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Spastic cerebral palsy (SCP) affects neural control, deteriorates muscle morphometrics, 
and may progressively impair functional walking ability. Upon passive testing, gastrocnemius 
medialis (GM) muscle bellies or fascicles are typically shorter, thinner, and less extensible. 
Relationships between muscle and gait parameters might help to understand gait 
pathology and pathogenesis of spastic muscles. The current aim was to link resting and 
dynamic GM morphometrics and contractile fascicle behavior (both excursion and velocity) 
during walking to determinants of gait. We explored the associations between gait variables 
and ultrasonography of the GM muscle belly captured during rest and during gait in 
children with SCP [n = 15, gross motor function classification system (GMFCS) levels 
I and II, age: 7–16 years] and age-matched healthy peers (n = 17). The SCP children’s 
plantar flexors were 27% weaker. They walked 12% slower with more knee flexion 
produced 42% less peak ankle push-off power (all p < 0.05) and 7/15 landed on their 
forefoot. During the stance phase, fascicles in SCP on average operated on 9% shorter 
length (normalized to rest length) and displayed less and slower fascicle shortening (37 
and 30.6%, respectively) during push-off (all p ≤  0.024). Correlation analyses in SCP 
patients revealed that (1) longer-resting fascicles and thicker muscle bellies are positively 
correlated with walking speed and negatively to knee flexion (r = 0.60–0.69, p < 0.0127) 
but not to better ankle kinematics; (2) reduced muscle strength was associated with the 
extent of eccentric fascicle excursion (r = −0.57, p = 0.015); and (3) a shorter operating 
length of the fascicles was correlated with push-off power (r = −0.58, p = 0.013). Only in 
controls, a correlation (r = 0.61, p = 0.0054) between slower fascicle shortening velocity 
and push-off power was found. Our results indicate that a thicker gastrocnemius muscle 
belly and longer gastrocnemius muscle fascicles may be  reasonable morphometric 
properties that should be targeted in interventions for individuals with SCP, since GM 
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muscle atrophy may be related to decreases in walking speed and undesired knee flexion 
during gait. Furthermore, children with SCP and weaker gastrocnemius muscle may 
be more susceptible to chronic eccentric muscle overloading. The relationship between 
shorter operating length of the fascicles and push-off power may further support the idea 
of a compensation mechanism for the longer sarcomeres found in children with SCP. 
Nevertheless, more studies are needed to support our explorative findings.

Keywords: cerebral palsy, ultrasonography, triceps surae, muscle architecture, paresis, toe-walking, crouch gait

INTRODUCTION

Spastic cerebral palsy (SCP) is a neuromuscular disorder due 
to a nonprogressive brain lesion occurring early in infancy or 
before (Graham et  al., 2016). As a result, patients with SCP 
often present hypertonia, hyperreflexia, and impaired motor 
control (Lee et  al., 2014). Alterations of the musculoskeletal 
system, e.g., muscle weakness, restricted joint range of motion 
(RoM), and increased passive joint stiffness, are partly attributable 
to altered muscle-tendon properties (Barber et  al., 2012). This 
likely contributes to limited mobility and restricted participation 
in daily life (Damiano et  al., 2000).

Main intervention goals in the therapy of individuals with 
SCP are to reduce spasticity and to counteract the development 
and deterioration of muscular pathology. Thus, the plantar 
flexor muscle-tendon complex is frequently targeted during 
treatment, e.g., by physical therapy, surgeries, serial casting, 
orthoses, or botulinum toxin injections. In comparison to 
typically developing (TD) peers, plantar flexor muscles are 
macroscopically smaller and shorter in patients with SCP 
(Malaiya et  al., 2007; Barber et  al., 2011; Noble et  al., 2014). 
For the gastrocnemius medialis (GM), reductions in muscle 
volume (Barber et  al., 2013; Herskind et  al., 2016), fascicle 
length (Barber et al., 2013; Hösl et al., 2015; Frisk et al., 2019), 
and physiological cross-sectional area (Barber et  al., 2013; 
Herskind et  al., 2016) have been frequently documented. In 
addition, tendon properties are changed, e.g., increased length 
(Wren et  al., 2010; Hösl et  al., 2015; Kruse et  al., 2018) and 
reduced cross-sectional area (Gao et  al., 2011; Kruse et  al., 
2018), have been reported. Examinations on microscopic level 
demonstrated longer sarcomeres (Lieber and Friden, 2002; 
Ponten et  al., 2007; Smith et  al., 2011; Mathewson et  al., 2014; 
Mathewson and Lieber, 2015) and reduced serial sarcomere 
number (Lieber and Friden, 2018). These alterations likely limit 
muscle force output and excursion, which may in turn 
deteriorate walking.

Patients with SCP often walk slow, with increased energy 
demands (Kerr et  al., 2008) and constrained or excessive joint 
movements with different gait characteristics (Armand et  al., 
2016; Zhou et  al., 2017). Although the natural, untreated 
progression of gait pathology generally remains difficult to track 
in children with SCP, with higher age, crouch gait, a gait pattern 
with excessively flexed knees, might often increase (Bell et  al., 
2002; Gough et  al., 2004; Rose et  al., 2010). Crouch gait affects 
45–60% of independently ambulant patients (Rethlefsen et al., 2017) 
with higher rates (74–88%) found in bilaterally affected patients 

(Wren et  al., 2005), while equinus gait, characterized by ground 
contact with the forefoot or midfoot and subsequent lack of 
dorsiflexion, is present in nearly every second ambulant child 
with SCP. Concerning the force output during gait, the plantar 
flexors usually supply the major forward drive in healthy subjects, 
but during gait of patients with SCP, marked reductions in 
ankle joint power during push-off is a typical issue 
(Dallmeijer et  al., 2011; Eek et  al., 2011).

