitudinal growth of GM 

fascicles in children SCP during the growth phase from 5 to 13 years. 
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We have collected data of children with SCP within the age of five to 

eight (presently not included). Future study of this data, including the data 

presented in Chapter 5, will reveal how GM fascicle length and other 

geometrical parameters are affected by age in children with SCP. It is 

important to investigate at what age potential difference in GM fascicle 

length between TD and SCP occur, as this will be useful information for 

clinicians. Such a study may also indicate which factors contribute to the lack 

of growth in fascicle length (and possible other geometrical parameters). 

Factors such as initial geometrical differences, joint-configurations, 

epimuscular force transmission, muscle excursion, but also hormone levels 

(c.f. Oeffinger et al., 2010) may play a role in the regulation of addition of 

sarcomere in series (Huijing and Jaspers, 2005).  

 

Development of altered ankle and foot joints in children with SCP 

We have discussed that for the triceps surae muscle of growing children with 

SCP, the effects of deformations at the ankle and foot joints likely have 

major implications concerning its length, relative position, and length range 

over which it operates in daily life (Chapter 5). The X-ray images made on 

one child from the SCP group and one TD adult show that the changed ankle 

and foot joints in the child with SCP coincided with a lower malleolus height. 

Ideally, this correlation was tested in a larger group of children, however for 

TD children this is not judged ethical. A retrospective study of X-ray images 

made for diagnosing fractures may provide such data for TD children. For 

children with SCP, X-ray imaging may be more difficult. Although X-ray 

images of children with SCP are made, this is mostly done for imaging 

substantial foot deformations. Therefore, analysis of these images will result 

in a biased comparison to TD children. Clinical experience of one of the 

authors of the studies presented in Chapter 2 to 5 suggests that in children 

with SCP, foot deformities often increase with age, although, to the best of 

our knowledge, such information has not been documented. X-ray data of a 

large group of TD and SCP children would allow for studying the effects of 

growth on foot deformities. Parallel to a growth study of GM length and 

geometrical variables of children with SCP, such an X-ray study may provide 

insight in how plantar flexor contracture and deformities of the ankle and 

foot joints are related. 

The dissimilarity between the angle of the footplate (often perceived by 

biomechanists to be the ankle joint angle, e.g. Alhusaini et al., 2010; Harlaar 

et al., 2000) and the angle of the talo-calcaneus complex (in both SCP and 
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TD children) has been known for over three decades (c.f. Tardieu et al., 

1977c). However, it seems that clinicians working with children with SCP 

may be unaware of detrimental functional consequences of this interaction. 

We have discussed that it may affect the biomechanics of triceps surae and 

its synergistic and antagonistic muscles (Chapter 5). For example: manual 

testing of ankle ROM by movement of the foot may be the result of a relative 

dorsal flexion of the forefoot and cannot be fully related to length range of 

the triceps surae. Future research focusing on foot and ankle deformities in 

SCP and TD children will be an important next step in providing detailed 

knowledge concerning this topic. 

 

Effects of BTX-A and serial casting 

The short-term results of BTX-A and serial casting show an increase in ankle 

ROM, which coincided with an increase in fascicle length within GM muscle 

belly (Chapter 6). These short-term effects of BTX-A and serial casting are in 

accordance with those reported in the literature (e.g. Bottos et al., 2003; 

Tedroff et al., 2009; Scholtes et al., 2007). The short-term increase in GM 

muscle length was likely due by the combined effect of BTX-A induced 

paralysis and an increase in fiber length by an increase in serial sarcomere 

number. 

Concerning long-term6 results of the integrated treatment on muscle 

length and geometrical parameters, such knowledge is lacking for humans. 

However the effects of immobilization at high length and BTX-A injections on 

muscle geometry and morphology has been studied in animal models. 

 

Effects of immobilization at high length: children versus animals 

For growing soleus muscle of four to five weeks old rabbits and of one week 

old mice, it was found that after a three week period of immobilization at 

high muscle length, muscles adapted by decreasing the number of 

sarcomeres in series (c.f. Tardieu, et al., 1977b; Williams and Goldspink, 

1978). The reduction in serial sarcomere number resulted in a decrease in 

muscle belly length. As the muscle-tendon complex was kept constantly at 

high length, in both studies the decreased muscle belly length was explained 

by a concomitant increase in tendon length. For the children studied in 

Chapter 6, it was found that after combined treatment with BTX-A and serial 

                                            
6 In this discussion, long-term effects of BTX-A and serial casting are related to effects 
that occur after full recovery of the motor endplate after BTX-A injection (i.e. about 
three to four months in humans, Morton et al., 2004). 
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casting, both tendon length as well as belly length were increased. A few 

factors which may have contributed to these differences are: 1) possible 

spasticity related property changes in muscle and tendon in the children with 

SCP, 2) the Achilles tendon is relatively short in rats (Chapter 4) and the 

ratio of tendon length and belly length is also different for GM (children) and 

soleus (animals), and 3) the added effect of BTX-A for the children with SCP. 

Concerning the latter, treatment of equinus of children with SCP (age: 6-9 y) 

with only serial casting (McNee et al., 2006), showed that after a three week 

period of serial casting, tendon length of the ankle plantar flexors was 

significantly increased, while belly length of these muscles was not changed. 

