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Hyper-resistance at the joint is one of the most common symptoms in children with
cerebral palsy (CP). Alterations to the structure and mechanical properties of the
musculoskeletal system, such as a decreased muscle length and an increased joint
stiffness are typically managed conservatively, by means of physiotherapy involving
stretching exercises. However, the effectiveness of stretching-based interventions for
improving function is poor. This may be due to the behavior of a spastic muscle
during stretch, which is poorly understood. The main aim of this paper is to provide
a mechanistic explanation as to why the effectiveness of stretching is limited in children
with CP and consider clinically relevant means by which this shortcoming can be
tackled. To do this, we review the current literature regarding muscle and tendon
plasticity in response to stretching in children with CP. First, we discuss how muscle
and tendon interact based on their morphology and mechanical properties to provide
a certain range of motion at the joint. We then consider the effect of traditional
stretching exercises on these muscle and tendon properties. Finally, we examine
possible strategies to increase the effectiveness of stretching therapies and we highlight
areas of further research that have the potential to improve the outcome of non-invasive
interventions in children with cerebral palsy.
Keywords: muscle, tendon, in vivo, sarcomere addition, stiffness

INTRODUCTION
Cerebral palsy (CP) is a non-progressive disorder caused by a brain lesion taking place in the early
stages of development (Graham et al., 2016). The neurological lesion in CP causes adaptations
in the muscle, including muscle atrophy (Shortland, 2009), fibrosis (Booth et al., 2001), muscle
shortening (Barrett and Lichtwark, 2010) and overstretched sarcomeres (Mathewson et al., 2014).
The combination of longer sarcomeres with shorter muscle fibers mean that there will be fewer
in-series sarcomeres (Mathewson et al., 2014). Additionally, there is a lack of muscle growth
(Gough and Shortland, 2012; Willerslev-Olsen et al., 2018). This dynamic shortening of the muscles
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the effectiveness of stretching therapies and highlight areas of
further research that have the potential to improve the outcome
of non-invasive interventions for children with CP.

is typically treated with stretching exercises, botulinum toxin
injections, casting or ankle-foot-orthoses. Eventually, if these
treatments are not sufficiently effective fixed contractures can
develop, which is treated with surgery.
One of the main aims of these treatments which try to
maintain or increase ROM is to improve the gait pattern. An
increase in muscle-tendon unit (MTU) length could be gained
by permanently stretching existing structures, however, this is
probably less desired as a carry-over effect to function may not
occur. To improve functionality, the increase in length should
be rather achieved by building new contractile material in-series
within the MTU. Ideally, we want to promote large, strong and
flexible muscles that allow contractile function across the muscle’s
full range of motion. Therefore, interventions should aim to
increase fibers length by promoting serial sarcomerogenesis.
According to the force-length characteristics of muscle (Lieber,
2002), such an increase in muscle fibers length would allow for
force production over the newly acquired ROM.
For the purpose of increasing ROM, different stretching
methods have been used. Passive or active stretches can be applied
either manually by a clinician or by the patients themselves as
initial conservative treatments. Ankle-foot-orthoses or casting
are used to hold the joint near their end-range of motion to
provide a more chronic stretch of the muscle. By increasing ROM,
stretching methods should consequently better daily function,
delay the development of contractures and the need for surgical
intervention This relies on the assumption that the muscle is able
to generate forces throughout a larger excursion used over the
increased ROM. The stretching exercises can cause discomfort
to the children, they are time consuming for the patient their
families (Hadden and Von Baeyer, 2002) and the physiotherapists
(Wiart et al., 2008). Additionally, there is limited evidence to
support functional improvements, e.g., in gait and mobility, after
stretching interventions (Preissner, 2002; Katalinic et al., 2011;
Harvey et al., 2017). Clearly a significant gap exists between the
clinical rationale for implementing stretching and the supporting
evidence for its intended effectiveness. Despite this, stretching
remains a widely prescribed method of treatment, probably due
to the comparative simplicity and safety of its application as a
first line treatment. Therefore, the main aim of this paper is
to review the evidence and provide a mechanistic explanation
as to why the effectiveness of stretching is limited in children
with CP and consider clinically relevant means by which this
shortcoming can be tackled.
To do this, we will first discuss how the muscle and its
tendon interact in children with CP based on their morphology
and mechanical properties to limit ROM at the joint. This
discussion will be presented in terms of a simplified muscle
model of the medial gastrocnemius. The discussion will focus
on the contribution of different structures within the MTU
to the ROM and consider whether the fibers experience an
adequate stretching stimulus to promote adaptation. Second,
we will consider the effect of traditional stretching exercises
on the muscle and tendon properties in children with CP by
examining the literature about both manual passive stretching,
ankle-foot-orthoses and lower-leg casts on muscle and tendon
properties. Finally, we will examine possible solutions to increase
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MUSCLE AND TENDON PROPERTIES
IN CP
The mechanical properties of a muscle dictate the degree of its
length alteration in response to an applied force. This response
depends partly on the geometry of the muscle, as well as on the
intrinsic tissue material properties. In this paper we will discuss
the changes that occur to the architecture and the mechanical
properties of the medial gastrocnemius muscle in children with
CP. To do this, it is common to use a simplified pennate
muscle model (Figure 1) of the medial gastrocnemius. In this
model, the MTU consists of a muscle and a tendon placed
in series, where the changes in the muscle belly length are
dependent on changes of the muscle fascicles and the pennation
angle. The medial gastrocnemius muscle is most commonly
studied in children with CP for a few reasons: it is a superficial
muscle, therefore suitable for most imaging techniques and
this muscle is essential for functional tasks such as walking.
The architectural structure of muscles can be studied in a
straightforward manner with medical imaging techniques such
as MRI (e.g., Elder and Kirk, 2003), and 2D (e.g., Shortland
et al., 2002) or 3D ultrasound (e.g., Cenni et al., 2018a; Cenni
et al., 2018b, while the mechanical properties (stiffness) of a
muscle can be assessed by applying a known tensile force to
the tissue and measuring the resultant elongation (Maganaris,
2002). Due to anatomical constraints, some assumptions need to
be made when quantifying in vivo muscle and tendon stiffness.
For example, when applying a passive moment around the
ankle joint to dorsiflex the foot, the lengthening of the medial
gastrocnemius MTU achieved depends on the MTU’s moment
arm length (Kalkman et al., 2017) the properties of all agonist
plantarflexor and antagonist dorsiflexor MTUs acting around the
ankle joint, and the properties of all passive structures within
the joint (e.g., ligaments and joint capsule) These factors might
vary with ankle angle, making it difficult to quantify the passive
force carried by MTU during passive joint rotation. Alternatively,
instead of calculating muscle stiffness in absolute terms, we can
estimate the relative contribution of muscle and tendon to the
joint’s ROM as the muscle and its tendon are placed in series
and therefore the passive force along these two structures is
expected to be the same.

