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Abstract

Purpose Weakness of plantar flexor muscles is related to reduced push-off and forward propulsion during gait in persons
with cerebral palsy (CP). It has not been clarified to what an extent altered muscle contractile properties contribute to this
muscle weakness. Here, we investigated the torque generating capacity and muscle fascicle length in the triceps surae mus-
cle throughout ankle range of motion (ROM) in adults with CP using maximal single muscle twitches elicited by electrical
nerve stimulation and ultrasonography.

Methods Fourteen adults with CP (age 36, SD 10.6, GMFCS I-III) and 17 neurological intact (NI) adults (age 36, SD 4.5)
participated. Plantar flexor torque during supramaximal stimulation of the tibial nerve was recorded in a dynamometer at 8
ankle angles throughout ROM. Medial gastrocnemius (MG) fascicle length was tracked using ultrasonography.

Results Adults with CP showed reduced plantar flexor torque and fascicle shortening during supramaximal stimulation
throughout ROM. The largest torque generation was observed at the ankle joint position where the largest shortening of MG
fascicles was observed in both groups. This was at a more plantarflexed position in the CP group.

Conclusion Reduced torque and fascicle shortening during supramaximal stimulation of the tibial nerve indicate impaired
contractile properties of plantar flexor muscles in adults with CP. Maximal torque was observed at a more plantarflexed
position in adults with CP indicating an altered torque-fascicle length/ankle angle relation. The findings suggest that gait
rehabilitation in adults with CP may require special focus on improvement of muscle contractility.
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Impaired gait function in individuals with cerebral palsy
(CP) limits daily life activities and has been shown to reduce
quality of life (Jahnsen et al. 2004b; Parkes et al. 2010; Shi-
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main determinants of human gait is the ability to produce an
efficient contraction of the ankle plantar flexors at the appro-
priate time in late stance during the push-off phase to pro-
pel the body into propulsion (Winter 1983; Meinders et al.
1998; Neptune et al. 2001). Several studies have indicated
that impaired muscle activation is a major cause of reduced
forward propulsion and gait speed in adults with CP (Olney
et al. 1990; Riad et al. 2012; Roche et al. 2014; Barber et al.
2017), which may contribute to increased fatigue during
walking and more frequent falls (Jahnsen et al. 2004a; Mor-
gan et al. 2016).

Altered muscle properties, including muscle atrophy,
altered muscle architecture and reduced extensibility of the
musculotendinous unit have also been suggested to con-
tribute to impaired muscle function and impaired gait abil-
ity in adults with CP (Lieber and Friden 2002; Friden and
Lieber 2003; Barrett and Lichtwark 2010; Riad et al. 2012;
Geertsen et al. 2015; Hosl et al. 2016; Barber et al. 2017).
However, there is little evidence showing a direct relation
between alterations in the contractile properties of the mus-
cle and their force generating capacity in individuals with
CP. A better understanding of this may help to identify new
ways to maintain gait and functional independence in this
group.

Some studies have measured the ability to generate a
maximal voluntary contraction (MVC) as a functional esti-
mate of motor impairment in children (Elder et al. 2003;
Stackhouse et al. 2005) and adults with CP (Ross and Engs-
berg 2002; Barber et al. 2012; Geertsen et al. 2015). How-
ever, MVC is not only an estimate of the force generating
properties within the muscle itself, but also of the (in)ability
to generate maximal neural drive to the muscle and, there-
fore, cannot be used to distinguish neural and non-neural
components that contribute to the force generating capacity.