It may be that for the integrated treatment, the BTX-A induced denervation 

of GM makes that GM belly length can be lengthened more. Future study of 

serial casting of children with SCP should focus on long-term effects to 

scrutinize how GM geometry contributes to dorsal ROM after treatment.  

 

Effects of BTX-A: children versus animals 

Within the past ten years, multiple studies on long-term effects of BTX-A 

injection of rodent muscle have shown that mass, volume, cross-sectional 

area and force production of injected muscles are all negatively affected: a 

decrease of 40-67% in wet muscle mass (supraspinatus of mice, Das et al., 

2011; tibialis anterior of rats, Frick et al., 2007; tibialis anterior of mice, 

Morbiato et al., 2007), a decrease of 76% in volume (quadriceps femoris of 

rabbits, Fortuna et al., 2010), a decrease of 32% in fiber cross-sectional area 

(rat gastrocnemius muscle, Chen-Ming et al., 2002), and a decrease of 54-

95% in maximum tetanic force production (Das et al., 2011; Fortuna et al., 

2010; Frick et al., 2007). When high doses or repeated bouts of BTX-A were 

injected, detrimental effects also occurred in antagonistic muscles (Frick et 

al., 2007) as well as agonistic muscles in the contralateral limb (Fortuna et 

al., 2010). These studies show that for animals, the deleterious long-term 

effect of BTX-A on mass, volume, cross-sectional area and force production 

are substantial. 

As GM is a pennated muscle, a decrease in GM physiological cross-

sectional area as shown in children with SCP over a wide age range (i.e. two 

to thirteen years) will reduce the passive and active slack length of the 

muscle. Avoiding a decrease in GM cross-sectional growth will therefore be 

crucial to prevent a reduction in the passive and active slack length. 

Assuming that long-term effects of BTX-A in humans are similar as those 

reported for animals, the long-term recurrence of contractures after 
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treatment of children with SCP (e.g. Blackmore et al., 2007, Bottos et al., 

2003, Tedroff et al., 2009) may be explained, in part, by the BTX-A induced 

atrophy. In addition, important to consider is that in the long-term, GM starts 

to be reinnervated, up to full recovery of the motor endplate after BTX-A 

injection (i.e. about three to four months in humans, Morton et al., 2004). It 

will be very important to understand how this affects GM length and 

geometry. 

Note that the long-term recurrence of the reduced dorsal flexion may be 

also be partially explained by a reduction of dorsal flexion angle that occurs 

in growing TD and SCP children (by 1-2º per year, Chapter 3; Nordmark et 

al., 2009). 

We have additional long-term measurements (six and twelve months) of 

the children studied in Chapter 6 (presently not included). Analysis of these 

measurements will provide insight in how GM length and geometrical 

variables are further affected by the combined treatment of BTX-A and serial 

casting. In addition, what is also needed is a serial sarcomere count of GM of 

these children, also following treatment. Such information could be obtained 

from biopsies during surgery where whole fascicles are dissected. However, 

for SCP and TD children this may only be in very extraordinary conditions 

where it would be part of the surgery, but otherwise it will not be feasible 

because of ethical considerations.  

 

Effects of BTX-A and serial casting on tissue properties of GM 

The focus of this discussion and of this thesis in general, has been on GM 

length and geometrical variables. However, for BTX-A injection, animal 

models have shown structural changes in the injected muscle in response to 

the denervation. Both an increase of fatty tissue and connective tissue have 

been reported to occur within animal muscle (Das et al., 2011; Fortuna et 

al., 2010). Also, titin content per µg protein has been reported to decrease in 

rat gastrocnemius after BTX-A injections (Legerlotz et al., 2009). It is 

important to realize that such tissue changes, in addition to changes in 

muscle length and geometry, even occurring in synergistic and antagonistic 

muscle, all contribute to the net effect of BTX-injection and serial casting on 

joint ROM. The only way to obtain such insight is by muscle biopsy. However, 

as discussed above, in children with SCP this will prove difficult. 
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Effect of age on success of treatment? 

We have shown that GM of older children with SCP (nine to thirteen years) 

has a lower fascicle length as well as a lower length of the physiological 

cross-sectional area, compared to that of TD peers (Chapter 5). This is 

different from younger children with SCP (two to five years), where GM only 

had a lower physiological cross-sectional area, compared to that of TD peers 

(Barber et al., 2011). The question arises whether the effectiveness of the 

integrated treatment will therefore be similar for younger children. Due to 

differences in GM geometry, the long-term and short-term effects could 

differ.  For example, older children with SCP, having a reduced GM fascicle 

length, may benefit more by the integrated treatment than younger children 

with SCP, whose GM fascicles are similar in length as those of TD children. To 

study this, the long-term effects of integrated treatment on GM geometry 

and ankle moment – ankle angle relationship of children with SCP within a 

wide age range (i.e. two to thirteen years) need to be assessed.  As we have 

discussed above, in addition to the children included in the study of Chapter 

5, we have measured GM geometry and the ankle angle moment relationship 

in children within the age of five to eight years, also including long-term 

measurements. Analysis of this data will be an important next step in 

understanding how BTX-A and serial casting affect lower leg muscles in 

children with SCP. 