Muscle Architecture in CP
There is consistent evidence that the medial gastrocnemius
muscle is shorter in the paretic leg of children with CP compared
to matched typically developing children (Fry et al., 2007; Malaiya
et al., 2007; Barrett and Lichtwark, 2010). This is accompanied
by a greater length of the Achilles tendon in children with
CP (Wren et al., 2010; Barber et al., 2012). Furthermore,
some studies have reported reduced muscle fascicle lengths at
rest in children with CP than in TD children (Mohagheghi
et al., 2008; Matthiasdottir et al., 2014; Kalkman et al., 2018b;
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FIGURE 1 | Schematic representation of the contribution of muscle length to muscle tendon unit (MTU) length. PCSA, Physiological cross-sectional area.

with caution. To circumvent this problem, fascicle lengthening
during passive joint rotations has been additionally studied over
a common torque range and a common MTU lengthening, where
it was found that irrespective of the method used the stiffness of
the muscle fascicles relative to their in-series tendon was higher
in children with CP (Kalkman et al., 2018b).
Due to the above-mentioned changes in muscle and tendon
properties, the stretch “seen” by the muscle and the fascicles
would be reduced in children with CP. It has been shown
in rabbits that strain experienced by the muscle fibers is
a more potent stimulus for in series sarcomerogenesis than
MTU strain (Butterfield and Herzog, 2006). Therefore, it is
reasonable to assume that the reported alterations to muscle
and tendon properties play a crucial role for the response
to stretching interventions, as is expected in TD individuals
(Morse et al., 2008).

D’Souza et al., 2019; Frisk et al., 2019), but others have not
detected differences (Shortland et al., 2002; Malaiya et al., 2007).
These findings can have significant functional consequences.
Shorter muscle fascicles with fewer sarcomeres in series, as found
in children with CP (Lieber and Fridén, 2002; Ponten et al., 2007;
Mathewson et al., 2014), will have a limited potential for active
shortening. This, would in turn influence the force generating
capacity of the muscle (Frisk et al., 2019). It has also been
shown that the force-length relation of muscles in children with
CP was different to that of typically developing children, with
maximal torque generation occurring at a more plantar flexed
position (Frisk et al., 2019). This may be a contributing factor
to gait impairments such as toe-walking, the more plantarflexed
joint position during gait would take advantage of the altered
moment-angle relationship. These findings highlight that it is
essential to increase fibers length and extensibility to improve
the force-length relation of the muscle, firstly with respect to
the position at which maximal torque is produced and secondly
with respect to the range over which force can be produced
(Lieber and Friden, 2000).

THE EFFECT OF STRETCHING ON
MUSCLE AND TENDON PROPERTIES IN
CHILDREN WITH CP

Lengthening Behavior of the Muscle

Muscle stretching, in the form of passive stretching exercises,
orthotics, casting, standing tables, or a combination of these
modalities, has been recommended in the early management
of joint hyper-resistance in children with CP (Pin et al.,
2006; Blackmore et al., 2007; Bovend’Eerdt et al., 2008; Novak
et al., 2013). Here we assess the effect of traditional stretching
exercises on muscle and tendon properties. Although there is an
abundance of literature showing a positive effect of stretching
exercises on ROM [as reviewed by Eldridge and Lavin (2016)],
functional indexes such as gait parameters, walking velocity and
gross motor function rarely improve (Craig et al., 2016). This
may be because the muscle and the tendon do not adapt in the
required ways, a concept that has not been studied systematically.
During typical growth and development there is an agedependent adaptation of muscle and tendon in response to
stretch. It has been suggested that during normal growth, both the
muscle and the tendon grow, and the tendon grows at a slightly
lower rate (Wren, 2003). Younger animals have been shown to
adapt to immobilization by increasing tendon length, where older
animals add sarcomeres in-series (Tardieu et al., 1977). The use

For an increase in fibers length to occur in response to a stretching
intervention, it is essential that the muscle fibers receive an
adequate stretching stimulus. The amount of stretch that the
muscle experiences is dependent on the mechanical properties of
both the contractile tissue as well as the connective tissue within
the muscle fibers and the tendon. It has been shown that, when
the ankle joint is passively dorsiflexed n children with CP, the
belly of medial gastrocnemius muscle elongates less compared
to TD children (Matthiasdottir et al., 2014). Additionally, some
studies have reported lengthening of the muscle fascicles to be
unaltered during passive joint rotation (Matthiasdottir et al.,
2014), while others show a reduction in fascicle lengthening in
CP when compared to TD children (Barber et al., 2011; Kalkman
et al., 2018b). These inconsistent findings could potentially be
accounted for by different ways of comparing groups. A reduced
ROM in children with CP could complicate comparisons made
over the full ROM. Additionally, due to differences in Achilles
tendon moment arm length (Kalkman et al., 2017) and joint
stiffness (Alhusaini et al., 2010) between TD and CP participants,
comparisons in terms of joint angles should be interpreted
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stretching intervention was performed by Kalkman et al. (2019),
who found an increase in ROM and no changes in resting fascicle
length. Hence, similarly to the acute response (Kalkman et al.,
2018a), it was hypothesized that the increase in ROM was caused
by a chronic increase in stretch tolerance. This concept would
also be able to explain the increase in fascicle strain as seen
in Theis et al. (2015). Contrasting results were found by Hösl
et al. (2018) who reported a small decrease in resting fascicle
length after 9 weeks of passive stretching. However, fascicle strain
did increase, which was attributed to larger passive dorsiflexion
ROM and tolerated stretch-moments (Hösl et al., 2018). In
comparison to Theis et al. (2013) and Kalkman et al. (2018a)
the time period each stretch was held was shorter (20 s vs.
60 s), but the total intervention time was about 27% longer.
The literature is still lacking studies looking at changes in the
structure of individual muscle fibers (at sarcomere level) after
stretching interventions, which could possibly clarify and explain
the observations described above.

of a computational model suggested that the tendon acts like
this at young age in order to minimize tensile strains (Wren,
2003). Growth factors that are altered during development may
be responsible for these different muscle and tendon adaptation
across the lifespan (Okamoto et al., 2005). In children with CP
this is additionally complicated by the fact that growth factor
seems to be further altered from typical (Von Walden et al., 2018;
Pingel et al., 2019). This raises the question whether it is the
muscle or the tendon adapting in younger and older children with
CP. Are the muscles able to increase length by sarcomerogenesis
or is the tendon additionally lengthened by stretching treatments?