In contrast, maximal muscle contractions elicited by
supramaximal electrical stimulation of the tibial nerve
provides an objective measure of the ability of the plantar
flexors muscles to generate force independent of the neural
drive to the muscle (Maffiuletti et al. 2001; Maganaris et al.
2001). Supramaximal stimulation has been used previously
as part of the twitch interpolation technique in both children
(Stackhouse et al. 2005) and adults with CP (Hussain et al.
2014, 2017; Neyroud et al. 2017), but not with the purpose
of investigating contractile properties of the muscle. Fur-
ther, supramaximal stimulation in conjunction with in vivo
muscle ultrasound has been used to quantify muscle fasci-
cle length change and characterize the force-fascicle length
relationship in typically developed adults and patients after
stroke and spinal cord injury (SCI) (McDonald et al. 2005;
Gao and Zhang 2008; Barber et al. 2013). Therefore, the pre-
sent study aimed to characterize the force generating capac-
ity of the plantar flexor muscles in adults with CP through-
out ankle ROM using torque measurements from maximal
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muscle twitch elicited by supramaximal stimulations. Medial
gastrocnemius (MG) fascicle length change was investigated
to get information of how fascicle excursion contributes to
the plantar flexor torque generation during maximal mus-
cle twitch. These techniques may provide direct informa-
tion about how contractile properties are involved in plantar
flexor muscle activation in adults with CP. Additionally,
torque generation during MVC was obtained to be able to
compare to previous work. We hypothesized that adults
with CP would generate lower plantar flexor torque (both
during maximal muscle twitch and MVC) and that fascicle
length and shortening would be reduced compared to NI
adults. Additionally, it was hypothesized that adults with
CP would have an altered torque—angle relation where the
optimal ankle angle for generating torque would appear in a
more plantar flexed ankle position.

Method

Prior to the experiments, all participants gave written con-
sent for participation after receiving written and verbal
information in accordance with the Helsinki declaration.
The study was approved by the local ethics committee
(H-16028528) of greater area of Copenhagen.

Participants

Fourteen adults with spastic CP (age 36 years of age, SD
10.6, range 24-58 years, sex 9 men and 5 women, body
mass 65.5 kg, SD 8.22, height 171.4 cm, SD 9.9, diplegic
n=28, hemiplegic =6) participated in the study and were
recruited through the Danish Cerebral Palsy Organization.
The participants were classified from I-III accordance to
Gross Motor Function Classification Scale (GMFCS: 1n=7,
II n=3, Il n=4). Exclusion criteria were: Impaired cogni-
tive function, surgery and/or botulinum toxin treatment in
the ankle joint or in surrounded muscles within 6 months
prior to the experiments. 11 of the 14 participants with CP
had one or more Achilles tendon elongational surgery during
their childhood. Two participants had undergone Achilles
surgery three times had also had surgery in hamstrings and
femur correctional surgery in their teens. The three remain-
ing participants with CP had received no previous lower
limb surgery. None of the participants had received selective
dorsal rhizotomy.

A control group consisted of 17 neurologically intact
(NI) participants (age 36 years of age, SD 4.5, range
26-55 years, gender 5 men and 12 women, weight 64.4 kg,
SD 9.4, height 169.8 cm, SD 8.7). The NI participants
were recruited through the University of Copenhagen and
the Elsass Institute. This group had no reported history of
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neurological or musculoskeletal injury that could interfere
with the experiment.

The CP and NI group are not matched regarding the dis-
tribution of men and women, although this was intended.
Further, the enrollment of women in the study was done
without considering the menstrual or oral contraceptive
status of the participants as these factors were considered
not to bias the measurements systematically.

Experimental set-up

Plantar flexor torque generation was obtained from MVC
and supramaximal electrical stimulation using previously
defined biomechanical evaluation methods (Lorentzen
et al. 2010; Willerslev-Olsen et al. 2013). Briefly, the
participants were seated in a reclining non-compliant
armchair with the examined foot attached to a foot plate
by two straps that prevented the heel from lifting, which
ensured that the exerted torque was applied to the foot
plate. The most affected side was tested in the participants
with CP (left: n =6, right: n=28) and the right foot was
tested in the NI participants. An electro-goniometer con-
nected to the foot plate measured the ankle joint position,
and a torque-meter measured the torque exerted on the
foot plate prior to and during the two types of isometric
muscle contractions. The hip joint was positioned in 100°
(180° representing full extension). The knee joint was in
full extension during the whole experiment to facilitate
contribution of the medial gastrocnemius muscle. Thus,
the exerted torque is restricted to this knee position. Full
extension was restricted (5°-10° limitation) in few par-
ticipants with CP due to contractures. In such cases the
knee joint was positioned in an as extended position as
possible. The knee position was secured by velcro belts.
The ankle joint was positioned in up to 8 different angles
depending on the participants ROM ranging from 60° to
130° in relation to the tibial bone.