 

 

General conclusions 

The work presented in this thesis aimed to obtain insight in how length and 

geometry of GM muscle are related to the reduced dorsal ROM of the ankle in 

children with SCP and in how length and geometry of GM are affected by 

treatment of the lower leg with BTX-A injections and serial casting. 

Using a measurement protocol which included 3-D ultrasound imaging 

and ankle dynamometry, it was found that for children with SCP who were 

diagnosed with a reduced dorsal flexion ROM of the ankle, GM had a shorter 

muscle belly, compared to TD peers. The lower length of GM belly was the 

result of shorter fascicles and less muscle tissue arranged in parallel. 

After the children with SCP were treated with BTX-A injections and serial 

casting of the lower leg, the ROM of the ankle was increased such that they 

could attain some dorsal flexion of the foot (i.e. >0º). This increase in ROM 

coincided with an increase in length of GM muscle-tendon complex and GM 
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fascicles. For these short-term measurements, no signs of GM atrophy were 

found. 

In conclusion, the work presented in this thesis has shown that, 

compared to TD peers, substantial differences in GM geometry of children 

with SCP contribute to the lower dorsal ROM of the ankle. After treatment 

with BTX-A and serial casting, dorsal ROM was increased by an increase in 

GM fascicle length and tendon length. Biopsy studies of GM fibers and X-ray 

imaging of the foot, in addition to long-term in vivo measurements after 

treatments are required to further understand how GM of children with SCP is 

affected by spasticity and how this is changed in the long–term after the 

integrated treatment of BTX-A and serial casting.  
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Chapter 8 
Appendix: The net moment around the ankle 
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The net moment around the ankle M(ankle) was calculated using moment-

balance equations. First, the manually applied force to the torque wrench 

F(man) was calculated using the moment-balance equation for the isolated 

torque wrench taken as a 2-D free-body (Fig. 8.1): 
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(8.1) 

 

In equation (8.1), the location of the interface i between torque wrench and 

foot-fixation is the axis of rotation and the free-body is oriented such that 

the length of the torque wrench is oriented along the vertical (y) of the local 

axes; m is the point of application of F(man), c(tor) is the center of mass of the 

torque wrench, G(tor) is the gravitational force of the torque wrench, (tor) is 

the angle between the torque wrench and the vertical of the global axes (this 

angle is equal to the footplate angle fp), and M(interface) is the reaction 

moment measured by the torque wrench at the interface i. F(man) is always 

applied perpendicular to the torque wrench and only has a vertical moment 

arm with respect to i. G(tor) is dependent on (tor) and its moment arm with 

respect to i is decomposed in horizontal and vertical components (see Table 

A.1 for values and calculations of gravitational forces and moment arms). 

Note that there is a reaction force F(interface) at the interface i which generates 

no moment around i (Fig. 8.1). In equation 8.1, F(man) is the only unknown 

variable. 

M(ankle) was calculated using the moment-balance equation for the total of 

foot, foot-fixation and torque wrench taken as a 2-D free-body (Fig. A.1): 
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(8.2) 

 

In equation 8.2, the location of the ankle a is the axis of rotation and the 

free-body is oriented such that the length of the torque wrench is oriented 

along the vertical of the local axes, c(fix) is the center of mass of the foot- 
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fixation, G(fix) is the gravitational force of the foot-fixation, c(foot) is the center 

of mass of the foot, and G(foot) is the gravitational force of the foot. Similar 

conditions apply for F(man) and gravitational forces as for equation (8.1). Note 

that there is a reaction force F(ankle) at the ankle which generates no moment 

around the ankle (Fig. 8.1). In equation 8.2, M(ankle) is the only unknown 

variable. 
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Table 8.1. Parameters of foot, foot-fixation and torque wrench. For all parameters, 

the value or calculation and, if applicable, a reference are shown. See text for 

explanation of parameters. 

 
Parameter 
 

 
Value / calculation 

 
Unit 

 
Reference  

m y-iy 
c(tor)x-ix 

c(tor)y-iy 

G(tor)  
ix-hx 

iy-hy 

my-ay 

c(tor)x-ax 

c(tor)y-ay 

c(fix)x-hx 

c(fix)y-hy 

c(fix)xax 

c(fix)yay 
G(fix) 

c(foot)-ax 

c(foot)-ax 

G(foot) 

0.270 
0.000 
0.145 
-8.138 
0.028 
0.010 
(my-iy)+(iy-hy)+(hy-ay) 
(c(tor)x-ix)+(ix-hx)+(hx-ax) 
(c(tor)y-iy)+(iy-hy)+(hy-ay) 
0.015 
0.098 
(c(fix)x-hx)+(hx-ax) 

(c(fix)y-hy)+(hy-ay) 

-4.568 
0.556·(hx-ax) 

0.449·(hy-ay) 

-9.867·0.015·(body mass) 

m 
m 
m 
N 
N 
m 
m 
m 
m 
m 
m 
m 
m 
N 
m 
m 
N 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
Staarink et al. (1995) 
Clauser et al. (1969) 
Clauser et al. (1969) 

h = the most prominent dorso-caudal part of the heel (see Fig. 8.1); hx-ax = the 

average of the horizontal distance between the most prominent caudal part of the heel 

and the malleolus, measured lateral and medial; hy-ay = the average of the vertical 

distance between the most prominent dorsal part of the heel and the malleolus, 

measured lateral and medial. 
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Fig 8.1 Free-body of the torque wrench (top left) and of the total of torque wrench, 

foot-fixation and foot (right). See text for explanation. 
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Analysis of 3-D Ultrasound of Calf Muscle Geometry in Children: 