Passive Stretching
Passive stretching exercises are carried out by a therapist without
the patient’s own muscular involvement. The muscle to be
stretched is lengthened as the therapist manually moves the joint
of the patient at its end-range position. The therapist holds this
end-range position for a certain amount of time. The effect
of manual passive stretching on muscle and tendon properties
has been investigated both acutely after a bout of stretching
and after a long-term intervention. Acutely, passive stretching
has been shown to increase ROM in children with CP (Theis
et al., 2013; Kalkman et al., 2018a). Theis et al. (2013) performed
passive stretches for five repetitions of 20 sec, either applied by
a physiotherapist or by the children themselves. Kalkman et al.
(2018a) performed three sets of five 20 sec repetitions of passive
stretching, all applied by a physiotherapist. According to Theis
et al. (2013) the increase in ROM was accounted for by an increase
in length of all 3 structures that make up the MTU, muscle belly,
fascicles and tendon. However, the average reported increase in
MTU lengthening after stretching (18.5 mm) seemed extremely
large for an increase in ankle ROM of only 9.8◦ . A later study
showed that a similar increase in ROM (10◦ ) achieved directly
after a single bout of stretching resulted in only 3.9 mm average
increase in MTU lengthening, where 80% of the increase in
maximal MTU length was accounted for by the muscle fascicles
and the remaining 20% could be attributed to the Achilles tendon
and aponeurosis (Kalkman et al., 2018a). Kalkman et al. (2018a)
additionally showed that the amount of length change in the
muscle belly achieved by joint rotation over a common ROM was
not altered. Therefore, they concluded that the increased ROM
could be due to a greater torque applied passively by the examiner
and thus an increased tolerance to stretch, dependent on several
factors, including, pain tolerance, warm-up, and acquaintance
between therapist and patient.
After a 6-week stretching intervention that consisted of 15 min
stretching (10 repetitions of 60 sec) for four times a week,
it was shown that ROM increased, joint stiffness decreased,
resting fascicle length remained similar and muscle stiffness
decreased (Theis et al., 2015). However, as mentioned above
there are several limitations associated with measuring muscle
stiffness, since the calculated force in the muscle depends on
the MTUs moment arm, passive structures around the joint
and other agonist/antagonist muscles. Nonetheless, the authors
hypothesized that the changes in stiffness were due to changes
in muscular connective tissue and not by an increase in
serial sarcomere number (Theis et al., 2015). A similar 6-week
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Ankle Foot Orthoses
An ankle foot orthosis (AFO) is a medical device that imposes
a mechanical constraint to the ankle and the foot. The AFO
can directly affect movement of the ankle both during gait and
at rest (i.e., at night). AFO’s are commonly used to hold the
joint more permanently near the end range of motion applying
constant, moderate stretch to the MTU. The only study found
that reported the effect of AFO’s on muscle/tendon structure
in children with CP, showed little change in muscle belly and
tendon length after 16 weeks of ankle-foot bracing (Hösl et al.,
2015). However, a 11% decrease was found in fascicle length,
which was suggested to be caused by a loss of sarcomeres in
series (Hösl et al., 2015). Similar to the results described in
the previous section, it seems that the muscle does not “see”
much of the stretch stimulus in AFO’s too, which might explain
these findings of limited changes in muscle/tendon structure.
The authors concluded that it seems difficult to change muscle
morphometrics by single traditional treatments and there is a
need for concomitant treatments to promote muscle growth
(Hösl et al., 2015). Additionally, a simulation study showed that
the operating length of the medial gastrocnemius MTU during
gait is highly variable between individuals and types of AFO
(Choi et al., 2016), suggesting that, with a proper orthotic design,
it may be possible to promote in series sarcomerogenesis. Clearly,
more focused research is required to identify the mechanisms
of inter-subject variability in muscle remodeling in response to
chronic stretching.

Serial Casting
Lower-leg casting refers to the application of plaster to
immobilize the ankle joint. Serial or progressive lower-leg casting
involves the successive application of a series of casts, placing the
foot at gradually increasing dorsiflexion angles with each cast.
In an initial study, which still requires full review, publication,
and confirmation, the effects of 2 weeks of lower-legs casting
only on the ankle joint as well as the underlying muscle and
tendon properties, was examined in a group of children with
CP (Peeters et al., 2018). It was shown that post-casting, an
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muscle volume decreased significantly after BoNT-A injections
(Williams et al., 2013b), usually an unwanted outcome that
could be counterbalanced with strength training (Williams et al.,
2013a). Together with a reduction in normalized muscle volumes,
alterations to muscle quality were shown by a reduction in
echogenicity in a cohort of children with who had received
BoNT-A injections compared to a cohort of children with CP
who did not receive any BoNT-A injections (Schless et al.,
2019). Although no difference could be shown between single
and multiple BoNT-A injections (Barber et al., 2013), it seems
unlikely that multiple BoNT-A injections would promote muscle
growth, the desired outcome from the stretching interventions
discussed in this review.

increased maximum ankle dorsiflexion angle was accompanied
by increased tendon length, rather than muscle length (Peeters
et al., 2018). More studies are needed, especially to evaluate if the
effects may differ depending on age, as shown in animals (Tardieu
et al., 1977). If corroborated, these results will also be in line with
the findings described above where the increase in joint ROM
after the use of AFO’s could be explained by an increase in tendon
length (Hösl et al., 2015). Once again, this effect may be explained
by the same principle applied during passive stretches, where the
tendon “sees” most of the stretch (Kalkman et al., 2018b).

IMPROVING THE EFFECTIVENESS OF
STRETCHING IN CP

Specific Collagenase Enzymes and
Stretching

As discussed above, stand-alone stretching methods applied
manually, with AFO’s or serial casting do not seem effectively
improve the muscle and tendon. Adaptations seem to be either
absent or in a negative direction after a period of stretching.
In this context, a combination of treatments have been tried to
increase the stretch stimulus to the muscle. In this section we will
discuss the effect of different combination treatments on muscle
and tendon properties.

To avoid the negative effects of BoNT-A injections on the
muscle, another way to reduce the stiffness of the spastic muscle
has recently been proposed. It was hypothesized that injecting
specific collagenase enzymes, to digest part of the extensive
collagen in the extracellular matrix (Smith et al., 2011), which
play a role in contractures would reduce muscle stiffness (Howard
et al., 2019). This theory is about to be tested in a spastic
mouse model, but it is hypothesized that if selective collagenase
is injected into spastic muscle at an appropriate dilution and
concentration in combination with a stretching program, it might
lead to increased ROM and improvements in sarcomere length,
hence enhancing force production over the newly acquired ROM
(Howard et al., 2019).