Contractile properties
Maximal voluntary isometric contractions (MVC)

Three trials of MVC were obtained in each ankle angle
with 1 min of rest between each trial. The participants
were thoroughly instructed to contract their plantar flexor
muscles as forcefully as possible and hold the contraction
for approximately 3 s. Verbal encouragement was given
by the examiner to motivate the participants to generate
maximal torque. The largest torque generation was used
in the subsequent analysis.

Supramaximal stimulations

To obtain a torque measure that is independent of the par-
ticipants’ neural drive to activate the muscle, we obtained
the torque generation from supramaximal nerve stimula-
tion. Electromyography (EMG) was used to monitor the
response to the electrical stimulations and to ensure that
the participants were at rest before the contractions. Bipolar
electrodes (Ambu Blue Sensor N-10-A/25, Ambu A/S Bal-
lerup. Recording area 0.5 cm? inter-electrode distance, 2 cm)
were placed over the soleus muscle because of limited space
on MG due to the ultrasound probe (see description in the
subsequent section). This also avoided contact between the
electrodes and gel used for the ultrasound recordings. Prior
to electrode placement the skin was brushed softly with
sandpaper (3 M red dot; 3 M, Glostrup, Denmark). A ground
electrode was placed on the distal part of tibia. EMG signals
were filtered (band-pass, 5 Hz—1 kHz), amplified (2000),
and sampled at 2 kHz. The supramaximal nerve stimula-
tion was done by stimulating the tibial nerve in the pop-
liteal fossa supramaximally, while the participants were at
rest. The cathode was a ball electrode placed over the nerve
in the popliteal fossa and the anode was a plate electrode
placed over the patella. Stimuli were 1 ms square pulses.
Single twitch electrical stimulations were given every 10 s
and increased until well above the maximal M-wave and the
corresponding torque could not be increased further, reflect-
ing activation of muscle fibers of a motor unit within the
motor neuron pool of the muscle (Fig. 1a, b) (Maffiuletti
et al. 2001; Vieira et al. 2015). The plantar flexor torque
was subsequently calculated as the peak-to-peak amplitude.
Intensity of the electrical stimulation was determined by the
M wave of the soleus EMG, which may be different from
MG. However, soleus EMG most likely reflect the activa-
tion of MG due to volume conduction (Hutton et al. 1988).
Additionally, MG’s contribution to the exerted torque will
be larger than soleus since the knee was positioned in full
extension during the experiment (Wakahara et al. 2007).

Ultrasound measurements

Measurements of muscle architecture was recorded from
MG, which represents one part of the triceps surae muscle
together with lateral gastrocnemius and soleus. MG fasci-
cle length during MVC and supramaximal stimulation were
recorded using two-dimensional, B-mode ultrasound (Tel-
emed, Vilnius, Lithuania) with a frequency range between
50 and 65 Hz. The ultrasound probe was placed over the
muscle belly of MG and aligned with the longitudinal axis of
the muscle and fixed with elastic adhesive tape on the skin.
Hereby, it was possible to define the muscle fascicle length
as a straight line between the superficial muscle fascia and
the deep aponeurosis, parallel to lines of connective tissue
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MG fascicle 42.5 mm
|: 41.5mm
100 ms

Plantar flexor torque

Fig.1 The figure shows examples of original recordings of data
obtained in the study. a The fascicle tracking illustrating the resting
fascicle length and the shortening of the fascicle from the supramaxi-
mal stimulation of the tibial nerve in a neurological intact participant
with the ankle joint in 90°. b The plantar flexor torque generated from
the same supramaximal stimulation of the tibial nerve as in a. ¢ An
illustration of ultrasound recording from medial gastrocnemius mus-
cle. The dotted square indicates the area of interest which defines the
soleus muscle marked by the superficial and deep aponeurosis. The
full red line defines the investigated MG muscle fascicle

visible on the image (Fig. 1c). This method has previously
been shown to minimize errors when measuring fascicle
length (Benard et al. 2008, 2009). MG fascicle length was
determined during the MVC and supramaximal stimulations
using a semi-automated fascicle tracking algorithm (Cronin
et al. 2011; Gillett et al. 2013).

