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Abstract

Background: Cerebral palsy (CP) is the most common cause of childhood disability, typified by a static
encephalopathy with peripheral musculoskeletal manifestations—most commonly related to spasticity—that
are progressive with age. Hip displacement is one of the most common manifestations, observed to lead to
painful degenerative arthritis over time. Despite the key role that spasticity-related adductor muscle contractures are
thought to play in the development of hip displacement in CP, basic science research in this area to date has been
limited. This study was initiated to correlate hip adductor muscle changes intrinsic to the sarcomere—specifically, titin
isoforms and sarcomere length—to the severity of hip displacement in children with spastic cerebral palsy.

Methods: Single gracilis muscle biopsies were obtained from children with CP (Gross Motor Function Classification
System (GMFCS) III-V; n = 10) who underwent adductor muscle release surgery for the treatment of hip displacement.
Gel electrophoresis was used to estimate titin molecular weight. Sarcomere lengths were measured from muscle
fascicles using laser diffraction. The severity of hip displacement was determined by measuring by Reimers migration
percentage (MP) from anteroposterior pelvic x-rays. Correlation analyses between titin, sarcomere lengths, and MP
were performed.

Results: The mean molecular weight of titin was 3588 kDa. The mean sarcomere length was 3.51 μm. Increased MP
was found to be associated with heavier isoforms of titin (R2 = 0.65, p < 0.05) and with increased sarcomere lengths
(R2 = 0.65, p < 0.05). Heavier isoforms of titin were also associated with increased sarcomere lengths (R2 = 0.80,
p < 0.05).

Conclusions: Our results suggest that both larger titin isoforms and sarcomere lengths are positively correlated with
increased severity of hip displacement and may represent adaptations in response to concomitant increases
in spasticity and muscle shortening.

Trial registration: As this study does not report the results of a health care intervention on human participants, it has
not been registered.
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Fig. 1. a 9-year-old girl with spastic quadriplegic CP (GMFCS level
IV) with a right hip dislocation and windswept hip deformity. b Post-
operative bilateral hip adductor and flexor lengthenings (adductor
longus, gracilis, iliopsoas), bilateral proximal femoral varus derotational
osteotomies, right San Diego acetabuloplasty. Both hips are now
concentrically reduced with improvements of pain and care-giving
realized (CP, cerebral palsy; GMFCS, gross motor functional
classification system)
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Introduction
Cerebral palsy (CP) is the most common cause of child-
hood disability, occurring in 2 to 3 out of 1000 live
births [1]. CP is a spectrum disorder that describes a
neurological compromise secondary to an insult in the
developing brain. Although CP results from a static en-
cephalopathy, the peripheral musculoskeletal manifesta-
tions are progressive with age. Spastic CP is most
common and presents with a velocity dependent (dy-
namic) increase in muscle stiffness that is thought to
precede the development of (static) muscle contracture.
These static contractures, in turn, are associated with
limitations in joint range of motion (ROM), secondary
bony deformities, and, in the case of the hip, progressive
displacement (joint subluxation and/or dislocation). The
incidence of hip displacement in CP has been found to
be linearly related to increasing disease severity as strati-
fied by the Gross Motor Function Classification System
(GMFCS). In a population-based study, the incidence of
hip displacement ranged from 0% for patients in
GMFCS I to 89% in GMFCS V, with an overall incidence
of 35% for all GMFCS levels [2]. The natural history of
hip displacement in CP has been observed to lead to
painful degenerative arthritis. As such, surgical interven-
tions are often required in the form of muscle lengthen-
ings (typically hip adductors, hip flexors, and proximal
hamstrings), bony reconstruction of the femur, and/or
acetabulum [3] (Fig. 1).
Despite the key role that spasticity-related muscle