Botulinum Toxin-A and Stretching
Common in clinical practice is the combination of Intramuscular
Botulinum neurotoxin-A (BoNT-A) injections with stretching
by serial casting. The hypothesis is that BoNT-A injections
temporarily reduce the symptoms of excessive tonic discharge
thus providing a “window of opportunity” during which
adjunctive interventions such as serial casting and physiotherapy
can be implemented to improve, or at least prevent further
deterioration of, muscle structure and functionality (Franki
et al., 2019). Therefore, when these are reduced, the muscle will
experience more of the tensile stimulus applied by the adjunctive
stretching intervention. The above reasoning goes hand in hand
with the idea that contracture is due primarily to hyperactive
stretch reflexes. However, the evidence for that is quite the
contrary, with muscle alterations preceding the emergence of
hyperactivity (Willerslev-Olsen et al., 2013, 2014). Nevertheless,
it is assumed that when hyperactive stretch reflexes are reduced,
the muscle will experience more of the tensile stimulus applied by
an adjunctive stretching intervention. There is limited evidence
that BoNT-A combined with rehabilitation is effective in altering
muscle structure or preventing contracture (Boyaci et al., 2014),
even though there are indications of short term improvement
in joint ROM, gait and function, as measured by the goal
attainment scale (Molenaers et al., 2013; Novak et al., 2013).
Specifically, promising results have been observed in functional
improvements, as measured by the Goal Attainment Scale, after
combining BoNT-A with different kinds of stretching therapies
(Molenaers et al., 2013). More research is needed to better
understand how these functional improvement are achieved.
Evidence from animal studies suggest that BoNT-A may
increase muscle stiffness, and that its long term use may
cause detrimental levels of muscle atrophy (Gough et al.,
2007; Pingel et al., 2016). Additionally, it was shown that
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Strengthening and Stretching
As described above, the aim of a combined treatment is to
increase the stretching stimulus to the muscle. BoNT-A injections
achieve this by a reduction in tonic discharge, that alters the
relative lengthening of muscle and tendon during stretch (BarOn et al., 2014). Alternative methods for the same purpose,
have been proposed. For example, the relative lengthening of
muscle to tendon during passive stretch could be increased
when tendon stiffness is increased. It has been shown that
tendon stiffness is adaptable to mechanical loading and can
increase with resistance training in several populations, including
adults (Couppé et al., 2008), elderly (Reeves et al., 2003)
and typically developing pre-pubertal children (Waugh et al.,
2014). A combined strengthening and stretching intervention
was designed by Kalkman et al. (2019) to promote the stretch
seen by the muscle. This intervention group was compared
to a control group, who performed only stretching exercises.
Heel raises were performed as progressive resistance training
exercises to strengthen the ankle plantar flexor muscles. The
target was to complete 3 sets of 12 repetitions four times a week,
exercises were progressed by adding weight to a backpack. Muscle
strength, as measured by a maximal voluntary contraction
(MVC), increased significantly, as did Achilles tendon stiffness.
As a result of this, the stretching stimulus to the muscle
was increased. Consequently, resting fascicle length in the
intervention group increased (average of 2.2 mm), while in the
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therefore it is difficult to draw conclusions about the mechanisms
behind these observed changes.

control (stretching only) group it remained unaltered (average
change of −0.5 mm). The authors thereby provided proof of
concept that combining resistance with stretching training might
be an effective intervention for increasing muscle fascicle length
in children with CP. Additional analysis of fascicle lengthening
during passive ankle rotation showed no pre to post changes
in the control group. In the intervention group, however, there
was a post-intervention shift toward greater dorsiflexion in the
ankle angle at which the fascicles started to elongate when
the ankle was moved passively (Figure 2). This is consistent
with the fascicle length adaptation achieved and reinforces the
notion that by increasing the stiffness of the tendon, the in-series
fascicles can “see” more of the tensile stimulus applied during
passive stretching and therefore adapt accordingly. However,
the ROM improved similarly in the control and intervention
groups, suggesting that stretch tolerance plays a more important
role in limiting end range joint positions compared to inseries tissue mechanical properties. Functional benefits of an
increased resting fascicle length on force production over the
newly acquired ROM should be systematically and more directly
investigated in the future.
Similar results were reported by Zhao et al. (2011) after
passive-stretching and active-movement training. The training
consisted of 20 min passive stretching, 30 min active movement
and 10 min passive stretching. During the active movement
training, a rehabilitation robot was used to actively engage the
patients in computer games to exercise the ankle joint in both
dorsi and plantar flexion directions. The passive stretching was
performed by an ankle rehabilitation robot, which applied a
predetermined torque to stretch the calf muscle toward end
range dorsiflexion. After a 6-week training program, increases in
Achilles tendon stiffness and medial gastrocnemius and soleus
fascicle lengths across the ROM were reported. This study,
however, does not report any comparisons to a control group,

Electrical Stimulation and Stretching
A different approach to improve the efficacy of stretching
interventions was suggested by Khalili and Hajihassanie (2008). It
was proposed that electrical stimulation of the antagonist muscle
may improve the efficacy of stretching by providing an additional
tensile stimulus to the agonist muscle and by reciprocally
inhibiting the stretched muscle. The intervention consisted of
30 min electrical stimulation of the quadriceps muscle three
times a week and passive stretching of the hamstrings muscle five
times a week. The intervention was applied to one leg, while the
opposite leg served as a control receiving only passive stretching
to the hamstrings. Maximal passive knee extension was shown
to increase more in the intervention leg compared to the control
leg. The mechanisms through which electrical stimulation might
lead to the above improvements were not studied. Moreover,
the technical complexity and discomfort associated with this
treatment approach might prevent it from becoming routine
clinical practice for ambulant children with CP.

Eccentric Fascicle Loading
High mechanical stress and stretching to the muscle can also be
achieved during eccentric strength training exercises. It has been
shown that in healthy individuals eccentric plantarflexor training
can promote strength and increase muscle fascicle length (Duclay
et al., 2009). Backward-downhill treadmill training (BDTT) was
suggested to provide such an eccentric fascicle loading on the
gastrocnemius in children with CP (Hösl et al., 2016). Recently
BDTT was compared to conventional stretching (Hösl et al.,
2018). Passive calf stretches were performed for 5 × 20 s during
9 weeks by the control group. The intervention group walked
backward downhill on the treadmill for 23 min, the speed and the