To date, there is yet a lack of information about the specific 
muscle properties in SCP that could be decisive for particular 
gait deviations. During gait, the plantar flexors generally 
control tibia progression, generate propulsion, and accelerate 
the forward swinging leg (Neptune et  al., 2001; Arnold et  al., 
2005; Santuz et  al., 2017). Distinguishing the gastrocnemius 
and soleus, both seem to similarly contribute to vertical 
support during unimpaired gait, but during the late stance 
phase the gastrocnemius induces forward acceleration while 
the soleus contributes to braking of forward velocity throughout 
mid‐ and terminal stance (Francis et al., 2013). Most notably, 
the gastrocnemius is a bi-articular muscle with the potential 
capacity to generate knee flexion upon stimulation, too (Lenhart 
et al., 2014). Overall, in SCP, a thinner GM muscle or triceps 
surae seems to be  related to reduced gross motor function 
(Ohata et  al., 2006; Choe et  al., 2018). Moreover, the 
gastrocnemius muscle volume is smaller in children without 
independent walking skills (Herskind et al., 2016). In addition, 
plantar flexors of children with SCP show decreased concentric 
(Ross and Engsberg, 2002) or isometric strength (Wiley and 
Damiano, 1998; Elder et  al., 2003; Stackhouse et  al., 2005; 
Downing et  al., 2009) during instrumented strength tests. 
Still, more detailed knowledge about the actual relationship 
of muscle structure to biomechanics of gait is needed. Fairly 
recently, Martin Lorenzo et  al. (2018) captured passive 
gastrocnemius fascicle length with ultrasound aiming to explain 
the amount of reduced propulsive ankle joint power during 
gait (Martin Lorenzo et  al., 2018). However, they could not 
find statistically significant associations. Frisk et  al. (2019) 
speculated that reduced fascicle lengths are essential 
contributors to reduced torque generation in the gastrocnemius 
in SCP. They assumed that a more plantar-flexed position 
during gait (~more equinus) would take advantage of the 
underlying alteration of the torque-angle relation (Barber 
et  al., 2012). Thus, children with shorter fascicles may opt 
to walk in larger plantar flexion to avoid unfavorable length-
force relationships of their sarcomeres. However, the 
understanding may be  compromised by a lack of knowledge 
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about the muscle fascicles’ behavior during gait, which they 
did not simultaneously examine.

Ultrasound studies distinguished the muscle and tendinous 
behavior in vivo. They demonstrated that, in healthy heel-toe 
gait, the GM or soleus fascicles (Fukunaga et  al., 2001; Ishikawa 
et  al., 2005; Aggeloussis et  al., 2010; Rubenson et  al., 2012; 
Barber et  al., 2017) shorten during loading response, the gait 
cycle’s first period of double-limb support after initial ground 
contact. Thereafter, they display a subsequent active stretch-
shorten cycle with near isometric or minor eccentric length 
change during single stance and shortening during push-off. 
During this cycle, the tendon stretches to a larger extent and 
stores elastic strain energy that is released during recoil. Since 
the tendon undergoes most of the whole muscle-tendon unit 
(MTU) length change, the muscles are able to contract at favorable 
lengths (at or near the plateau region of their force-length curve) 
and at a slower speed for force production (Fukunaga et  al., 
2001). The tendon stiffness appears crucial for the efficiency of 
this interaction (Lichtwark and Wilson, 2008).

Knowledge about the contractile mode of the spastic plantar 
flexors during gait has been often theory-driven, based on expertise 
(Gough and Shortland, 2012), forward simulations (Neptune 
et  al., 2007), or musculoskeletal modeling (van der Krogt et  al., 
2015; Rha et al., 2016). While structural shortening of the spastic 
plantar flexor MTU derived from musculoskeletal modeling has 
been primarily linked with equinus gait (Eames et  al., 1997), 
among other factors (Delp et  al., 1996; Hicks et  al., 2008), a 
shorter and passively less extensible gastrocnemius MTU is 
reflected by increased crouch gait overtime (Maas et  al., 2015).

Fairly recently, ultrasonography was also used to investigate 
the in vivo walking behavior of the GM muscle in children 
with SCP (Hösl et  al., 2016; Kalsi et  al., 2016; Barber et  al., 
2017). However, the studies reported seemingly inconsistent 
results. Kalsi et  al. (2016) found increased lengthening of the 
gastrocnemius muscle belly during single support in comparison 
to their TD peers. Barber et  al. (2017) delivered evidence of 
increased fascicle lengthening during the early and mid-stance 
phase; however, contrastingly, Hösl et  al. (2016) did not find 
increased lengthening excursions but less fascicle shortening 
during push-off in accordance with Barber (2017). The inability 
to resist tensile forces was assumed to result in energy absorbed 
by the muscle rather than stored by the tendon, potentially 
damaging the muscle on the long term, which was in line 
with earlier speculations about harmed fiber growth (Gough 
and Shortland, 2012) or promoted fibrosis (Pitcher et  al., 2015) 
due to eccentric overloading in SCP. In this context, three 
aspects warrant further investigation: a different strength level 
may potentially be  related to the extent of eccentric fascicle 
lengthening. Additionally, in the studies of Kalsi et  al. (2016) 
and Barber et  al. (2017), children also primarily presented 
alterations in the ankle joint (equinus gait), while in Hösl et  al. 
(2016) patients walked on average with increased knee flexion. 
Since a steeper landing angle of the foot (i.e., more toe walking) 
may generally exert larger tensile forces on the gastrocnemius 
muscle-tendon complex, the walking pattern might play a crucial 
role. Moreover, healthy populations show a speed-dependent 
modulation of the contractile modes (Ishikawa et  al., 2005), 

e.g., greater lengthening of the GM muscle belly during running 
than during walking (Ishikawa et  al., 2005).

Evidence on the contractile fascicle behavior during gait 
and its relation to ankle kinetics is scarce. Barber et  al. (2017) 
hypothesized that since muscle fascicles in SCP shorten less 
during late stance, they induce less ankle joint power. Also, 
Frisk et  al. (2019) found less fascicle shortening during 
supramaximal stimulations simultaneously with reduced torque 
generation in SCP patients, but they were questioning if this 
would affect muscle force output during gait. Next to that, 
the implications of shorter relative operating length (Hösl et al., 
2016) were not investigated. In TD individuals, the gastrocnemius 
fascicles usually operate at shorter relative length at faster 
walking (Ishikawa et al., 2005). This shift toward the ascending 
limb of the force-length relationship decreases muscle force 
output but may support the storage of elastic energy (Ishikawa 
et  al., 2005) to augment the power output at the ankle joint 
during faster walking (Schwartz et al., 2008). Based on findings 
of longer sarcomeres and reduced sarcomeres in series in SCP 
(Lieber and Friden, 2002; Ponten et  al., 2007; Smith et  al., 
2011; Mathewson et  al., 2014; Mathewson and Lieber, 2015), 
the sarcomeres in SCP may likely need to operate with less 
overlap. Maintaining shorter fascicle operating length could 
thus be vital to produce push-off. Furthermore, fascicle shortening 
velocities have not yet been examined in SCP muscles. However, 
Farris and Sawicki (2012) stated that GM fascicle shortening 
velocity during stance may be a key factor for the speed healthy 
humans choose to walk at. Biomechanically, higher fascicle 
velocities during stance phase could actually impair the fascicles’ 
ability to produce force.