Growth, Spasticity, Mechanisms and Treatment 

 

Children with spastic cerebral palsy (SCP) are often impaired in their gait as 

a result of a decreased range of motion (ROM) of their ankle joint. One of the 

most common treatments of the decreased ROM is injection of botulinum 

toxin A (BTX-A) into the spastic ankle plantar flexor muscles. The rationale 

behind this treatment is to temporarily decrease activity of the spastic 

muscles (by blocking motor endplates), therefore allowing an increase in 

ankle ROM. BTX-A treatment is usually followed by a period of serial casting 

of the ankle towards dorsal flexion to maintain an extended position of the 

plantar flexor muscles in an effort to stimulate longitudinal growth of the 

muscle fascicles and hence an increase in ankle dorsal flexion ROM. In the 

short term, ankle dorsal flexion is increased after such treatment. However, 

in the long-term, success of this integrated treatment is highly variable. To 

date, little is known about the mechanisms by which BTX-A and serial casting 

affect the ankle plantar flexor muscles in children with SCP. Such knowledge 

is required for improvement of the efficacy of treatment.  

The general aim of the studies of which this thesis is a part, is to 

investigate how ankle plantar flexor muscles are changed in children with 

SCP compared to typically developing (TD) peers and to investigate how such 

changes are affected by the integrated treatment of BTX-A and serial casting. 

 

For this purpose, ultrasound imaging of the medial gastrocnemius (GM) 

muscle and dynamometry of the ankle were performed. Measurements of 

muscle geometry were performed in a standardized fascicle plane of GM 

using three-dimensional (3-D) ultrasound imaging. First, in Chapter 2, we 

validated two-dimensional (2-D) ultrasound measurements of muscle 

geometry of the human GM and investigated effects of probe orientation on 

errors in these measurements. Ultrasound scans of GM muscle belly were 

made both on human cadavers and on subjects in vivo. For half of the 

cadavers, ultrasound scans obtained, according to commonly applied criteria 

of probe orientation, showed substantial deviation from the true fascicle 

plane. This resulted in errors of fascicle length and fascicle angle up to 14% 

and 23%, respectively. Fascicle-like structures not visibly distinguishable 

from true fascicles were seen over a wide range of probe tilt and rotation 

angles, but they did not always represent true fascicles. Errors of 

measurement were either linear or quadratic functions of tilt angle. As similar 
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curves were found also in vivo we conclude that such errors are likely to 

occur for in vivo measurements. For all cadavers, at the distal end of GM, the 

true fascicle plane was shown to be perpendicular to the distal aponeurosis. 

Using transverse images of GM to detect the curvature of the distal 

aponeurosis at the distal end of the muscle belly is a simple strategy to help 

identify the fascicle plane. For subsequent longitudinal imaging, alignment of 

the probe within this plane will help to minimize measurement errors of 

fascicle length, fascicle angle, and muscle thickness. 

 

In order to measure static ankle angle and moment in children with cerebral 

palsy, while correcting for aspects of foot deformity, we designed a hand-

held instrument (described in Chapter 3) which can be used to measure the 

angle of the footplate (as an estimate of the ankle angle) and the moment 

applied at the footplate. 

In Chapter 3, the reproducibility of measurements performed with this 

instrument was tested. Footplate angles and moments were measured at five 

standardized positions in TD children (n=10), as well as in children with SCP 

(n=10). The footplate range of motion and the slope of the moment-angle 

curve were determined, both towards plantar flexion and dorsal flexion. The 

intraclass correlation coefficients for angle and moment were calculated to 

assess test-retest reliability. For precision, the standard error of 

measurement and smallest detectable difference for angle and moment 

measurement were determined. It was concluded that our instrument allows 

for reliable and precise measurements of footplate angle and static moment 

in children with SCP and TD peers. The hand-held dynamometer is fit for 

reproducibly evaluating moment-angle characteristics in development and 

clinical contexts. 

 

To understand how spastic GM develops, in the study presented in 

Chapter 4, we studied the development of the GM of TD children. During 

development, muscle growth is thought to be adapted finely to meet 

functional demands in daily activities. Most knowledge of how muscles grow 

is based on animal studies and in particular rodents. Using 3-D ultrasound 

imaging and a measurement protocol based on Chapter 2 and 3, GM 

geometry of the mid-longitudinal plane of GM was selected and analyzed 

using a 3-D voxel array of ultrasound images. These images were obtained 

at standardized footplate angles according to added external moments using 

the hand-held dynamometer. GM geometry and footplate ROM of TD 



Chapter 9 

167 
 

children, specifically in the age of five to thirteen years, were examined. GM 

geometry and length variables of TD children were compared to those of 

rats. This comparison showed that GM in rat develops mainly by an increase 

in physiological cross-sectional area of the muscle, whereas GM in TD 

children develops by uniform scaling of the muscle, also including an increase 

in fascicle length. This effect is probably related to the lower degree of 

pennation (e.g. fascicle angle) in human GM, which causes a lower 

contribution of radial muscle fiber growth to increased GM muscle length. A 

net effect of uniform scaling of GM muscle belly during development is a 

stiffening of the muscle belly which is in accordance with the observed 

decrease in dorsal flexion ROM during growth. 