Statistics

Normal distribution of the outcome measurements was
ensured using histograms, QQ plots and Shapiro—Wilk tests.

The plantar flexor torque from MVC and supramaximal
stimulations were normalized to body mass (kg BM) and
MG fascicle length measures were normalized to fibula
length (cm), hereby controlling the influence of body size.
All statistical analysis was performed in SAS Enterprise
Guide 7.1 (SAS institute Inc., Cary, NC, USA) and figures
were made in Sigmaplot 13.0. MG fascicle length and torque
measurements during MVC and supramaximal stimula-
tions were analyzed using separate mixed model regression
(MIXED) analysis with ankle angle (70°-120°) and group
(CP and NI) and the interaction between ankle angle and
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group as main effects. Using the MIXED analysis, all avail-
able data was included in the analysis in case of unbalanced
datasets between the groups. Post hoc pairwise comparisons
were performed using unpaired ¢ test to detect group differ-
ences. Tukey adjustment was used in the post hoc compari-
sons to limit the risk of false positive results. Additionally, a
sensitivity analysis was performed including the participants
with CP, who had undergone Achilles tendon elongational
surgery.

Relations between maximal torque generation (from both
MVC and supramaximal stimulation, respectively) and fas-
cicle shortening were analyzed using Spearman correlation
coefficients. Descriptive statistics are presented as mean
with standard deviations (SD) and results from the MIXED
regression analysis are presented as mean differences with
stand error (SE) and 95% confidence interval (CI). The level
of significance was 0.05.

Results

Ankle range of motion (ROM) was reduced in the CP group.
We were able to obtain data at 8 ankle angles throughout
ankle ROM from 60° (maximal dorsiflexion) to 130° (maxi-
mal plantarflexion) in the NI group, but only in up to 6 ankle
angles from 70° to 120° in the CP group. ROM was further
reduced in 4 participants with CP ranging from 80° to 110°.

Maximal voluntary contraction (MVC) of the plantar
flexor muscles

There was significant main effect of group (F 5=21.07,
p<0.0001), ankle angle (¥, 5s=13.7, p<0.0001) and there
was a significant interaction between group and ankle angle
(F15=2.94, p=0.02). Post hoc analysis revealed signifi-
cantly lower plantar flexor MVC torque for the CP group at
ankle angles 70°-110° (p <0.007, table 1A in supplementary
material) compared to the NI group (Fig. 2a). There was no
significant difference in plantar flexor MVC torque at 120°
(»p=0.83) between the groups. Both groups generated the
largest plantar flexor MVC torque at 80°. However, the CP
group generated 49.7% less torque than the NI group (mean
diff: —0.28 N m/kg BM, SE 0.06, p=0.002, CI —0.49 to
—0.07).

Torque output from supramaximal stimulation
of the tibial nerve

Plantar flexor torque from supramaximal stimulation of
the tibial nerve decreased from the most dorsiflexed to the
most plantar flexed position in both groups (main effect of
ankle angle: F'; 5=51.64, p <0.0001) and there was a sig-
nificant main effect of group (F; s=10.66, p=0.003) and
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Fig.2 Plantar flexor torque measurements throughout ankle range
of motion (ROM) from dorsiflexion (70°) to plantar flexion (120°).
a Torque generation during maximal voluntary contraction (MVC). b
Torque generation from supramaximal electrical stimulation (STIM).