In this study, we  wanted to link resting GM muscle 
morphometrics and the contractile fascicle behavior (both in 
length and velocity) during walking in children with SCP to 
kinematic and kinetic determinants of gait and muscle function. 
Due to the neuromuscular impairment in children with SCP, 
we  were also keen to see whether the relationships were the 
same as in healthy controls. We  performed a further analysis 
of the sample presented in Hösl et  al. (2016). Data of children 
with SCP and their TD peers captured during both rest and 
during gait were analyzed. Ankle joint kinetics were already 
presented by Barber et  al. (2017); however, the associations 
of the fascicle contractile modes and gait kinetics were not 
established. We  thus complemented the ultrasound-based 
contractile behavior of the gastrocnemius fascicles during gait 
by Hösl et  al. (2016) with ankle joint kinetics from inverse 
dynamics during overground gait of the same participants. 
Three aims were deduced: first, we aimed to study the relationship 
between alterations in resting-muscle fascicle length as well 
as muscle thickness (MT) and joint excursion as well as muscle 
function, e.g., during push-off. We  assumed that children with 
SCP with more severe muscle pathology, namely, shorter resting 
GM muscle fascicle lengths and thinner gastrocnemius muscle 
bellies, will walk slower and less erected (with more knee 
flexion) and provide less push-off power. With reference to 
Frisk et  al. (2019), we  also expected that children with shorter 
fascicles will walk in more plantar flexion. Second, we  aimed 
to further explore the divergent findings on eccentric fascicle 
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lengthening in SCP during gait. We  expected larger fascicle 
lengthening in weaker children with SCP, in those with a 
steeper foot landing angle (i.e., an index for more severe forefoot 
landing), and in slower walkers. The third aim of our study 
was to investigate if the fascicle dynamics, i.e., operating length, 
shortening excursion, or velocity, are related to reductions in 
ankle push-off power. We  expected that a longer operating 
length, less fascicle shortening excursion, and faster shortening 
velocities will be  related to smaller push-off power in the SCP 
and TD children. Eventually, due to its exploratory nature, 
this study aims to generate further research goals to be studied.

MATERIALS AND METHODS

In the following, a brief description of the participant 
characteristics and study protocol can be  found. For detailed 
information, we  refer to Hösl et  al. (2016).

Participants
Fifteen children with bilateral SCP (mean age: 11  ±  2.8  years, 
four females) and 17 TD controls (mean age: 12.2 ± 2.3 years, 
eight females) participated in the study. Eleven children with 
SCP were classified as GMFCS level I  and four children as 
GMFCS II. Exclusion criteria were any leg surgeries or 
botulinum toxin injections within the last 12  months. Only 
data of the more involved side (i.e., less passive dorsiflexion) 
were included. Further anthropometric details can be  found 
in Hösl et  al. (2016). For the TD controls, the right side 
was chosen. Experiments received ethical approval by the 
Technical University Munich, Germany, and informed written 
consent was obtained (Hösl et  al., 2016).

Protocol
The participants were physically examined (for passive RoM 
and modified Ashworth scale [Bohannon & Smith, 1987] at 
the knee and ankle) and performed isometric strength tests 
and a 3D gait analysis on a treadmill, as well as during 
overground walking. During the physical exam, passive 
dorsiflexion was measured using ruler-based goniometry. 
Moreover, a seated rest measurement was performed with 
the knees 90° flexed and ankles in neutral alignment (foot 
flat on the ground) to assess the GM muscle morphometrics 
at rest and extract the resting length of fascicles. Subjects 
were encouraged to relax and based on their feedback that 
they did not feel any tension. Although influenced by hypertonia 
and contracture, the modified Ashworth scale was used as 
a surrogate measure of spasticity. Since we  did the resting 
measurement once with electromyography (EMG) and once 
with ultrasound (Hösl et  al., 2016), we  can also confirm 
that the muscle was silent. Peak isometric plantar flexor 
force (N/kg) was assessed by use of a handheld dynamometer 
and a uniaxial force sensor (Mobi, Sakaimed, Tokyo, Japan) 
during five maximum voluntary contractions (MVC, 3-s 
contraction, 1  min rest). For these, participants were long-
seated (hips semi-flexed, knees extended, and ankle as close 

as possible to neutral). After discarding the lowest and  
highest values, three trials were averaged. No motion capture 
data were collected during the strength tests. For the  
current analysis, data captured during the flat-forward  
walking on both the treadmill and overground were included 
(Hösl et  al., 2016). Since the treadmill was un-instrumented, 
the gait kinetics were extracted from the overground 
walking trials.

Gait Analysis
In both conditions, gait analyses were performed at the children’s 
preferred walking speed. A Nexus system (Vicon Inc., Oxford, 
UK) with eight MX-Cameras was used to capture lower-limb 
kinematics using a modified plug-in gait model (Stief et  al., 
2013). Marker data were sampled at 200  Hz. On the treadmill 
(Atlantis, Heinz Kettler, Ense-Parsit, Germany), the participants 
wore a harness (h/p/cosmos, Nussdorf-Traunstein, Germany) 
without weight support, which was connected to a safety frame 
(Mobil Konzept Loadmaster 80, RehaMed Technology, 
Dietzenbach, Germany). After a familiarization period, data 
were captured during 10  s of treadmill walking. During the 
overground condition, the children walked up and down a 
12-m-long flat walkway and ground reaction force data were 
captured at 1000  Hz via two force plates (AMTI, Watertown, 
United  States). Three or more consistent kinetic trials 
were averaged.