FIGURE 2 | Lengthening profiles of muscle fascicles vs. ankle angle during a passive joint rotation in the intervention (A) and control (B) group. Negative angles
reflect plantarflexion position. The black arrow indicates the shift in ankle angle at which the fascicles start to lengthen. Blue: baseline, red: after 10 weeks of
intervention. Values are reported as the median and interquartile range (IQR). Reused from Hösl et al. (2016), held under CC-BY 4.0.
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but improvements in muscle properties are limited. Increasing
tendon stiffness to enhance the stretching stimulus “seen” by
the muscle seems to be a potentially promising strategy, as
Kalkman et al. (2018a) found increases in fascicle lengths after
this intervention and Zhao et al. (2011) reported similar results
after an active movement and passive stretching intervention.
However, more evidence is required to support this notion and
additional studies are necessary to investigate the effectiveness of
the combined treatments summarized above.
When studying the effect of (stretching) interventions in
children with CP, the focus should be on the link between changes
in ROM, the associated changes in muscle morphology, and
whether these lead to improved muscle and mobility function.
A central question that requires answering is: Would an increase
in fascicle length lead to improved force production across
the newly acquired ROM (Frisk et al., 2019) and does this
lead to an improved gait pattern? Another point to consider
is that none of the experimental studies discussed here have
investigated the long-term effect of their proposed interventions.
Since muscle contractures develop over time as children grow,
an increase in fascicle length due to in-series sarcomerogenesis
might not provide an immediate functional benefit, but it
might prevent the development of fixed contractures at later
age, thus delaying or possibly making corrective surgeries
redundant. Another point to consider is the large inter individual
variability in the cause of the increased resistance to stretch
in muscles of children with CP. Recent research shows an
interdependence between the amount of muscle lengthening
and spastic reflexes during stretch (Bar-On et al., 2018). These
results warrant individual assessment and treatment planning,
taking into account the causes of the reduced ROM in
children with CP.

slope of the treadmill were progressively increased and during the
last 2 weeks participants had to carry weight belts to increase the
load on the calf. No differences were found between the control
and the intervention group in terms of muscle morphology
or passive ROM. Small improvements were seen after BDTT
in ankle dorsiflexion during comfortable walking speed and
ambulatory mobility tests which could be a sign of altered
neuromuscular control instead of changes in muscle structure.

Difficulties of Muscle Remodeling
The question arising from all these studies is what the signaling
pathways are behind the observed changes. Could spastic muscles
be stimulated sufficiently to grow even though it has been
suggested that growth factors are altered (Pingel et al., 2019), proinflammatory cytokines and reduced ribosomal production cause
stunted growth (Von Walden et al., 2018) and a reduced skeletal
muscle satellite cell number influences muscle morphology
after chronic stretch in mice (Kinney et al., 2017). Some have
raised the question whether remodeling of muscle might be
difficult regardless of the treatment you perform. Nonetheless,
promising changes have been observed due to some combination
interventions described in this review.

CONCLUSION
Although stretching may be beneficial to prevent worsening of
muscle contractures (Wiart et al., 2008), as isolated treatments,
they do not promote muscle length growth or improve function
in children with CP. Alternative approaches to enhance the
effectiveness of stretching exercises are needed. A few promising
pathways have been highlighted in this review. Stretching
combined with BoNT-A and electrical stimulation appear to
have beneficial effects at the joint, but mechanistic work on
whether this improved lengthening is provided from muscle
or tendon is lacking and warranted. Active stretches (i.e.,
eccentric contractions) have been proposed as a “stretching
alternative” and seem to promote gait and mobility parameters,

AUTHOR CONTRIBUTIONS
BK, LB-O, TO’B, and CM have all contributed to different aspects
in this manuscript.

REFERENCES

Botulinum Toxin-A in the medial hamstrings in children with cerebral palsy.
Gait Posture 39, 17–22. doi: 10.1016/j.gaitpost.2013.05.018
Bar-On, L., Kalkman, B. M., Cenni, F., Schless, S.-H., Molenaers, G., Maganaris,
C. N., et al. (2018). The relationship between medial gastrocnemius lengthening
properties and stretch reflexes in cerebral palsy. Front. Pediatr. 6:259. doi:
10.3389/fped.2018.00259
Barrett, R., and Lichtwark, G. (2010). Gross muscle morphology and structure in
spastic cerebral palsy: a systematic review. Dev. Med. Child Neurol. 52, 794–804.
doi: 10.1111/j.1469-8749.2010.03686.x
Blackmore, A. M., Boettcher-Hunt, E., Jordan, M., and Chan, M. D. Y. (2007). A
systematic review of the effects of casting on equinus in children with cerebral
palsy: an evidence report of the AACPDM. Dev. Med. Child Neurol. 49, 781–790.
doi: 10.1111/j.1469-8749.2007.00781.x
Booth, C. M., Cortina-Borja, M. J., and Theologis, T. N. (2001). Collagen
accumulation in muscles of children with cerebral palsy and correlation with
severity of spasticity. Dev. Med. Child Neurol. 43, 314–320. doi: 10.1017/
s0012162201000597
Bovend’Eerdt, T. J., Newman, M., Barker, K., Dawes, H., Minelli, C., and Wade,
D. T. (2008). The effects of stretching in spasticity: a systematic review. Arch.
Phys. Med. Rehabil. 89, 1395–1406. doi: 10.1016/j.apmr.2008.02.015

Alhusaini, A. A., Crosbie, J., Shepherd, R. B., Dean, C. M., and Scheinberg,
A. (2010). Mechanical properties of the plantarflexor musculotendinous unit
during passive dorsiflexion in children with cerebral palsy compared with
typically developing children. Dev. Med. Child Neurol. 52, 101–106. doi: 10.
1111/j.1469-8749.2009.03600.x
Barber, L., Barrett, R., and Lichtwark, G. (2011). Passive muscle mechanical
properties of the medial gastrocnemius in young adults with spastic cerebral
palsy. J. Biomech. 44, 2496–2500. doi: 10.1016/j.jbiomech.2011.06.008
Barber, L., Barrett, R., and Lichtwark, G. (2012). Medial gastrocnemius muscle
fascicle active torque-length and Achilles tendon properties in young adults
with spastic cerebral palsy. J. Biomech. 45, 2526–2530. doi: 10.1016/j.jbiomech.
2012.07.018
Barber, L., Hastings-Ison, T., Baker, R., Kerr Graham, H., Barrett, R., and
Lichtwark, G. (2013). The effects of botulinum toxin injection frequency on
calf muscle growth in young children with spastic cerebral palsy: a 12-month
prospective study. J. Child Orthop. 7, 425–433. doi: 10.1007/s11832-013-0503-x
Bar-On, L., Aertbeliën, E., Molenaers, G., Van Campenhout, A., Vandendoorent,
B., Nieuwenhuys, A., et al. (2014). Instrumented assessment of the effect of

Frontiers in Physiology | www.frontiersin.org

7

February 2020 | Volume 11 | Article 131

Kalkman et al.