a significant interaction between group and ankle angle
(Fy5=4.26, p=0.0013). Post hoc analysis revealed signifi-
cantly lower plantar flexor torque in the CP group at ankle
angles from 70° to 100° (p=0.03, table 1B in supplemen-
tary material) compared to the NI group (Fig. 2b). No sig-
nificant difference was observed at 110° and 120° (p=0.28
and 0.92, respectively, table 1B in supplementary material)
between the groups. The largest difference was at 70°, where
the plantar flexor torque was 45.1% lower in the CP group
(mean diff —0.07 N m/kg BW, SE 0.01, p<0.001, CI —0.11
to —0.03). The largest plantar flexor torque was at 70° in the
NI group, whereas the largest torque was at 80° in the CP
group. The largest plantar flexor torque in the CP group was
38.7% less than the NI group (mean diff —0.06 N m/kg BW,
SE 0.01, p<0.0001, CI —0.08 to —0.04).
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circles)=group of neurological intact participants, CP (white cir-
cles)=group of adults with cerebral palsy. Error bars indicate stand-
ard error, asterisks indicate statistical significance

MG fascicle length at rest

MG fascicle length declined from dorsiflexion to plantarflex-
ion in both groups (CP: on average from 47.8 to 26.6 mm,
NI 73.6 to 45.4 mm). When normalized to fibula length MG
fascicle length at rest declined significantly from dorsiflex-
ion to plantar flexion in both groups (main effect of ankle
angle: Fy 5=72.54, p<0.0001) (Fig. 3a). There was also
a significant main effect of group (F, 5=29.3, p=0.003)
showing that resting MG fascicle length was 34.2% shorter
in the CP group (mean diff. —0.39 mm/cm fibula, SE 0.14,
p=0.01, CI —0.69 to —0.1) regardless of ankle angle. Sig-
nificantly lower fascicle length was confirmed in the post
hoc analysis (p <0.01, table 2A in supplementary mate-
rial). No effect of interaction appeared between group and

(9}

MG fascicle shortening (mm/cm fibula)
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Fig.3 a Medial gastrocnemius muscle (MG) fascicle length at rest
throughout ankle range of motion (ROM) from dorsiflexion (70°) to
plantar flexion 120 (°). b MG fascicle shortening during maximal
voluntary contraction of the plantar flexor muscles throughout ankle
ROM. ¢ MG fascicle shortening during supramaximal stimulation of

90

Ankle angle (degrees)

100 110 120 70 80 920 100 110 120

Ankle angle (degrees)

the tibial nerve throughout ankle ROM. MG fascicle length measures
are normalized to fibula length. NI (black circles) =group of neuro-
logical intact participants, CP (white circles)=group of adults with
cerebral palsy. Error bars indicate standard error, asterisks indicate
statistical significance
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ankle angle (F, 5=0.88, p=0.5). Additionally, the differ-
ence in MG fascicle length was not influenced by the torque
required to maintain the resting ankle position (main effect
of group=0.13).

MG fascicle shortening during MVC

During MVC there was significant main effect of ankle angle
(F,5=3, p=0.01), and group (¥, 5="7.28, p=0.01) show-
ing that MG fascicles shortened 49.6% less in the CP group
compared to the NI group (mean diff. —0.08 mm/cm fibula,
SE 0.04, p=0.04, CI —0.16 to — 0.002) regardless of ankle
angle. The post hoc analysis revealed that this was signifi-
cant at all ankle angles (p <0.05, table 2B in supplementary
material) except at 100° (p =0.06). MG fascicles shortened
the most at 80° but was 41.3% less in the CP group (mean
diff. —0.1 mm/cm fibula, SE 0.04, p=0.01, CI —0.17 to
—0.02) (Fig. 3b). No interaction between group and ankle
angle was found (F'; 5=0.17, p=0.97).

MG fascicle shortening during supramaximal
stimulation

No main effect of ankle angle (¥, 5=0.70, p=0.62) and
no interaction appeared between group and ankle angle
(F 5= 0.33, p=0.89). However, there was a significant main
effect of group (F; 5=15.60, p=0.0004) showing that MG
fascicle shortened 55.4% less in the CP group compared
with the NI group (mean diff. —0.03 mm/cm fibula, SE 0.01,
p=0.002, CI —0.05 to —0.01), regardless of ankle angle
(Fig. 3c). The post hoc analysis revealed significantly less
MG fascicle shortening at all ankle angles (p <0.01), except
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Fig.4 a Relation between maximal ankle torque generation and
medial gastrocnemius (MG) muscle fascicle shortening during maxi-
mal voluntary contraction (MVC). b The relation between maxi-
mal plantar flexor torque from maximal muscle twitch elicited by
supramaximal electrical stimulation and MG fascicle shortening.
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at 70° (p=0.12, table 2C in supplementary material). As
shown in Fig. 3c, there was a plateau in the fascicle short-
ening between 80° and 100° with no clear appearance of a
peak in both groups.