 

A next step was to compare GM length and geometry of children with SCP to 

that of TD peers. To minimize the effects of growth on GM geometry shown 

in Chapter 4, in the study presented in Chapter 5, children in both groups 

were studied within a smaller age range (i.e. nine to thirteen years). It was 

found that in children with SCP, diagnosed with decreased dorsal ROM of the 

ankle, GM length was substantially lower compared to that in TD peers. After 

normalization for tibia length and measured at similar footplate angles, GM 

was about 1 cm shorter in children with SCP. This may be related to the 

lower malleolus height: such a lower malleolus height could be explained by 

a relative plantar flexed calcaneus, which an X-ray study performed on one 

child from the SCP group and one TD adult revealed. In addition, in children 

with SCP the moment–normalized fascicle length curve was substantially 

higher, indicating that GM fascicle stiffness was considerably increased. This 

increase in stiffness was explained partially by a lower fascicle length and 

thus indicates that factors other than myofiber length and stiffness are 

involved in the enhanced GM stiffness. It seems conceivable that intracellular 

material properties of muscle fibers, intramuscular connective tissue and/or 

epimuscular myofascial force transmission are altered such that resistance to 

lengthening is increased. As yet, the relative contribution of these factors to 

the enhanced stiffness is unknown. However these factors are important to 

consider for improvement of treatment aimed at increasing ankle ROM in 

children with a spastic pareses. 

 

One of the most commonly used treatments modalities aimed at increasing 

ankle ROM is BTX-A and serial casting. The questions whether this integrated 

treatment increases the ROM and whether such an increase is related to 
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changes in GM geometry are addressed in Chapter 6. This is done for short-

term (<5 weeks) effects of integrated treatment of BTX-A and serial casting 

of the lower leg. Length and geometric variables of GM related to footplate 

ROM were assessed in six children with SCP (age: 9-13y) treated with BTX-A 

and serial casting of the lower leg. The children were tested pre- and post 

treatment. This study shows that a short-term gain of dorsal ROM in children 

with SCP after treatment was ascribable to an increase in GM fascicle length, 

as well as GM tendon length. Within the short-term, the treatment did not 

induce atrophy of GM in the mid-longitudinal plane. 

This is first step in analyzing our collected data on effects of BTX-A and 

serial casting on GM geometry and reduced ROM in children with SCP. A 

detailed analysis whether the achieved improvements and changes in muscle 

geometry remain on the long-term needs further investigation. How the 

treatment changes the foot deformity and whether the effects are similar 

during development are important questions which need further analysis of 

the data. Our future studies on these data will focus on determinants such as 

time-scale (short vs. long-term effects). 

 

Finally, in Chapter 7 the results of all studies are considered in perspective 

of the overall aim of this project. First, some methodological considerations 

concerning ultrasound imaging analysis and hand-held dynamometry are 

discussed. 

Next, some future directions and clinical implications of the work of this 

thesis are discussed. These issues concern growth related changes of GM 

geometry in children with SCP, development of altered ankle and foot joints 

in children with SCP, long-term effects of BTX-A and serial casting, 

differences in children and rodents concerning effects of immobilization of GM 

at high length and effects of age on treatment. To understand how GM of 

children with SCP is affected by spasticity and how this is changed in the 

long–term after the integrated treatment of BTX-A and serial casting, X-ray 

imaging of the foot and long-term in vivo measurements after treatments are 

required. 

In addition, biopsy studies of GM fibers may enhance our understanding 

of how muscle and joints are affected by spasticity and how this changes in 

the long–term by integrated treatment of BTX-A and serial casting. Such 

studies may also contribute to our understanding of expected changes in 

myofascial force transmission of spastic muscles in children with SCP. 

 



Chapter 9 

169 
 

In conclusion, the work presented in this thesis shows that the combined 

analysis of muscle geometry using 3-D ultrasound imaging and ankle 

dynamometry provides valuable insight in the mechanisms underlying a 

limited ROM of the ankle of children with SCP. Compared to TD peers, 

substantial differences in GM fascicle length of children with SCP are present 

at similar applied external moments. The difference in fascicle length 

contributes to the lower dorsal ROM of the ankle. 

After treatment with BTX-A and serial casting, dorsal ROM was increased 

by an increase in GM fascicle length and tendon length. Foot deformities 

likely play an important role in the etiology of the decreased ROM.  

Biopsy studies of GM fibers and X-ray imaging of the foot, in addition to 

long-term in vivo measurements after treatment are required to further 

understand how GM of children with SCP is affected by spasticity and how 

this is affected in the long–term after integrated treatment of BTX-A injection 

and serial casting. 
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Analyse van 3-D Echografie van de Geometrie van de Kuitspier van 

Kinderen: Groei, Spasticiteit, Mechanismes en Behandeling 

 

Kinderen met spastische cerebrale parese (SCP) zijn vaak beperkt in hun 

loopvaardigheid als gevolg van een afgenomen bewegingsbereik van hun 

enkelgewricht. Dit afgenomen bewegingsbereik komt vooral omdat de 

kuitspieren van deze kinderen spastisch zijn en niet goed opgerekt kunnen 

worden. Eén van de meest toegepaste behandelingen gericht op het 

verbeteren van het bewegingsbereik van het enkelgewricht bij deze kinderen 

is het injecteren van botuline toxine A (BTX-A) in de spastische kuitspieren. 