Improving Stretching Outcome in Cerebral Palsy

abridged republication of a cochrane systematic review. J. Physiother. 63, 67–75.
doi: 10.1016/j.jphys.2017.02.014
Hösl, M., Böhm, H., Arampatzis, A., and Döderlein, L. (2015). Effects of ankle –
foot braces on medial gastrocnemius morphometrics and gait in children with
cerebral palsy. J. Child Orthop. 9, 209–219. doi: 10.1007/s11832-015-0664-x
Hösl, M., Böhm, H., Arampatzis, A., Keymer, A., and Döderlein, L. (2016).
Contractile behavior of the medial gastrocnemius in children with bilateral
spastic cerebral palsy during forward, uphill and backward-downhill gait. Clin.
Biomech. 36, 32–39. doi: 10.1016/j.clinbiomech.2016.05.008
Hösl, M., Böhm, H., Eck, J., Döderlein, L., and Arampatzis, A. (2018). Effects
of backward-downhill treadmill training versus manual static plantarflexor
stretching on muscle-joint pathology and function in children with spastic
cerebral palsy. Gait Posture 65, 121–128. doi: 10.1016/j.gaitpost.2018.07.171
Howard, J. J., Huntley, J. S., Graham, H. K., and Herzog, W. L. (2019).
Intramuscular injection of collagenase clostridium histolyticum may decrease
spastic muscle contracture for children with cerebral palsy. Med. Hypotheses
122, 126–128. doi: 10.1016/j.mehy.2018.11.002
Kalkman, B. M., Bar-On, L., Cenni, F., Maganaris, C. N., Bass, A., Holmes, G.,
et al. (2017). Achilles tendon moment arm length is smaller in children with
cerebral palsy than in typically developing children. J. Biomech. 56, 48–54.
doi: 10.1016/j.jbiomech.2017.02.027
Kalkman, B. M., Bar-On, L., Cenni, F., Maganaris, C. N., Bass, A., Holmes, G., et al.
(2018a). Medial gastrocnemius muscle stiffness cannot explain the increased
ankle joint range of motion following passive stretching in children with
cerebral palsy. Exp. Physiol. 103, 350–357. doi: 10.1113/EP086738
Kalkman, B. M., Bar-On, L., Cenni, F., Maganaris, C. N., Bass, A., Holmes,
G., et al. (2018b). Muscle and tendon lengthening behaviour of the medial
gastrocnemius during ankle joint rotation in children with cerebral palsy. Exp.
Physiol. 103, 1367–1376. doi: 10.1113/EP087053
Kalkman, B. M., Holmes, G., Bar-On, L., Maganaris, C. N., Barton, G. J., Bass, A.,
et al. (2019). Resistance training combined with stretching increases tendon
stiffness and is more effective than stretching alone in children with cerebral
palsy: a randomized controlled trial. Front. Pediatr. 7:333. doi: 10.3389/fped.
2019.00333
Katalinic, O. M., Harvey, L. A., and Herbert, R. D. (2011). Effectiveness of
stretch for the treatment and prevention of contractures in people with
neurological conditions: a systematic review. Phys. Ther. 91, 11–24. doi: 10.
2522/ptj.20100265
Khalili, M. A., and Hajihassanie, A. (2008). Electrical simulation in addition to
passive stretch has a small effect on spasticity and contracture in children
with cerebral palsy: a randomised within-participant controlled trial. Aust. J.
Physiother. 54, 185–189. doi: 10.1016/S0004-9514(08)70025-4
Kinney, C. M., Dayanidhi, S., Dykstra, P. B., McCarthy, J. J., Peterson, C. A., and
Lieber, R. L. (2017). Reduced skeletal muscle satellite cell number alters muscle
morphology after chronic stretch but allows limited serial sarcomere addition.
Muscle Nerve 55, 384–392. doi: 10.1002/mus.25227
Lieber, R. L. (2002). Skeletal Muscle Structure, Function, and Plasticity.
Philadelphia, PA: Lippincott Williams & Wilkins.
Lieber, R. L., and Friden, J. (2000). Functional and clinical significance of
skeletal muscle architecture. Muscle Nerve 23, 1647–1666. doi: 10.1002/10974598(200011)23:11<1647::aid-mus1>3.0.co;2-m
Lieber, R. L., and Fridén, J. (2002). Spasticity causes a fundamental rearrangement
of muscle-joint interaction. Muscle Nerve 25, 265–270. doi: 10.1002/mus.10036
Maganaris, C. N. (2002). Tensile properties of in vivo human tendinous tissue.
J. Biomech. 35, 1019–1027. doi: 10.1016/s0021-9290(02)00047-7
Malaiya, R., McNee, A. E., Fry, N. R., Eve, L. C., Gough, M., and Shortland, A. P.
(2007). The morphology of the medial gastrocnemius in typically developing
children and children with spastic hemiplegic cerebral palsy. J. Electromyogr.
Kinesiol. 17, 657–663. doi: 10.1016/j.jelekin.2007.02.009
Mathewson, M. A., Ward, S. R., Chambers, H. G., and Lieber, R. L. (2014). High
resolution muscle measurements provide insights into equinus contractures in
patients with cerebral palsy. J. Orthop. Res. 33, 33–39. doi: 10.1002/jor.22728
Matthiasdottir, S., Hahn, M., Yaraskavitch, M., and Herzog, W. (2014). Muscle and
fascicle excursion in children with cerebral palsy. Clin. Biomech. 29, 458–462.
doi: 10.1016/j.clinbiomech.2014.01.002
Mohagheghi, A. A., Khan, T., Meadows, T. H., Giannikas, K., Baltzopoulos, V.,
and Maganaris, C. N. (2008). In vivo gastrocnemius muscle fascicle length in