Relation between maximal torque generation
and MG fascicle length and shortening

The relation between MG fascicle shortening and maximal
plantar flexor torque generation can be seen in Fig. 4. There
was a moderate correlation between MG fascicle shortening
and plantar flexor MVC torque in both groups, however, did
not reach statistical significance in the CP group (CP group:
r=0.51, p=0.06; NI group: r=0.50, p=0.04) (Fig. 4a). The
plantar flexor torque from supramaximal stimulation was
moderately correlated with MG fascicle shortening in the CP
group (r=0.56, p=0.06). No correlation was found between
these measures in the NI group (r=0.26, p=0.32) (Fig. 4b).

Influence of surgery

A sensitivity analysis was performed where the three par-
ticipants who had received no previous lower limb surgery
were excluded. The remaining subgroup who had under-
gone Achilles tendon elongation (n=11, age 35 years of
age, SD 9.5, range 2451 years, gender 7 men and 4 women,
weight 66 kg, SD 7.6, height 172.5 cm, SD 10.1, diplegic
n=7, hemiplegic n=4, GMFCS: [ n=4,1I1 n=3,1ll n=4)
showed tendencies to lower plantar flexor torque generation
during MVC and supramaximal stimulation and shorter MG
fascicle length and shortening than the whole CP group.
However, these were not statistically significant.
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Discussion

In this study, plantar flexor muscle torque and MG muscle
fascicle length were simultaneously measured during max-
imal muscle twitches elicited by supramaximal stimulation
and MVC in adults with CP and NI adults. Plantar flexor
torque during both types of contractions was significantly
lower and MG fascicle shortening throughout the ankle
range of motion was significantly less in adults with CP
compared to NI adults.

Reduced torque-generating ability in adults with CP

Our findings of reduced plantar flexor MVC torque and
reduced MG fascicle shortening in adults with CP is con-
sistent with previous findings in children and young adults
with CP (Ross and Engsberg 2002; Barber et al. 2012)
and confirms that adults with CP have reduced ability to
generate plantar flexor torque during voluntary activation
of the plantar flexor muscles (Ross and Engsberg 2002;
Elder et al. 2003; Stackhouse et al. 2005; Geertsen et al.
2015; Kirk et al. 2016).

In the CP group during supramaximal stimulation maxi-
mal plantar flexor torque was reduced up to 47% across the
ankle range of motion. Reduced plantar flexor torque from
supramaximal stimulation across the majority of the range
of motion of the ankle strongly suggests that local mus-
cle alterations of the contractile properties of the muscle
limit the torque generating ability in adults with CP. This
points to muscle atrophy, with a reduction of the number
of myosin and actin filaments in parallel and series, as an
important cause of the reduced torque generation (Gordon
et al. 1966; Shortland et al. 2002; Lieber et al. 2004).

It should be pointed out that we cannot directly infer
that reduced torque generation found by supramaximal
stimulations would affect muscle force generation during
voluntary movements, such as gait, to the same extent.
In contrast to voluntary movements, plantar flexor torque
generated during maximal muscle twitches, that are
evoked by supramaximal stimulations, do not take spatial
and temporal summation of motor-unit activation and syn-
ergistic muscle activation into account.

The largest plantar flexor torque during supramaximal
stimulation was observed at a slightly more plantar flexed
position in the adults with CP (at 80°) than in NI adults
(at 70°). This is in contrast to what was observed for MVC
and may illustrate the importance of evaluating the con-
tractile properties of the muscles by supramaximal stim-
ulation rather than MVC. During MVC, adults with CP
may compensate for impaired contractile properties of the
muscle by activating synergist muscles (Maganaris et al.