Ultrasound and Electromyography
An Echoblaster 128 ultrasound (Telemed, Vilnius, Lithuania) 
was used to image the GM muscle fascicles at 60  Hz with 
a linear probe (8  MHz, field of view of 60  mm) during gait 
(Figure  1). The probe was held in place with a plastic cast 
covered with neoprene. Measurements of the fascicle lengths 
were made at a mid-belly position (i.e., half-way between 
muscle-tendon-junction and popliteal crease), and the scanner 
was aligned according to Benard et al. (2009). The ultrasound 
was synchronized with the motion capture data via a pulse 
that was fed to a DTS EMG System (Noraxon, Scottsdale, 
United  States). Surface electrodes (Blue Sensor N, Ambu, 
Ballerup, Denmark) were placed on the muscle bellies of 
the GM, soleus, and tibialis anterior, and signals were sampled 
at 1000  Hz. EMG and ultrasound were captured in separate 
trials. A sequence of six successive strides was cropped into 
separate gait cycles. Ultrasound videos of each gait cycle 
were then analyzed separately. Fascicle lengths were measured 
with a tracking algorithm (Gillett et al., 2013), and subsequent 
frame-wise inspection by the same investigators (AZ  
and MH) and corrections were manually made were necessary. 
Gait data were interpolated to 100 points across each  
stride, and an average for each participant and condition 
was determined.

Furthermore, resting-muscle measurements were performed 
during seated rest defined with the knees in 90° flexion and 
the ankle in a neutral position (foot flat on the ground). 
In addition, the muscle-belly thickness was measured in the 
same resting position. During gait, all morphometric variables 
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were normalized to the resting lengths and all resting values 
were normalized to shank length. Further information  
about the post-processing e.g., calculation of MTU length 
(Orendurff et  al., 2002) and EMG processing (Panizzolo 
et  al., 2013) can be  found elsewhere (Hösl et  al., 2016). 
However, the information about GM MTU length and EMG 
activity was included for illustrative purposes in the 
present study.

Outcomes
Self-selected walking (SSW) speed was presented as absolute 
values (m/s). For kinematics, we  extracted the foot landing 
angle (i.e., foot to floor landing angle at initial contact), the 
mean dorsiflexion, and knee extension during stance. Concerning 
joint kinetics during gait, joint moments were normalized to 
body mass (Nm/kg). We  further extracted the positive peak 
ankle joint power (W/kg) during push-off. For the gastrocnemius 
morphometries, we  selected the resting muscle belly thickness 
and fascicle length during seated rest. For quantifying the 
working mechanisms during gait, we  calculated the mean 
fascicle operating length (% resting length) in stance, as well 
as the extent of eccentric excursion during single stance and 

the concentric excursion during push-off. Furthermore, the 
respective shortening velocity was calculated during push-off 
(expressed in % resting length/s). We  further computed the 
mean isometric plantar flexor strength (N/kg) from three trials 
as described above.

Statistics
Participant characteristics, physical exam results, and muscle 
morphometrics during rest and gait were compared between 
children with SCP and TD children by use of unpaired t-tests 
or Mann-Whitney U tests if the variables were not normally 
distributed. With regard to the associations, we  correlated the 
resting muscle belly thickness and fascicle lengths with the 
SSW, the kinematics, and the peak push-off power. For eccentric 
lengthening, we  tested the correlations to isometric plantar 
flexor strength, the landing angle of foot, and the SSW. For 
dynamic fascicle behavior, we  tested the associations of relative 
fascicle operating length, fascicle shortening excursion, and 
fascicle shortening speed to the peak power during push-off. 
All bivariate relationships were tested both for SCP and for 
TD children by use of Pearson correlations or, if not normally 
distributed, by Spearman-rank correlations. Correlation 
coefficients were interpreted as poor (<0.2), fair (0.21–0.4), 
moderate (0.41–0.6), and good (0.61–0.8) following the guidelines 
by Altman (1990). Normal distribution was tested with Shapiro-
Wilk tests. The alpha level was set to 0.05 for group comparisons 
and during correlations corrected for familywise comparisons 
according to Šidák (1967) as follows: αsid  =  1  −  (1  −  0.05)1/K, 
with K being the number of dependent variables for each set 
of correlations. Thus, the Šidák-adjusted level (αsid) was 0.0127 
for correlations with resting morphometrics and 0.0170 for all 
other sets of tests. If directed hypotheses were formulated, 
one-tailed tests were performed.

RESULTS

The findings are displayed as means  ±  standard deviations. 
Compared to their TD peers, children with SCP displayed 
significant reductions in passive dorsiflexion when measured 
with extended knees during the clinical exam (1  ±  8° and 
15  ±  4° in SCP and TD, respectively, p  <  0.01) accompanied 
by a modified Ashworth scale score of 2  ±  0.8 (range 1–3).

Their reference fascicle lengths and muscle-belly thickness, 
both measured during seated rest, were reduced by 18% (both 
p  ≤  0.016). An example of an ultrasound image for both 
groups is shown in Figure  2.

During overground walking, the self-selected speed was 
1.15  ±  0.17  m/s in SCP and 1.31  ±  0.14  m/s in TD (p  <  0.01). 
With respect to the overground walking, the decrease in 
comfortable speed on the treadmill was similar (p  =  0.71) 
between the TD children and the children with SCP (5  ±  10% 
and 6  ±  10%, respectively).

Children with SCP walked in a more crouched posture 
than their TD peers, characterized by significantly (p  =  0.02) 
increased knee flexion (+6°) and slightly higher dorsiflexion 
(+1°) during stance (Figures 3A,B). The resulting kinematically 

FIGURE 1 | Example of a child with SCP during treadmill gait and the 
ultrasound probe fixated at the calf and markers from 3D motion capturing. 
The safety harness (h/p/cosmos, Germany) did not provide bodyweight 
support. The ultrasound probe Echoblaster 128 ultrasound (Telemed, Vilnius, 
Lithuania) was attached with a custom-made plastic cast, covered with 
neoprene, and firmly attached to the shank with Velcro straps, halfway between 
popliteal crease and the gastrocnemius muscle-tendon junction (MTJ).
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modelled MTU length is shown in Figures  3E. In addition, 
seven out of 15 children with SCP landed with their forefoot 
first. Concerning the ankle moment (Figures  3C) and the 
ankle joint power (Figures  3D), the peaks during push-off 
were reduced by 20.5% and 42.0%, respectively (both p < 0.01).