Het idee achter deze behandeling is om tijdelijk de aanspanning van de 

spastische spieren te verlagen, door het blokkering van de prikkeloverdracht 

vanuit het centraal zenuwstelsel. Hierdoor kunnen de kuitspieren gerekt 

worden en is een toename in het bewegingsbereik van het enkelgewricht 

mogelijk. De BTX-A behandeling wordt vaak gevolgd door een periode van 

redressiegips rond het enkelgewricht om de kuitspieren in een 

opgerekte/verlengde positie te houden. Deze geïntegreerde behandeling van 

BTX-A en redressiegips heeft als doel de lengtegroei van de 

spiervezelbundels te stimuleren, met als gevolg een grotere toename van het 

bewegingsbereik van het enkelgewricht. Op de korte termijn wordt het 

bewegingsbereik van het enkelgewricht inderdaad vergroot na de 

behandeling. Echter, op de lange termijn is het succes van de geïntegreerde 

behandeling van BTX-A en redressiegips variabel. Er is tot op heden zeer 

weinig bekend hoe BTX-A en redressiegips de kuitspieren en het 

bewegingsbereik van het enkelgewricht van kinderen met SCP precies 

beïnvloeden. 

Het doel van de studies, waarvan dit proefschrift onderdeel uitmaakt, is 

om te onderzoeken hoe de kuitspieren van kinderen met SCP verschillen ten 

opzichte van die van gezonde kinderen en hoe deze verschillen worden 

beïnvloed door de geïntegreerde behandeling van BTX-A en redressiegips. 

Om de kuitspieren, specifiek de gastrocnemius medialis (GM), te 

onderzoeken, kan gebruik worden gemaakt van echografie. Een recente 

ontwikkeling hierin is de uitbreiding van (2-D) tweedimensionale naar 

driedimensionale (3-D) echografie. In de studies beschreven in dit 

proefschrift werd 3-D echografie gebruikt om lengte en geometrie (hoek, 

oppervlakte) van de GM te bepalen in een gestandaardiseerd vlak van de 

spiervezelbundels van de spier.  

 



 

174 
 

Als eerste beschrijft Hoofdstuk 2 een studie waarin met 2-D echografie 

verkregen metingen van GM spiergeometrie werden gevalideerd en waarin 

werd onderzocht wat de effecten waren van de oriëntatie van de echografie 

sonde op potentiële fouten van deze metingen. Echografie scans van de 

spierbuik van de GM werden gemaakt op menselijke kadavers en op 

proefpersonen in vivo. Voor de helft van de echografie scans van de GM van 

de kadavers, verkregen volgens algemeen toegepaste criteria voor oriëntatie 

van de sonde, werden substantiële afwijkingen van het echte vlak van de 

spiervezelbundels gevonden. Dit resulteerde in substantiële fouten van de 

lengte en hoek van de spiervezelbundels, oplopend tot respectievelijk 14% 

en 23%. Over een groot bereik van afwijkende standen van de sonde 

(kantel- en rotatiehoeken) werden spiervezelbundel-achtige structuren 

waargenomen die visueel niet te onderscheiden waren van echte 

spiervezelbundels. Deze spiervezelbundel-achtige structuren representeerden 

niet altijd de echte spiervezelbundels. De daaruit voortkomende meetfouten 

in lengte van de spiervezelbundel konden worden beschreven met lineaire of 

kwadratische functies van de kantelhoek van de sonde. Omdat soortgelijke 

functies ook voor de in vivo situaties werden gevonden, werd geconcludeerd 

dat zulke fouten ook bij de in vivo metingen voor kunnen komen.  

Om zulke fouten te voorkomen, werd er gezocht naar een strategie om 

met behulp van echografie in vivo het echte vlak van de spiervezelbundels 

van GM te visualiseren. Bij alle kadavers bleek dit vlak ter hoogte van het 

distale einde van de GM loodrecht ten opzichte van de distale aponeurose 

georiënteerd te zijn. Een strategie om in vivo het vlak van de 

spiervezelbundels van GM te bepalen, is door in een transversaal echografie 

beeld van de GM de kromming van de distale aponeurose op het distale eind 

van de spierbuik te bepalen. Voor opvolgende longitudinale beeldvorming 

van de GM zal uitlijning van de echografie sonde met het vlak van de 

spiervezelbundels meetfouten van de lengte en de hoek van de 

spiervezelbundels minimaliseren. 

 

Om de hoek van het enkelgewricht en het statische moment rond het 

enkelgewricht te meten in kinderen met SCP, daarbij corrigerend voor 

voetdeformatie, hebben we een handzaam instrument (dynamometer) 

ontworpen. Met dit instrument kan de hoek van de voetplaat met het 

onderbeen en het moment dat op de voet wordt uitgeoefend worden 

gemeten (als benadering voor hoek en netto moment van het 

enkelgewricht). 
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In de studie beschreven in Hoofdstuk 3 werd de reproduceerbaarheid 

onderzocht van de metingen uitgevoerd met behulp van de dynamometer. 