contractures are thought to play in the development of
hip displacement in CP, basic science research in this
area to date has been limited. More specifically, the de-
velopment of intrinsic cellular pathoanatomical changes
to the sarcomere have not been explored thoroughly
enough to identify an altered phenotype associated with
CP. Muscle myofibrils are sub-cellular organelles com-
prised of long, serially arranged sarcomeres, each con-
taining actin (thin) and myosin (thick) myofilaments
which slide over one another during muscle contraction
according to the sliding filament theory[4]. Previous re-
search has found the sarcomere, the basic contractile
unit in skeletal muscle, is elongated in spastic muscle
tissue. In fact, intraoperative sarcomere length analysis
has revealed that CP muscle tissue consists of ex-
tremely long resting sarcomere lengths, even though
the muscles themselves were shortened overall [5–9].
Indeed, it has been suggested that muscle weakness in
CP—associated with long sarcomeres with decreased
force generating capacity—rather than spasticity-related
muscle shortening, may be the real driver of musculo-
skeletal pathologies such as hip displacement [10].
Sarcomere length changes relating to the severity of hip
displacement, however, have not yet been explored or
reported.
Myosin filaments within the sarcomere are stabilized
and tethered to the Z-line at the end of each sarcomere
by the molecular spring titin. Titin is a large molecule
said to be responsible for most of the passive stiffness of
the myofibril [11, 12] and has been shown to increase
myofibrillar stiffness due to calcium binding upon
muscle activation [12]. Given these proposed functions,
it is reasonable to explore titin’s role in, or adaptation to,
the development of muscle contracture in CP, and ultim-
ately, clinical dysfunction.



Fig. 2 Quantification of hip displacement (subluxation or dislocation)
by migration percentage (MP) for children with cerebral palsy. MP is
validated measure calculated through a ratio of the extent of the
femoral head lateral to the edge of the acetabulum (delineated by the
vertical Perkin’s line shown) divided by the diameter of the femoral
head. The measurements should be parallel to the horizontal
Hilgenreiner’s line shown (a line connecting the superior aspects
of the triradiate cartilages)
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Given that the incidence of hip displacement in spastic
CP is very high (approximately 35% [2]) and has been
found to be directly related to disease severity, this pa-
tient group is appropriate for studying the relationship
between muscle morphology and clinical dysfunction.
Although performed for decades, surgical lengthening of
muscles in the hip adductor-flexor group (most com-
monly, gracilis, adductor longus, and iliopsoas) for hip
displacement in CP has not been shown to reliably
achieve surgical success, particularly in children of in-
creased disease severity [13]. As such, the current study
was initiated to identify and correlate structural muscle
changes intrinsic to the sarcomere (specifically, titin iso-
form and sarcomere length) within the hip adductors
(gracilis) to disease severity in children undergoing soft
tissue releases for progressive hip displacement in spas-
tic CP. Understanding the pathophysiological mecha-
nisms underlying the development of spastic muscle
contracture as it relates to disease severity in CP will
help inform the most appropriate choice of treatment
and/or the future development of novel interventions for
the management of spasticity-related muscle contrac-
tures associated with cerebral palsy [14].

Materials and methods
Study design and participant selection
Consecutive patients with CP and a primarily spastic
motor type (GMFCS III to V) were prospectively en-
rolled. All patients subsequently underwent elective ten-
don releases for the treatment of dynamic and/or static
muscle contractures associated with progressive hip dis-
placement (+\− bony procedures as indicated). Children
were recruited from the institution’s multi-disciplinary
Cerebral Palsy Clinic at a tertiary level academic chil-
dren’s hospital. Children who had previous surgery of
the hip adductor muscle group or had undergone botu-
linum toxin injection into the target muscle(s) within 6
months pre-operatively were excluded. Children with a
primarily non-spastic motor type were also excluded.