The children with SCP reached 9% (p  =  0.04) shorter 
maximum fascicle lengths (Figure  3F) and showed 37% less 
concentric fascicle shortening during push-off (Figure  4A, 
p  =  0.001) with no significant group differences in eccentric 
fascicle excursion during stance (Figure  4A, p  =  0.57).

Furthermore, the peak fascicle shortening velocity (Figure 3G) 
during push-off was 30% slower in the children with SCP 
(p  <  0.01).

Figure  3H displays the simultaneous electromyographic 
muscular activity. Moreover, the isometric strength of the 
children with SCP was decreased by 27% (Figure 4B, p < 0.01). 
Resting fascicle lengths showed a significant positive correlation 
of good strength with SSW speed in children with SCP (Table 1, 
r  =  0.61, p  =  0.008). Furthermore, thicker muscle bellies were 
also significantly positively correlated with walking speed 
(Table  1, r  =  0.60, p  =  0.01).

The moderate positive correlation between resting fascicle 
length and push-off power in children with SCP failed to 
reach statistical significance after Šidák correction (Table  1, 
p  =  0.042). However, negative correlations of good statistical 
strength were found between longer fascicles as well as thicker 
muscle bellies and knee flexion (both p  ≤  0.004) in children 
with SCP. The negative correlations between fascicle length as 
well as MT with the dorsiflexion angle failed to reach significance. 
No significant correlation between the resting-muscle 
morphometrics and the gait parameters was found in the TD 
children (Table  1, Figure  5).

Despite no significant group difference in eccentric fascicle 
excursion in children with SCP and TD (Figure  4A), there 
was a moderate negative correlation between the amount of 
eccentric excursion and the plantar flexor strength 
(rho  =  −0.57, p  =  0.015) only in the patients with SCP 
(Figure  4B, Table  2), indicating that weaker children with 
SCP experienced larger fascicle lengthening during the stance 
phase of gait. The landing angle of the foot or walking speed 
did not show a significant correlation with the extent of 
eccentric fascicle excursion (Table  2).

Normalized operating length of the fascicles moderately 
negatively correlated with peak push-off power at the ankle 
joint in children with SCP (Table 3, Figure 6A, rho = −0.58, 
p = 0.013) indicating that the shorter the fascicles with respect 
to the resting length, the more push-off power may 
be  generated. Furthermore, the fascicle shortening velocity 
or excursion did not show a significant correlation with the 
plantar flexion power during propulsion in the children with 
SCP (Table  3, Figure  6B), while in the TD children, a 
significant good association was found between slower 
shortening velocity of the fascicles and larger push-off power 
(Figure 6B, rho = 0.61, p = 0.0054). No significant correlation 
was found for SSW.

DISCUSSION

In this study, we aimed to link resting GM muscle morphometrics 
and the contractile fascicle behavior (both excursion and velocity) 
during walking in children with SCP to kinematic and kinetic 
determinants of gait and muscle function. One main finding 
was that longer resting-muscle fascicles and thicker muscle 
bellies were positively correlated with walking speed. Furthermore, 
our findings suggest that longer resting fascicles and thicker 
muscle bellies may contribute to less flexed knees but may 
not normalize ankle kinematics. In addition, our results may 
suggest that reduced muscle strength seems to be an important 
factor related to an increase in eccentric excursion by the 
spastic paretic muscle during gait. Finally, our analyses indicated 
that an association between shorter operating length of the 
fascicles and more push-off power at the ankle may exist.

Focusing on resting-muscle morphometrics, children with 
SCP with longer gastrocnemius fascicle lengths and thicker 
muscle bellies walked faster and, as hypothesized, more 
erected (i.e., with less crouch gait). Concerning fascicle 
lengths, these findings are somewhat in line with biomechanical 

FIGURE 2 | Example of an ultrasound image of the GM muscle belly of a TD 
child (12 years, upper image) and a child with SCP (13 years, lower image) 
and schematic extraction of parameters of interest. Green: determination of 
muscle thickness (MT) at the midbelly portion perpendicular to the deep 
aponeurosis. Blue, fascicle length; APOd, distal aponeurosis; GM, 
gastrocnemius medialis; SOL, soleus.
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advantages of longer fascicles, extending their range of active 
force production (Blazevich and Sharp, 2005; O’Brien, 2016). 
Since at a given fascicle shortening velocity, the shortening 
of each sarcomere is less in longer fascicles, relative contractile 
velocity is lower and its force potential can be larger (Blazevich 
and Sharp, 2005). In computer simulations, next to other 
muscles that mainly contribute to an erected gait, e.g., the 
soleus or the glutei (Hicks et  al., 2008; Ong et  al., 2019), 
also the gastrocnemius vertically accelerates the center of 
mass, thus contributing to a more upright gait (Steele et  al., 
2013). Moreover, additional sarcomeres in series may also 
increase the passive muscle extensibility (Butterfield, 2010). 
Longer gastrocnemius fascicles could thereby allow children 
with SCP to walk more erected. Whether longer fascicles 

contain more sarcomeres remains debatable in SCP; however, 
benefits of longer passive fascicle length have been reported 
previously in SCP: longer rectus femoris muscle fascicles 
were related to higher sports‐ and physical functioning scales 
(Moreau et  al., 2010), whereby longer fascicle lengths in 
the tibialis anterior were significantly related to faster walking 
(Bland et  al., 2011). Our finding therefore supports the 
importance of longer fascicles also for the function of the 
GM in individuals with SCP. However, in contrast to our 
expectation and therefore also in contradiction of the 
speculations by Frisk et al. (2019), we did not find a positive 
correlation between longer fascicle lengths and more 
dorsiflexion in children with SCP. Our hypothesis was 
therefore rejected.