Boyaci, A., Tutoglu, A., Boyaci, N., Koca, I., Calik, M., Sakalar, A., et al.
(2014). Changes in spastic muscle stiffness after botulinum toxin A injections
as part of rehabilitation therapy in patients with spastic cerebral palsy.
NeuroRehabilitation 35, 123–129. doi: 10.3233/NRE-141107
Butterfield, T. A., and Herzog, W. (2006). The magnitude of muscle strain does
not influence serial sarcomere number adaptations following eccentric exercise.
Pflugers Arch. 451, 688–700. doi: 10.1007/s00424-005-1503-6
Cenni, F., Schless, S.-H., Bar-On, L., Aertbeliën, E., Bruyninckx, H., Hanssen,
B., et al. (2018a). Reliability of a clinical 3D freehand ultrasound technique:
analyses on healthy and pathological muscles. Comput. Methods Programs
Biomed. 156, 97–103. doi: 10.1016/j.cmpb.2017.12.023
Cenni, F., Schless, S.-H., Bar-On, L., Molenaers, G., Van Campenhout, A.,
Aertbeliën, E., et al. (2018b). Can in vivo medial gastrocnemius muscletendon unit lengths be reliably estimated by two ultrasonography methods?
A within-session analysis. Ultrasound Med. Biol. 44, 110–118. doi: 10.1016/j.
ultrasmedbio.2017.09.018
Choi, H., Wren, T. A. L., and Steele, K. M. (2016). Gastrocnemius operating length
with ankle foot orthoses in cerebral palsy. Prosthet. Orthot. Int. 41, 274–285.
doi: 10.1177/0309364616665731
Couppé, C., Kongsgaard, M., Aagaard, P., Hansen, P., Bojsen-Moller, J., Kjaer, M.,
et al. (2008). Habitual loading results in tendon hypertrophy and increased
stiffness of the human patellar tendon. J. Appl. Physiol. 105, 805–810. doi:
10.1152/japplphysiol.90361.2008
Craig, J., Hilderman, C., Wilson, G., and Misovic, R. (2016). Effectiveness of stretch
interventions for children with neuromuscular disabilities. Pediatr. Phys. Ther.
28, 262–275. doi: 10.1097/PEP.0000000000000269
D’Souza, A., Bolsterlee, B., Lancaster, A., and Herbert, R. D. (2019). Muscle
architecture in children with cerebral palsy and ankle contractures: an
investigation using diffusion tensor imaging. Clin. Biomech. 68, 205–211. doi:
10.1016/j.clinbiomech.2019.06.013
Duclay, J., Martin, A., Duclay, A., Cometti, G., and Pousson, M. (2009). Behavior
of fascicles and the myotendinous junction of human medial gastrocnemius
following eccentric strength training. Muscle Nerve 39, 819–827. doi: 10.1002/
mus.21297
Elder, G. C. B., and Kirk, J. (2003). Contributing factors to muscle weakness in
children with cerebral palsy. Dev. Med. Child Neurol. 45, 542–550. doi: 10.1111/
j.1469-8749.2003.tb00954.x
Eldridge, F., and Lavin, N. (2016). How effective is stretching in maintaining range
of movement for children with cerebral palsy? A critical review. Int. J. Ther.
Rehabil. 23, 386–395. doi: 10.12968/ijtr.2016.23.8.386
Franki, I., Bar-On, L., Molenaers, G., Van Campenhout, A., Craenen, K.,
Desloovere, K., et al. (2019). Tone reduction and physical therapy:
strengthening partners in treatment of children with spastic cerebral palsy.
Neuropediatrics [Epub ahead of print].
Frisk, R. F., Lorentzen, J., Barber, L., and Nielsen, J. B. (2019). Characterization of
torque generating properties of ankle plantar flexor muscles in ambulant adults
with cerebral palsy. Eur. J. Appl. Physiol. 119, 1127–1136. doi: 10.1007/s00421019-04102-z
Fry, N. R., Gough, M., McNee, A. E., and Shortland, A. P. (2007). Changes in
the volume and length of the medial gastrocnemius after surgical recession in
children with spastic diplegic cerebral palsy. J. Pediatr. Orthop. 27, 769–774.
doi: 10.1097/BPO.0b013e3181558943
Gough, M., Fairhurst, C., and Shortland, A. P. (2007). Botulinum toxin and cerebral
palsy: time for reflection? Dev. Med. Child Neurol. 47, 709–712. doi: 10.1111/j.
1469-8749.2005.tb01062.x
Gough, M., and Shortland, A. P. (2012). Could muscle deformity in children with
spastic cerebral palsy be related to an impairment of muscle growth and altered
adaptation? Dev. Med. Child Neurol. 54, 495–499. doi: 10.1111/j.1469-8749.
2012.04229.x
Graham, H. K., Rosenbaum, P., Paneth, N., Dan, B., Lin, J.-P., Damiano, D. L.,
et al. (2016). Cerebral palsy. Nat. Rev. Dis. Primers 2:15082. doi: 10.1038/nrdp.20
15.82
Hadden, K. L., and Von Baeyer, C. L. (2002). Pain in children with cerebral palsy:
common triggers and expressive behaviors. Pain 99, 281–288. doi: 10.1016/
S0304-3959(02)00123-9
Harvey, L. A., Katalinic, O. M., Herbert, R. D., Moseley, A. M., Lannin, N. A., and
Schurr, K. (2017). Stretch for the treatment and prevention of contracture: an

Frontiers in Physiology | www.frontiersin.org

8

February 2020 | Volume 11 | Article 131

Kalkman et al.