Hoeken en momenten werden gemeten op vijf gestandaardiseerde posities 

bij gezonde kinderen (n=10) en bij kinderen met SCP (n=10). Het 

bewegingsbereik van de voetplaat en de helling van de moment-hoek relatie 

werden bepaald, beiden richting plantair- en dorsaalflexie. De intraclass 

correlation coefficient voor hoek en moment werden berekend om de test-

hertest betrouwbaarheid te meten. Als maat voor de nauwkeurigheid van de 

meting van hoek en moment werden de standard error of measurement en 

de smallest detectable difference bepaald. Deze studie laat zien dat met 

behulp van het instrument betrouwbare en nauwkeurige metingen kunnen 

worden verkregen van de voetplaathoek en van het statisch moment op de 

voetplaat van kinderen met SCP en gezonde leeftijdsgenoten. De 

dynamometer is geschikt voor het reproduceerbaar meten van moment-hoek 

karakteristieken, zowel tijdens de ontwikkeling als in een klinische context.  

 

Om te begrijpen hoe de spastische GM ontwikkelt, bestudeerden we hierna 

met behulp van 3-D echografie en dynamometrie, de ontwikkeling van de GM 

bij gezonde kinderen in de groei. Algemeen wordt verondersteld dat in de 

groei spieromvang zich aanpast aan de functionele vereisten van dagelijkse 

activiteiten. Echter, tot op heden is de meeste kennis over hoe spieren 

groeien gebaseerd op studies bij dieren, in het bijzonder bij knaagdieren. In 

de studie beschreven in Hoofdstuk 4 werden de geometrie van de GM en 

het bewegingsbereik van de voetplaat van gezonde kinderen (in de leeftijd 

van vijf tot dertien jaar) onderzocht. Geometrie en lengtevariabelen van GM 

van deze kinderen werden vergeleken met die van ratten. 

Deze vergelijking laat zien dat in ratten de GM groeit in lengte door een 

toename in fysiologische dwarsdoorsnede van de spier, terwijl in gezonde 

kinderen de GM groeit door het uniform schalen van (lengte) van de 

fysiologische dwarsdoorsnede en lengte van de spiervezelbundels. Dit effect 

is waarschijnlijk gerelateerd aan de lage mate van pennatie 

(spiervezelbundel hoek) van de GM van de kinderen, wat een lagere relatieve 

bijdrage van de toename in fysiologische dwarsdoorsnede aan de 

toegenomen lengte van de GM tot gevolg heeft. Een netto effect van het 

uniform schalen van de spierbuik van de GM is het stijver worden van de 

spier. Dit is in overeenstemming met de waargenomen afname van 

dorsaalflexie van het enkelgewricht tijdens de groei van de kinderen. 
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Met de kennis van de geometrische verandering van de GM bij gezonde 

kinderen waren de volgende vragen hoe de lengte en geometrie van de GM 

van kinderen met SCP verschillen van die van gezonde leeftijdsgenoten en 

hoe deze verschillen gerelateerd zijn aan het bewegingsbereik van het 

enkelgewricht. Om deze vragen te beantwoorden is in Hoofdstuk 5 

onderzocht hoe bij kinderen met SCP, waarbij een afname in 

bewegingsbereik was gediagnosticeerd, de geometrie van de GM verschilde 

met die van gezonde kinderen. Om effecten van groei op GM geometrie te 

minimaliseren waren kinderen in een kleiner leeftijdsbereik geïncludeerd 

(negen t/m dertien jaar). GM geometrie van het vlak van de 

spiervezelbundels werd geanalyseerd met behulp van 3-D echografie. Dit 

gebeurde op gestandaardiseerde voetplaathoeken, verkregen bij opgelegde 

externe momenten met de dynamometer. Deze analyse toont aan dat de GM 

van de kinderen met SCP substantieel korter was vergeleken met die van 

gezonde leeftijdsgenoten. Voor kinderen met SCP bleek dat de GM, na 

normalisatie voor lengte van de tibia en gemeten bij gelijke voetplaathoeken, 

1cm korter was dan die voor gezonde leeftijdsgenoten. Dit is 

hoogstwaarschijnlijk gerelateerd aan de kleinere verticale afstand van de 

malleolus ten opzichte van de voetplaat. Dit kan worden verklaard doordat 

de calcaneus bij deze kinderen een relatieve plantairflexie heeft ten opzicht 

van de gehele voet; door deze plantairflexie is de voetboog platter en is de 

verticale afstand van de malleolus tot de voetplaat kleiner. Dit werd 

bevestigd door een Röntgenstudie uitgevoerd op één kind van de SCP groep 

en één gezonde volwassene. 

Bijkomstig was dat in de kinderen met SCP de weerstand tegen 

verlenging van GM hoger was vergeleken met gezonde leeftijdsgenoten. 

Tevens was er een substantieel steilere helling van de relatie tussen moment 

en genormaliseerde lengte van de spiervezelbundels in de kinderen met SCP. 