A E

B F

C G

D H

FIGURE 3 | Mean traces (shaded area: 1SD) of sagittal plane (A) knee and (B) ankle angles, as well as (C) ankle joint moments and (D) ankle joint power in 
children with SCP (red) and their TD peers (black). The figure further displays (F) the gastrocnemius fascicle length changes throughout the gait cycle and (G) the 
calculated fascicle velocity. For the sake of completeness, the graphs were complemented by (E) modeled GM muscle-tendon unit (MTU) length and (H) the 
gastrocnemius activity assessed with electromyography. Electromyography (EMG) was rectified, filtered, and normalized on the max. Activity of all walking trials for 
each individual.
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More deteriorated muscular pathology of the gastrocnemius 
as indicated by a thinner muscle belly and shorter fascicles 
was associated with a more pronounced knee flexion. This 
may usually be noted as a sign of progressive functional decline 
in individuals with SCP (Bell et  al., 2002). Musculoskeletal 
modeling showed that the MTU length of the gastrocnemius 
can be  short in flexed knee gait (Rha et  al., 2016) or in 
equinus gait (Wren et  al., 2004). Both often lead to recession 

surgeries in SCP. Although treatments aim to restore dorsiflexion 
and not to normalize muscle-tendon architecture (Sees and 
Miller, 2013), it needs to be  taken into account that 
gastrocnemius’ fascicles or muscle belly thickness may undergo 
considerable atrophy due to an intervention as shown after 
Botulinum toxin application (Park et  al., 2014), surgeries 
(Shortland et  al., 2004), and splinting (Hösl et  al., 2015). The 
associations found in this study may suggest that inducing 
gastrocnemius muscle atrophy due to treatment could help 
to correct excessive plantar flexion in children with bilateral 
SCP but may also cause a risk to induce undesired knee 
flexion during gait. With all due reservations considering the 
cross-sectional nature of this study, whether children show 
progressive crouch gait pathology could thus be  influenced 
by preservation of muscle size.

Concerning the association between the gastrocnemius MT 
or the muscle fascicle lengths and peak ankle joint power, 
we could find a significant relationship in neither the individuals 
with SCP nor their TD peers. However, peak ankle power 
was reduced by −42% in the SCP group. Previous studies 
in healthy individuals showed that the active isometric plantar 
flexor force is proportional to their cross-sectional area 
(Fukunaga et  al., 1996). In addition, the vastus lateralis MT 
was a good predictor of the voluntary knee extensor torque 
in patients with SCP and in TD children (Moreau et al., 2010). 
Still other studies reported no strong relationship between 

A B C

FIGURE 4 | (A) Extent of eccentric and concentric fascicle excursions (ΔFL calculated with regard to the resting fascicle lengths) in children with SCP (red) and TD 
children (black). (B) Plantar flexor strength. (C) Relationship between the plantar flexor (PF) strength and eccentric fascicle excursion. *p < 0.05 for group 
comparisons concerning ΔFL and isometric strength. *p < 0.017 for correlations (with Šidák-adjusted level). NB, only regression lines for sign. Correlations are 
shown for each group.

TABLE 1 | Correlation coefficients [Pearson’s r (italic font) and Spearman’s rho 
(upright font)] between gastrocnemius medialis (GM) muscle belly morphometrics 
at rest and gait-related outcomes in children with spastic cerebral palsy (SCP) 
and typically developing (TD) children.

Variables Group SSW

(m/s)

DF (°) KF (°) PF power 
(W/kg)

Fascicle length (% 
shank length)

SCP 0.61* −0.55 −0.66* 0.46

TD 0.02 −0.03 −0.38 0.03

Muscle thickness (% 
shank length)

SCP 0.60* −0.57 −0.69* 0.19

TD −0.12 0.11 −0.16 −0.16

*p < 0.0127 (with Šidák-adjusted level).  
SSW, self-selected walking speed; DF, mean dorsiflexion during stance; KF, mean knee 
flexion during stance; PF power, peak ankle joint power. Background color defines the 
strength of correlation <0.2, poor (red); 0.21–0.4, fair (yellow); 0.41–0.6, moderate (light 
green); 0.61–0.8, good (dark green). Significant values are also displayed in bold.

TABLE 3 | Correlation coefficients [Spearman’s rho (upright font)] between GM 
fascicle dynamics during gait and ankle joint push-off power (PF power).

Variables Group Mean 
operating 
length (% 

resting 
length)

Concentric 
fascicle 

excursion (% 
resting 
length)

Max.
shortening 

speed (resting  
length /s)

PF power (W/kg)
SCP −0.58* −0.01 -0.00

TD −0.23 −0.43 0.61*

*p < 0.017 (with Šidák-adjusted level).
Background color defines the strength of correlation <0.2, poor (red); 0.21–0.4, fair 
(yellow); 0.41–0.6, moderate (light green); 0.61–0.8, good (dark green).

TABLE 2 | Correlation coefficients [Pearson’s r (italic font) and Spearman’s rho 
(upright font)] between GM eccentric fascicle excursion during gait and both 
plantar flexor (PF) strength and gait-related outcomes in children with SCP and 
TD children.

Variables Group PF force 
(N/kg)

SSW

(m/s)

Foot landing 
angle (°)

Eccentric excursion (% 
resting length)

SCP −0.57* −0.21 −0.08

TD 0.36 −0.35 0.42

*p < 0.017 (with Šidák-adjusted level).
PF force, maximum isometric strength from handheld dynamometry; SSW, self-selected 
walking speed. Background color defines the strength of correlation <0.2, poor (red); 
0.21–0.4, fair (yellow); 0.41–0.6, moderate (light green); 0.61–0.8, good (dark green). 
Significant values are also displayed in bold.
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muscle size (i.e., muscle volume and anatomical cross-sectional 
area of the knee flexors and extensors) and strength in children 
with SCP (Reid et  al., 2015). Since children with SCP display 
reduced specific tension (torque/unit CSA) compared to their 
TD peers, the association between plantar flexor muscle size 
and force output during gait may critically depend on neural 
recruitment issues (Elder et  al., 2003). Yet, this has not been 
evaluated in this study. The absent relations in the TD children 
might reflect the rather homogenous and unconstrained gait 
patterns but could also reveal a greater dependency on their 

tendons for locomotion by using the passive elastic energy 
storage and recovery to reduce muscle work.