Pre-operative measures
All clinical and radiographic measures were recorded
pre-operatively and included GMFCS level, hip range of
motion (goniometry), spasticity measures (Modified Tar-
dieu Scale, Ashworth Scale), and radiographic measures
(Reimers hip migration percentage (MP), Melbourne CP
Hip Classification System (MCPHCS) [15]). Each child’s
gross motor function was classified according to the
GMFCS by the lead pediatric neurologist associated with
the institution’s Cerebral Palsy Clinic [16]. This neurolo-
gist also confirmed the participant’s motor type to be
primarily spastic.
Participants were indicated for surgical intervention

according to the discretion of the treating surgeon
primarily using the results of the MP, a validated radio-
graphic measure of the percentage of displacement of
the femoral head from the acetabulum [17] (Fig. 2). Typ-
ically, an MP of greater than 30% that is progressive or
an absolute MP greater than 40% was taken as an indica-
tion for surgery. MP was recorded from pre-operative
anteroposterior pelvic X-rays. According to Robin and
colleagues, a MP of less than 10% is considered to be
normal, a MP of greater than, or equal to, 10% is consid-
ered to be subluxated, and a MP of 100% is classified as
dislocated [15].
On the morning of the surgery, each participant

underwent a physical examination by one of the study’s
co-authors (LG) to determine the presence of dynamic
and/or static hip abduction contractures. This examiner
was specially trained to perform these clinical measure-
ments by a senior pediatric orthopedic surgeon with
sub-specialty clinical fellowship training and extensive
expertise in the assessment and treatment of children
with cerebral palsy (JJH). With the participant in the su-
pine position, maximum hip abduction was measured
for two positions: with the hip and knee at 90° flexion
and with the hip and knee at 0° flexion. These positions
represented the contributions of the adductor longus
and the proximal hamstrings (including gracilis), re-
spectively. These measures were obtained by goniomet-
ric measurement. To determine the presence of dynamic
and/or static contractures, measurement was performed
according to the Modified Tardieu Scale, whereby the
angle of maximum hip abduction was taken at the point
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of “spastic catch” after the joint was moved in a quick
stretch (R1) and after the joint was moved slowly to its
end point (R2), respectively. The muscle tone of the CP
participants was described using the Ashworth Scale [18].

Muscle biopsy procedure
Under general anesthesia, biopsies of the adductor
longus and gracilis were performed during the course of
a soft tissue release procedure for the treatment of hip
displacement. The surgical approach was via a medial
(i.e., groin) approach, centered on the adductor longus,
using a transverse incision of approximately 3 to 4 cm in
length. The deep fascia overlying the adductor longus
was incised in line with the incision and the muscles
under investigation exposed with biopsies being taken of
the adductor longus and gracilis. Small samples of oper-
ated muscle were excised by the treating orthopedic sur-
geon (3 mm length, 3 mm diameter), using a specially
designed single-use polypropylene biopsy clamp. Experi-
ence from our laboratory indicates that sarcomere
lengths obtained using these biopsy clamps versus fixing
the muscle sample directly in situ (gold standard) did
not result in significant differences between the two
methods. The biopsy clamp was utilized in order to pre-
serve the in situ muscle and sarcomere lengths at the
muscle’s end range. With the hip in maximum (but not
forced) abduction, the adductor longus and gracilis were
biopsied with the hip and knee at 90° flexion and 0°
flexion, respectively. The degree of intra-operative hip
abduction at the time of sampling was also recorded. Al-
though both the adductor longus and gracilis were biop-
sied, the latter muscle was analyzed for the purposes of
this study. The adductor longus specimens underwent a
separate analysis which are the subject of another study.

Sarcomere length measurement
Following biopsy, the muscle tissue was submerged in
a 10% formalin solution and stored for 30 days to
allow for adequate fixation of the sarcomeres. After
fixation, the tissue was removed from the formalin
solution and immersed in a solution of 30% nitric
acid and 70% distilled water for approximately 12 h.
Following digestion of the extracellular matrix, the
tissue was washed in a saline solution for 2 h and
then placed in glycerol. Ten individual muscle fasci-
cles were isolated from each muscle biopsy, mounted
onto a glass slide and covered with a coverslip. Mean
sarcomere lengths were then obtained from 5 mea-
surements along the length of each fascicle using
laser diffraction (beam diameter = 0.8 mm) [19, 20].