2001). Thus, MVC torque estimates should be interpreted
with caution when used to characterize the force generat-
ing capacity of the muscle in adults with CP. Using ankle
torque generation from supramaximal stimulations as done
in the present study, it may be possible to detect an altered
torque—angle relation as compared to NI adults, which is
consistent to what observed in patients after stroke and
SCI (McDonald et al. 2005; Gao and Zhang 2008).

Additionally, differences in Achilles tendon length
between adults with CP and NI adults also need to be taken
into account concerning the force generating capacity (Kalk-
man et al. 2017). This may confound the torque—angle rela-
tionship, but it will not influence the torque measurements at
the individual ankle joint positions. Moreover, no interaction
between group and ankle angle was shown in the analysis,
which makes it unlikely that differences in tendon length
should have influenced our results significantly. Increased
Achilles tendon length and increased tendon compliance,
which have been found in adults with CP in previous stud-
ies, may affect plantar flexor MVC torque (Zhao et al. 2009;
Wren et al. 2010; Barber et al. 2012), but tendon compliance
appears to influence maximal muscle twitches elicited by
supramaximal stimulations very little, since the contraction
has a very short duration and the elicited torque is relative
low compared to MVC (McDonald et al. 2005).

Reduced fascicle length at rest

The CP group had on average 34% shorter MG fascicle
length at rest than the NI group. A similar reduction in rest-
ing muscle fascicle length has also been reported in previ-
ous studies in children and adults with CP (Mohagheghi
et al. 2007, 2008; Barber et al. 2011; Matthiasdottir et al.
2014) using similar methods of measuring passive ankle
torque throughout ankle range of motion. Reduction of fas-
cicle length is also seen in animal studies following immo-
bilization in shortened position (Williams and Goldspink
1973; Spector et al. 1982), and is generally assumed to be
related to an adaptive reduction of the number of sarcom-
eres in series. There are also studies in which no reduc-
tion of muscle fascicle length has been found in children
with CP (Shortland et al. 2002, 2004; Malaiya et al. 2007).
However, methodological differences between studies may
explain length measurement discrepancies. First, recording
ankle torque throughout the range of motion during fascicle
length measurement, as was performed in this study, enables
a comparison of fascicle length between groups at the same
torque. Comparisons of MG fascicle length with unknown
applied ankle torque, when the foot/ankle complex is in a
“resting position”, should be interpreted with caution. Sec-
ond, proper ultrasound transducer placement and stabiliza-
tion have been found to be crucial for valid measurements
of fascicle length (Benard et al. 2009). Ultrasound probe
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movement due to ineffective positioning and fixation may
impact fascicle length measures as the fascicle may move out
of the image plane and appear shorter. Third, subgroups of
CP participants with varied functional level (GMFCS) and/
or treatment history (pharmacological and surgical interven-
tions) may also lead to contrasting results. Shortland and
colleagues (Shortland et al. 2004) found no difference in
MG fascicle length prior to gastrocnemius recession between
children with CP and TD children, however, post-surgery
MG fascicle lengths were reduced by 28% when measured
in maximal dorsiflexion, which is consistent with the pre-
sent findings in adults with CP. Additionally, differences in
enrolled participants may also lead to contrasting findings
between studies. This may be the case in the study by Hus-
sain et al. (2017) which found longer fascicle length in men
with CP with GMFCS I whereas shorter fascicle length was
found in our study in which both men and women with CP
with GMCS I-I1II was included. These differences may influ-
ence muscle size and fascicle length which consequently
makes a direct comparison between the studies difficult.