Regarding the divergent findings on eccentric fascicle 
lengthening, our results suggest that a low isometric strength 
level (e.g., also due to recruitment issues) may be  related to 
the extent of eccentric excursion experienced by the 
gastrocnemius fascicles. Therefore, our finding is in line with 
the hypothesis as already formulated by Barber et  al. (2017). 
In the past, the idea was raised that an eccentric overloading 
of the muscles may be  a primary mechanism for an altered 
adaptation in connective tissue properties in children with SCP 
(Gough and Shortland, 2012), eventually negatively influencing 
factors such as the joint range of motion. In general, eccentric 
training appears to be  beneficial for growth of healthy muscle 
fiber length via sarcomerogenesis (Lynn and Morgan, 1994; 
Butterfield et  al., 2005) but perturbs fiber mechanics inducing 
myofibrillar remodeling (Carlsson et  al., 2007; Franchi et  al., 
2014). Upon chronic eccentric overloading, insufficient repair 
process and substitution of myofibers by nonfunctional fibrotic 
tissue may be promoted (Zhu et al., 2007; Serrano and Muñoz-
Cánoves, 2010). Our current finding supports the idea that 
weaker children with SCP may experience greater eccentric 
fascicle lengthening during gait. However, whether this actually 
overloads their muscles remains to be investigated. Nevertheless, 
we  suggest focusing on efficient strengthening strategies for 
individuals with SCP.

We also analyzed the relationship of the foot landing 
angle (the steeper the more forefoot landing) and the extent 
of eccentric fascicle excursion. The current analysis 
demonstrated no significant correlation. Our sample might 
include less severe toes walkers than those included in the 
study of Barber et  al. (2017); however, our finding agrees 
with previous studies that assessed the effect of voluntary 
toe-walking on the muscle-tendon behavior in healthy 
populations in which the stretch of the plantar flexors was 
fully taken up by the tendon (Lorentzen et  al., 2018). 
Nevertheless, we  did not examine the Achilles tendon (AT) 
behavior. Interestingly, in habitual high heel wearers, a model 
for chronically induced calf muscle shortening and declines 
in fascicle length (Csapo et  al., 2010), similar to SCP, larger 
dynamic fascicles strains have been reported when walking 
on their toes. This would be  analogous to Barber et  al. 
(2017). Corresponding to the current findings, in simulated 
toe walking, both the soleus and gastrocnemius muscles seem 
to operate on the ascending limb of their length tension 
curve (Neptune et  al., 2007). Therefore, it could be  decisive, 
where on their individual force-length relationship the fascicles 
need to operate, which is a potential research goal for a 
further study.

Noteworthily, the correlation between resting fascicle length 
and peak push-off power in SCP did not reach significance, 
which is similar to Martin Lorenzo et  al. (2018). However, 
when relating fascicle length during gait to their resting length, 
children with SCP that operated at a shorter relative length 
were able to produce larger ankle power during push-off 
(Table  3). Based on findings of reduced sarcomeres in series 
in the lower limb muscles of individuals with SCP, e.g., for 

A

B

FIGURE 5 | Relationship between resting-MT and both (A) knee flexion and 
(B) dorsiflexion during gait in children with SCP (red circles) and TD children 
(black diamonds). *p < 0.0127 (with Šidák-adjusted level). NB, regression lines 
for MT for SCP failed to reach significance to dorsiflexion (p = 0.0284).

A B

FIGURE 6 | Contractile determinants of push-off power: relationships 
between the (A) fascicle operating length during gait and the (B) fascicle 
shortening velocity during gait with the propulsive ankle joint power in children 
with SCP (red circles) and TD children (black diamonds). *p < 0.017 for 
correlations (with Šidák-adjusted level). NB, only regression lines for sign. 
Correlations are shown for each group.
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the gastrocnemius (Mathewson et  al., 2014) and soleus 
(Mathewson et  al., 2014; Mathewson and Lieber, 2015), it can 
be  assumed that the sarcomeres may likely need to operate 
with little overlap in SCP. Thus, adapting a shorter relative 
fascicle length during gait, as shown in this study, could be  a 
compensatory strategy to shift the sarcomere operating region 
on the individual optimal part of the length-tension relationship. 
Therefore, fascicle and sarcomere lengths should not be equated. 
To the best of our knowledge, there is no actual experimental 
data available showing on which part of the length-tension 
curve the fascicles operate in individuals with SCP during 
gait. However, experimental instrumented strength tests showed 
that the maximal plantar flexor force generating capacity of 
SCP patients is shifted toward plantar flexion angles (Brouwer 
et  al., 1998; Barber et  al., 2012; Frisk et  al., 2019). Thus, the 
eccentric fascicle excursions seen in SCP patients most likely 
reflect an individually excessed demand on weak muscles in 
unfavorable conditions for active force production. Determining 
the fascicle force-length relationship experimentally simultaneous 
with ultrasound during gait, as already performed in healthy 
individuals (Rubenson et  al., 2012; Bohm et  al., 2018), could 
be  a promising aim for future studies.

In TD children, a slower fascicle shortening velocity was 
correlated with a larger push-off power. The dependence of 
muscle force output on the velocity of the fibers has long 
been established. During ambulation, fascicles in the plantar 
flexors usually maintain a relatively low shortening velocity 
compared with that of the MTU, likely to operate in more 
favorable regions of the force-velocity curve where muscle 
efficiency seems to be highest (Lichtwark et al., 2007; Lichtwark 
and Wilson, 2008). In the past, it could be  shown that, as 
TD children walk faster, ankle power output increases (Schwartz 
et  al., 2008). Worth mentioning, this relationship can also 
be  confirmed when additionally analyzed using the current 
cross-sectional data (r  =  0.79, p  <  0.001). Yet, during faster 
walking, the force generation ability of the plantar flexors 
usually decreases, coinciding with an increase in fiber shortening 
velocity and more activation to generate muscle force (Farris 
and Sawicki, 2012; Arnold et  al., 2013). We  suggest that, at 
the individually preferred walking speed, the behavior of muscles 
in healthy subjects is likely tuned to minimize consumption 
of metabolic energy for eliciting contractions. The ability to 
maintain slower contractile velocities for higher joint power 
production may thus be  a key factor for the velocity healthy 
humans choose to walk at (Farris and Sawicki, 2012). Accordingly, 
an inverse relationship between higher SSW speed and lower 
GM fascicle shortening velocities has been previously also 
reported in young and old adults (Stenroth et al., 2017). Whether 
slower fascicle shortening speed may further indirectly reflect 
Achilles tendon compliance is still subject of scientific controversy 
(Lichtwark and Wilson, 2008; Arnold et  al., 2013; Werkhausen 
et  al., 2019). Interestingly, for children with SCP, there was 
no significant correlation between fascicle shortening velocity 
and push-off power in the present study (Figure  6B). Since 
adequate regulation by the central nervous system may be needed 
to control the operating length and velocity of muscles fascicles 
during gait by muscle activation (Bohm et al., 2018), we assume 