Titin gel electrophoresis
All muscle samples were snap-frozen in liquid nitrogen
immediately following biopsy. Frozen samples were
solubilized in a buffer containing 4.3 mM Tris (pH 6.8),
4.3 mM EDTA, 1% SDS, 1% 2-β mercaptoethanol, 10%
glycerol, 0.1% bromophenol blue, and 4 μg/ml leupeptin.
Samples were incubated for 5 min on ice, boiled for 3
min, and then centrifuged for 15min at 14,000×g. Titin
molecular weight was determined using 2% agarose
strengthened SDS polyacrylamide gels with a Laemmli
buffer system. The gels were run in a Biorad Mini-Protean
Tetra Cell unit (Bio-Rad Laboratories Inc, CA, USA) at a
constant voltage of 22 V overnight at room temperature.
The gels were then stained with Coomassie Blue and
scanned using a Biorad GS-800 densitometer (Bio-Rad La-
boratories Inc, CA, USA). To estimate the molecular
weight of titin isoforms in the CP muscles, each well of
the gel was loaded with a cerebral palsy muscle sample of
unknown titin isoform and rabbit psoas muscle sample
which expresses two N2A titin isoforms of molecular
weights 3416 and 3295 kDa (Fig. 3). In order to test the
accuracy of our molecular weight measurements, we de-
termined titin molecular weight in rabbit soleus muscle
and rat heart and compared it to previously reported re-
sults (3600 and 3000 kDa for rabbit soleus and rat heart
respectively) [21, 22]. Measurements of titin molecular
weight were done using ImageJ software [23]. Mean values
(± SEM) of titin molecular weights were calculated from
three to six observations per muscle sample.

Outcome measures
The primary outcome measure was titin molecular
weight correlated to MP. Secondary outcome measures
included sarcomere length measurement, pre-operative
hip abduction goniometry (R1 and R2), intra-operative
hip abduction goniometry, MP, and MCPHCS level.

Statistical analysis
Tissue samples were utilized for titin isoform analysis
and the corresponding titin molecular weights were cor-
related with their respective MPs using multiple regres-
sion analysis.
To determine whether sarcomere lengths observed in

CP muscle tissue were associated with structural myofi-
brillar changes and proxies of clinical dysfunction, sarco-
mere lengths were correlated to titin isoform molecular
weights and to MP using multiple regression analysis.
In addition, post hoc power analyses were performed

to determine statistical power.
This analysis was performed in consultation with a

statistician, using SPSS v.18 (IBM Corp., Armonk, NY,
USA).

Results
Bilateral biopsy samples from gracilis were obtained
from 10 children with spastic CP who met the study in-
clusion criteria. Of the 10 biopsies, measurable results



Fig. 3 Titin molecular weight determination. Two percent of agarose strengthened gel loaded with gracilis muscle from children with spastic
cerebral palsy and normal rabbit psoas muscles used as internal molecular weight markers. Rabbit psoas muscle was used as an internal
molecular weight marker. Wells a–e are extracts from CP tissue (top band) and rabbit psoas muscle. T2 is a proteolytic product of intact titin
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were obtained from 7 samples for titin analysis and 9 for
sarcomere length analysis. The mean age of the partici-
pants was 8.8 ± 4.2 years (range, 2 to 12 years). With re-
spect to functional level, 10%, 70%, and 20% of
participants were GMFCS III, IV, and V, respectively.

Clinical measures
The mean pre-operative hip abduction (with knee and
hip at 0° flexion) was 11° (range, − 10 to 30°) and 25°
(range, − 5 to 60°) for R1 and R2, respectively. The mean
intraoperative hip abduction (with knee and hip at 0°
flexion) was 32° (range, 15 to 50°). The mean pre-
operative hip abduction (with knee and hip at 90°
flexion) was 20° (range, 5 to 45°) and 29° (range, 15 to
60°) for R1 and R2, respectively. The mean intraopera-
tive hip abduction (with knee and hip at 90° flexion) was
36° (range, 15 to 65°).
With respect to Ashworth Scale ratings for the CP

Group, 30% were rated as 3, 60% as 2, and 10% as 1.
Fig. 4 Correlation between hip migration percentage measured for CP sub
muscle. We found a positive correlation (p = 0.028), meaning subjects with m
With respect to radiographic measures, the mean pre-
operative MP was 44% (range, 15 to 86%). According to
the MCPHCS, 45% of hips were rated as level 4 (sub-
luxated), 45% as level 3 (dysplastic), and 10% as level 2
(near normal hip).