Dit duidt op een aanzienlijk hogere stijfheid van de GM spiervezelbundels van 

deze kinderen. Echter deze toegenomen stijfheid bleek slechts ten dele een 

verklaring voor de gevonden toegenomen hogere totale spierstijfheid. Naast 

de afname in lengte van de spiervezelbundels spelen andere factoren 

vermoedelijk een substantiële rol in de toename in de stijfheid van de GM 

van kinderen met SCP. Het is denkbaar dat de weerstand tegen verlenging 

van GM is toegenomen door veranderingen in de intracellulaire 

materiaaleigenschappen van spiervezels, het intramusculair bindweefsel 

en/of de myofasciale krachtstransmissie. Tot op heden zijn de relatieve 

bijdrages van deze factoren aan de toegenomen stijfheid onbekend. Inzicht 



Chapter 10 

177 
 

in de bijdrage van deze factoren zijn van belang voor het optimaliseren van 

de behandeling gericht op het verbeteren van het bewegingsbereik van het 

enkelgewricht van kinderen met SCP. 

 

Met de verkregen inzichten in de verschillen tussen de GM van kinderen met 

SCP en die van gezonde leeftijdsgenoten richt Hoofdstuk 6 zich op de 

vragen of de geïntegreerde behandeling van BTX-A injectie en redressiegips 

bij kinderen met SCP het bewegingsbereik van het enkelgewricht doet 

toenemen en of deze toename is gerelateerd aan GM geometrie en lengte. In 

deze studie werden de korte termijn (<5 weken) effecten van de 

geïntegreerde behandeling bij zes kinderen met SCP (in de leeftijd van negen 

t/m dertien jaar) op het bewegingsbereik van het enkelgewricht en de 

geometrie van GM onderzocht. Deze studie laat zien dat de korte termijn 

toename in het bewegingsbereik van de voetplaat (met 13°) van kinderen 

met SCP na de behandeling kon worden toegeschreven aan een toename in 

de lengte van de spiervezelbundels (van 0,6cm), evenals aan een toename in 

peeslengte (van 0,8cm) van de GM. Binnen deze tijdsperiode veroorzaakte 

de behandeling geen atrofie van de GM, gemeten in het vlak van de 

spiervezelbundels. 

De studie beschreven in Hoofdstuk 6 is een eerste stap in het analyseren 

van verzamelde data van de effecten van BTX-A en redressiegips op de 

geometrie van GM en het afgenomen bewegingsbereik van het enkelgewricht 

van kinderen met SCP. Of de behaalde verbeteringen en veranderingen van 

spiergeometrie op de lange termijn behouden blijven, behoeft verder 

onderzoek. Hoe de behandeling de aanwezige veranderingen van de voet van 

kinderen met SCP beïnvloedt en of de behandeleffecten verschillen tussen 

jonge en oudere kinderen, zijn belangrijke vragen die nog verdere analyse 

van de data vergen. Toekomstige studies op de gemeten data zullen zich 

focussen op determinanten zoals tijdschaal (korte versus lange termijn 

effecten) en effecten van leeftijd. 

 

Tenslotte worden in Hoofdstuk 7 de resultaten van alle studies beschouwd 

in het perspectief van het overkoepelende doel van dit project. Als eerste 

worden methodologische overwegingen bediscussieerd voor wat betreft de 

echografie analyse en de metingen verricht met dynamometer. 

Aansluitend worden een aantal richtingen voor toekomstig onderzoek en 

de klinische implicaties van het werk van dit proefschrift bediscussieerd. 

Deze gaan in op de groei gerelateerde veranderingen van geometrie van GM 
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van kinderen met SCP, de ontwikkeling van de deformiteiten in enkel- en 

voetgewrichten van de kinderen met SCP, de lange termijn effecten van BTX-

A en redressiegips, de verschillen tussen kinderen en knaagdieren voor wat 

betreft de effecten van immobilisatie van GM op grote lengte en de effecten 

van leeftijd op de effectiviteit van de behandeling.  

 

Concluderend, het werk gepresenteerd in dit proefschrift laat zien dat de 

gecombineerde analyse van spiergeometrie met behulp van 3-D echografie 

en dynamometrie, waardevolle inzichten oplevert voor wat betreft de 

onderliggende mechanismes van het afgenomen bewegingsbereik van het 

enkelgewricht van kinderen met SCP. De lengte van de spiervezelbundel van 

de GM van deze kinderen is op gelijke externe momenten substantieel lager 

dan die van gezonde leeftijdsgenoten. Dit heeft als gevolg een verhoogde 

weerstand tegen verlenging van de spier. 

Na de geïntegreerde behandeling van BTX-A injectie en redressiegips was 

het bewegingsbereik van het enkelgewricht naar dorsaalflexie met 13° 

vergroot door een toename in lengte van de spiervezelbundels en van de 

pees van GM. Vergroeiingen van enkel- en voetgewrichten spelen 

vermoedelijke een belangrijke rol in de etiologie van het afgenomen 

bewegingsbereik van het enkelgewricht.  

Biopsie studies van spiervezels van GM en Röntgen fotografie van de 

voet zijn, samen met lange termijn in vivo metingen na de behandeling, 

noodzakelijk om meer inzicht te krijgen in hoe de GM van kinderen met SCP 

wordt beïnvloed door spasticiteit en hoe dit op de lange termijn reageert op 

de geïntegreerde behandeling met BTX-A injectie en redressiegips. 
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