that these relationships might be  disturbed by poor neural 
control in SCP patients. However, these aspects were outside 
the scope of the current analysis.

Limitations
Some limitations need to be  considered. First, the current 
sample is small but homogenous yet the analysis is limited 
by its cross-sectional design. The results should not 
be  generalized to unilaterally affected children. We  admit that 
solely on the basis of these observed cross-sectional associations 
in children with bilateral CP, we  are unable to legitimately 
deduce a cause-and-effect relationship, but we  provided 
biomechanical reasoning to explain our findings and also 
suggest future aspects that need to be  explored. From this 
point of view, this study generates research goals. Analyzing 
prolonged walking in SCP to study the effect of fatigue and 
assessing tendon stiffness and fascicle force angle relationships 
in combination with ultrasound during gait could be  aims 
for future studies.

Second, the pathology in SCP affects several muscles, both 
from a morphological and coordinative perspective. Thus, further 
interrelated factors (e.g., neural control) are likely to affect the 
currently investigated associations to gait kinematics and kinetics. 
We  only focused on the GM muscle, yet other plantar flexors, 
e.g., the M. soleus, may also play an important role considering 
its larger volume (Noble et  al., 2014) and the fact that the 
M. soleus contractile behavior was shown to be partly distinctive 
from the GM in healthy populations (Cronin et  al., 2013). 
Simulations also pointed out that soleus contracture causes 
more plantar flexion (more equinus) in stance and also aggravates 
hip and knee flexion (Ong et  al., 2019). Future studies may 
also shift their focus accordingly.

Third, it should be  also noted that the gait and related 
muscle variables were assessed while the study participants 
walked at a self-selected speed over a level walkway (Kalsi 
et  al., 2016; Barber et  al., 2017) or barefoot at a self-selected 
speed on a treadmill (Hösl et al., 2016). Despite familiarization 
in both approaches (e.g., to become familiar with walking 
with the ultrasound probe attached to the leg), walking on a 
treadmill can affect the children’s gait. While no difference in 
GM muscle fascicle behavior (Cronin and Finni, 2013) as well 
as in EMG and kinematic patterns (Lorentzen et  al., 2018) 
could be  found between treadmill and overground gait in TD 
adults, some differences may exist for children with SCP: van 
der Krogt et  al. (2015) reported that children with SCP might 
rely on their hip joint for generating power on treadmills, but 
how the treadmill may alter the push-off mechanism remains 
debatable. Albeit not being different between patients and 
controls, the alterations in walking speed could also have an 
impact on gait kinetics.

Fourth, the validity of handheld dynamometry for plantar 
flexor strength measurements may be  debatable due to issue 
in selective motor control and due to the fact that the optimal 
point on the length-tension curve for active force generation 
might have potentially been missed in the children with SCP 
due to the chosen measurement position (ankle joint in neutral). 
However, despite that shortcoming, correlations could be found 
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and we  showed that muscle weakness might be  a key factor 
for the GM muscle fascicle behavior.

Finally, we  chose a resting position in which the knee and 
ankle joint angles were at 90° and assumed that the gastrocnemius 
fascicles were off-tension. We  opted for this position, which 
allowed to standardize the angular alignment of the knee and 
ankle. It was chosen to offload the GM and to ensure that the 
fascicles were in slack. The gastrocnemius should be considerably 
off tension due to findings in TD subjects (De Monte et  al., 
2006) and in subjects with SCP (Park et al., 2019). Investigating 
healthy individuals, Hoffman et al. (2014) suggested that healthy 
GM fascicles operate at ~123–135% of their rest length during 
flat forward walking, which refers to the beginning of the 
descending limb of their active length-tension curve. In the 
present study, the GM fascicles of the TD children similarly 
operated on average at ~114–138% of their seated resting lengths, 
which supports the validity of our normalizing approach using 
the seated resting position for measuring resting fascicle length.

SUMMARY AND CONCLUSION

Our results suggest that the gastrocnemius fascicle eccentric 
contractile behavior may be  related to the extent of muscle 
weakness of patients with SCP. Since we  did not find a 
relationship between the foot landing angle and the eccentric 
fascicle lengthening behavior, the results of Barber et al. (2017) 
and Hösl et  al. (2016) may not contradict each other. In 
particular, children with SCP with weaker muscles may therefore 
be  more susceptible to chronic eccentric overloading and 
pathological remodeling processes, which has to be  clarified 
in future studies. Carefully speaking, the correlations also 
suggest that atrophy of gastrocnemius MT may be  related to 
reduced plantar flexion and may promote undesired knee flexion 
during gait. Therefore, sole calculations of musculoskeletal 
models showing shorter gastrocnemius MTU lengths could 
be  misleading in treatment decision-making. In addition, 
we provided evidence that a thicker gastrocnemius muscle belly 
and particularly longer gastrocnemius fascicles could 
be reasonable morphometric properties that should be targeted 
in interventions for pediatric and juvenile patients with SCP, 
since they may relate to a more upright and faster gait pattern. 
Despite longer fascicles are per se favorable for children with 
SCP, we  found that those patients who managed to operate 
on shorter relative length with respect to their resting length 

produced a better push-off. The peak push-off power in 
individuals with SCP is likely affected by the fascicle force-
length relationship (probably altered sarcomere length and 
number), while in TD individuals the force-velocity relationship 
could instead be  decisive.
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