Improving Stretching Outcome in Cerebral Palsy

children with and without diplegic cerebral palsy. Dev. Med. Child Neurol. 50,
44–50. doi: 10.1111/j.1469-8749.2007.02008.x
Molenaers, G., Fagard, K., Van Campenhout, A., and Desloovere, K. (2013).
Botulinum toxin A treatment of the lower extremities in children with cerebral
palsy. J. Child Orthop. 7, 383–387. doi: 10.1007/s11832-013-0511-x
Morse, C. I., Degens, H., Seynnes, O. R., Maganaris, C. N., and Jones, D. A.
(2008). The acute effect of stretching on the passive stiffness of the human
gastrocnemius muscle tendon unit. J. Physiol. 586, 97–106. doi: 10.1113/
jphysiol.2007.140434
Novak, I., Mcintyre, S., Morgan, C., Campbell, L., Dark, L., Morton, N., et al. (2013).
A systematic review of interventions for children with cerebral palsy: state of the
evidence. Dev. Med. Child Neurol. 55, 885–910. doi: 10.1111/dmcn.12246
Okamoto, Y., Gotoh, Y., Uemura, O., Tanaka, S., Ando, T., and Nishida, M. (2005).
Age-dependent decrease in serum transforming growth factor (TGF)-beta 1 in
healthy Japanese individuals; population study of serum TGF-beta 1 level in
Japanese. Dis. Markers 21, 71–74. doi: 10.1155/2005/381215
Peeters, N., Hanssen, B., Cenni, F., Schless, S. H., De Beukelaer, N., Degelaen, M.,
et al. (2018). O 019 - Do Botulinum Toxin-A and lower leg casting alter calf
muscle and tendon lengths in children with spastic cerebral palsy? Gait Posture
65, 36–38. doi: 10.1016/j.gaitpost.2018.06.037
Pin, T., Dyke, P., and Chan, M. (2006). Review the effectiveness of passive
stretching in children with cerebral palsy. Dev. Med. Child Neurol. 48, 855–862.
doi: 10.1111/j.1469-8749.2006.tb01236.x
Pingel, J., Barber, L., Andersen, I. T., Von Walden, F., Wong, C., Døssing, S., et al.
(2019). Systemic inflammatory markers in individuals with cerebral palsy. Eur.
J. Inflamm. 17, 1–6. doi: 10.1177/2058739218823474
Pingel, J., Wienecke, J., Lorentzen, J., and Nielsen, J. B. (2016). Botulinum toxin
injection causes hyper-reflexia and increased muscle stiffness of the triceps
surae muscle in the rat. J. Neurophysiol. 116, 2615–2623. doi: 10.1152/jn.00452.
2016
Ponten, E., Gantelius, S., and Lieber, R. L. (2007). Intraoperative muscle
measurements reveal a relationship between contracture formation and muscle
remodeling. Muscle Nerve 36, 47–54. doi: 10.1002/mus.20780
Preissner, K. S. (2002). The effects of serial casting on spasticity: a literature review.
Occup. Ther. Health Care 14, 99–106. doi: 10.1080/J003v14n02_07
Reeves, N. D., Maganaris, C. N., and Narici, M. V. (2003). Effect of strength training
on human patella tendon mechanical properties of older individuals. J. Physiol.
548, 971–981. doi: 10.1113/jphysiol.2002.035576
Schless, S.-H., Cenni, F., Bar-On, L., Hanssen, B., Kalkman, B., O’brien, T.,
et al. (2019). Medial gastrocnemius volume and echo-intensity after botulinum
neurotoxin A interventions in children with spastic cerebral palsy. Dev. Med.
Child Neurol. 61, 783–790. doi: 10.1111/dmcn.14056
Shortland, A. (2009). Muscle deficits in cerebral palsy and early loss of mobility:
can we learn something from our elders? Dev. Med. Child Neurol. 51, 59–63.
doi: 10.1111/j.1469-8749.2009.03434.x
Shortland, A., Harris, C., Gough, M., and Robinson, R. (2002). Architecture of the
medial gastrocnemius in children with spastic diplegia. Dev. Med. Child Neurol.
44, 158–163. doi: 10.1111/j.1469-8749.2002.tb00779.x
Smith, L. R., Lee, K. S., Ward, S. R., Chambers, H. G., and Lieber, R. L. (2011).
Hamstring contractures in children with spastic cerebral palsy result from a
stiffer extracellular matrix and increased in vivo sarcomere length. J. Physiol.
589, 2625–2639. doi: 10.1113/jphysiol.2010.203364
Tardieu, C., Tabary, J. C., Tabary, C., and Huet de la Tour, E. (1977). Comparison
of the sarcomere number adaptation in young and adult animals. Influence of
tendon adaptation. J. Physiol. 73, 1045–1055.
Theis, N., Korff, T., Kairon, H., and Mohagheghi, A. A. (2013). Does acute
passive stretching increase muscle length in children with cerebral
palsy? Clin. Biomech. 28, 1061–1067. doi: 10.1016/j.clinbiomech.2013.
10.001

Frontiers in Physiology | www.frontiersin.org

Theis, N., Korff, T., and Mohagheghi, A. A. (2015). Does long-term passive
stretching alter muscle-tendon unit mechanics in children with spastic cerebral
palsy? Clin. Biomech. 30, 1071–1076. doi: 10.1016/j.clinbiomech.2015.09.004
Von Walden, F., Gantelius, S., Liu, C., Borgström, H., Björk, L., Gremark, O., et al.
(2018). Muscle contractures in patients with cerebral palsy and acquired brain
injury are associated with extracellular matrix expansion, pro-inflammatory
gene expression, and reduced rRNA synthesis. Muscle Nerve 58, 277–285. doi:
10.1002/mus.26130
Waugh, C. M., Korff, T., Fath, F., and Blazevich, A. J. (2014). Effects of resistance
training on tendon mechanical properties and rapid force production in
prepubertal children. J. Appl. Physiol. 117, 257–266. doi: 10.1152/japplphysiol.
00325.2014
Wiart, L., Darrah, J., and Kembhavi, G. (2008). Stretching with children with
cerebral palsy: what do we know and where are we going? Pediatr. Phys. Ther.
20, 173–178. doi: 10.1097/PEP.0b013e3181728a8c
Willerslev-Olsen, M., Andersen, J. B., Sinkjaer, T., and Nielsen, J. B. (2014). Sensory
feedback to ankle plantar flexors is not exaggerated during gait in spastic
children with cerebral palsy. J. Neurophysiol. 111, 746–754. doi: 10.1152/jn.
00372.2013
Willerslev-Olsen, M., Choe Lund, M., Lorentzen, J., Barber, L., Kofoed-Hansen,
M., and Nielsen, J. B. (2018). Impaired muscle growth precedes development
of increased stiffness of the triceps surae musculotendinous unit in children
with cerebral palsy. Dev. Med. Child Neurol. 60, 672–679. doi: 10.1111/dmcn.1
3729
Willerslev-Olsen, M., Lorentzen, J., Sinkjaer, T., and Nielsen, J. B. (2013). Passive
muscle properties are altered in children with cerebral palsy before the age of 3
years and are difficult to distinguish clinically from spasticity. Dev. Med. Child
Neurol. 55, 617–623. doi: 10.1111/dmcn.12124
Williams, S., Elliott, C., Valentine, J., Gubbay, A., Shipman, P., and Reid, S.
(2013a). Combining strength training and botulinum neurotoxin intervention
in children with cerebral palsy: the impact on muscle morphology
and strength. Disabil. Rehabil. 35, 596–605. doi: 10.3109/09638288.2012.71
1898
Williams, S., Reid, S., Elliott, C., Shipman, P., and Valentine, J. (2013b). Muscle
volume alterations in spastic muscles immediately following botulinum toxin
type-A treatment in children with cerebral palsy. Dev. Med. Child Neurol. 55,
813–820. doi: 10.1111/dmcn.12200
Wren, T. A. L. (2003). A computational model for the adaptation of muscle
and tendon length to average muscle length and minimum tendon strain.
J. Biomech. 36, 1117–1124. doi: 10.1016/S0021-9290(03)00107-6
Wren, T. A. L., Cheatwood, A. P., Rethlefsen, S. A., Hara, R., Perez, F. J., and Kay,
R. M. (2010). Achilles tendon length and medial gastrocnemius architecture in
children with cerebral palsy and equinus gait. J. Pediatr. Orthop. 30, 479–484.
doi: 10.1097/BPO.0b013e3181e00c80
Zhao, H., Wu, Y. N., Hwang, M., Ren, Y., Gao, F., Gaebler-Spira, D., et al. (2011).
Changes of calf muscle-tendon biomechanical properties induced by passivestretching and active-movement training in children with cerebral palsy. J. Appl.
Physiol. 111, 435–442. doi: 10.1152/japplphysiol.01361.2010
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Copyright © 2020 Kalkman, Bar-On, O’Brien and Maganaris. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

9

February 2020 | Volume 11 | Article 131