Reduced fascicle shortening

The CP group had 55% less MG fascicle shortening dur-
ing the muscle twitch (and 49.6% during MVC) than the
NI group. When relating maximal torque generation to the
corresponding fascicle shortening during supramaximal
stimulation (Fig. 4), we observed reduced torque for a given
shortening of the fascicles in the adults with CP. Shorter
muscles (and fascicles), with less sarcomeres in series, have
a smaller capacity for shortening (Lieber and Friden 2000).
It would, therefore, be reasonable to consider that the shorter
fascicles lengths in adults with CP reported in this study
result in reduced capacity of the fascicles to shorten and
reduced for generation of torque across the individual joint
positions. Our results also showed that participants with the
shortest resting MG fascicle length also showed the most
reduced MG fascicle shortening. This may reflect an altered
torque-fascicle length relation in adults with CP as a reduc-
tion of the number of sarcomeres in series resulting in a
shorter muscle as has been suggested also previously (Lieber
et al. 2004; Gough and Shortland 2012). If so, this may be
a contributing factor for toe walking in individuals with CP,
since a more plantar flexed position during gait would take
advantage of the alteration in the torque—angle relation.
Clinically, this may indicate that adults with CP have opti-
mized their gait pattern where muscle fascicle shortening is
executed where largest plantar flexor torque can be generated
to ensure propulsion.

The reduced shortening of the muscle fascicles during
supramaximal stimulation may also be related to other impair-
ments in the function of the neuromuscular unit. Previous
studies have found evidence of impaired development of the
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motor end-plate in children (Robinson et al. 2013) and adults
with CP (Theroux et al. 2005). This is likely to reduce the
available amount of acetylcholine throughout the muscle fiber,
limiting maximal activation of motor units associated to the
alpha motor neuron. Increased amount of connective tissue
(Friden and Lieber 2003; Smith et al. 2011) and intramus-
cular fat (Johnson et al. 2009) may also impair shortening of
the fascicles by increasing the stiffness of the muscle-tendon
complex (Barrett and Lichtwark 2010; Lorentzen et al. 2010,
2017; Ranatunga 2011).

Clinical implications

Reduced contractile properties of the muscles for generating
plantar flexor torque may also apply to functional motor tasks
such as walking. This is supported by the findings of Barber
et al. (2017) which found 10% less fascicle shortening during
the push-off phase of walking accompanied with reduced ankle
power production in children with CP (Barber et al. 2017). In
line with this, Hosl et al. (2016) found 37% lower concentric
fascicle excursion during gait in children with CP than in TD
children. It is important to note that torque/power generated at
the time of push-off is the sum of released torque stored in ten-
dons (passive torque) and generated torque by muscles (active
torque) (Lichtwark and Wilson 2006, 2008). The advantage of
using a controlled protocol by measuring plantar flexor torque
from supramaximal stimulations while tracking MG fascicle
shortening, as done in the present study, is that it provides
direct evidence that reduced contractile properties of the mus-
cle reduces the torque-generating ability in adults with CP. Our
findings, therefore, highlight the importance to obtain direct
measures of contractile properties of the muscle to be able
to address interventions to improve the contractile properties
of the muscle for generating torque in adults with CP. Imple-
mentation of strength-gaining interventions have previously
shown to improve muscle function and strength (Taylor et al.
2013; Kirk et al. 2016; Gillett et al. 2018) and may thus serve
as an essential part of gait training in adults with CP and other
persons with central nervous lesions. Although strength train-
ing generally does not appear to improve functional abilities in
itself, it could be an important supplement to more functionally
oriented training. Gait training with various degree of inclina-
tion may also improve the muscles excursion range, which has
been shown to have positive effect on muscle stiffness and gait
performance in children and adults with CP (Willerslev-Olsen
et al. 2014; Hosl et al. 2016; Lorentzen et al. 2017).

Conclusion
The present study obtained torque measurements from

supramaximal stimulation of the tibial nerve to character-
ize torque generating capacity of the triceps surae muscle
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throughout ankle ROM in adults with CP. Impaired con-
tractile properties shown as reduced torque generation
during maximal muscle twitch were underpinned by the
observation of reduced MG fascicle length and shortening
from ultrasound recordings throughout ankle ROM. Using
supramaximal stimulation, we were able to detect an altered
torque-fascicle length/ankle angle relation in adults with CP,
which was not detected using MVC. This strongly indicates
that reduced fascicle length and shortening are essential con-
tributors to reduced torque generation in adults with CP and
are in all likelihood contributing to reduced push-off while
walking. Strength training interventions aiming to improve
muscle strength and gait training with de- and inclination
to increase muscle fascicle excursion range may be useful
interventions to improve contractile properties of the plantar
flexor muscles in adults with CP.
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