Titin molecular weight
The average molecular weight of titin was found to be
3583 ± 30 kDa (range, 3548 to 3629 kDa). Titin molecu-
lar weight was found to be significantly correlated to the
severity of hip displacement (by MP, R2 = 0.65, p =
0.028, Fig. 4). Post hoc power analysis revealed an ob-
served statistical power > 0.9.

Sarcomere length measurement
The mean in vivo gracilis sarcomere length was found to
be 3.51 ± 0.05 μm. There was a significant correlation
between increased in vivo sarcomere length and the se-
verity of hip displacement (by MP, R2 = 0.65, p = 0.005,
jects and the titin isoform molecular weight expressed in the gracilis
ore severe hip displacements also had larger isoforms of titin expressed
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Fig. 5). In addition, in vivo sarcomere lengths were sig-
nificantly correlated to larger titin isoforms (R2 = 0.80,
p = 0.006; Fig. 6). Post hoc power analysis revealed an
observed statistical power > 0.9.

Discussion
In this pilot study, we measured titin molecular weights
and sarcomere lengths from the gracilis muscle of chil-
dren with spastic CP to help identify pathoanatomical
changes in the sarcomere relating to clinical dysfunction,
more specifically, hip displacement. While previous
studies have reported increased sarcomere lengths in
spastic muscles, the corresponding data on mean titin
isoform weights have found no significant difference be-
tween patients with CP and typically developing controls
[8, 24]. In the current study, however, we found a signifi-
cant positive correlation between titin molecular weight
and hip displacement according to MP. Given titin’s role
in regulating myofibrillar stiffness within the sarcomere,
this relationship may represent an adaptive feature in re-
sponse to increases in dynamic and static muscle con-
tractures associated with increases in hip displacement.
The specifics of this adaptive response were not investi-
gated in this study and have yet been elucidated.
For increasing severity of hip displacement, we also

found a significant positive correlation between sarco-
mere length and MP. This suggests that, like titin, in-
creases in sarcomere length may contribute to the
development of clinical dysfunction associated with hip
subluxation/dislocation, or may present as an adaptation
in response to the spasticity and overall muscle shorten-
ing typically found in CP. This relationship between clin-
ical dysfunction and increases in sarcomere length has
Fig. 5. Correlation between in vivo sarcomere lengths for gracilis and the
correlation (p = 0.005), meaning that CP subjects with longer in vivo sarcom
been previously suggested. In an in vivo study of CP pa-
tients across all GMFCS levels undergoing hamstring
lengthening surgery, for both the gracilis and semitendi-
nosus, Smith et al. demonstrated a significant negative
correlation between popliteal angle and in vivo sarco-
mere length, indicating that longer sarcomere lengths
were associated with increased contracture severity [24].
In this same study, increased sarcomere lengths demon-
strated a significant positive correlation to the GMFCS,
a more global measure of overall motor function for
children with CP. The results of our pilot study are con-
sistent with this previous research, specifically with re-
spect to the gracilis muscle.
Performing hip adductor muscle releases via a medial

(i.e., groin) approach—as is typical for the treatment of
hip displacement in CP—can be difficult depending on
the extent of static muscle contracture present. In this
study, the end range of passive hip abduction was typic-
ally short but variable, which made it difficult to biopsy
the muscles at a predefined joint angle for all specimens.
In the gracilis (hip and knee flexion at 0°, mean intraop-
erative abduction angle, 32°), for example, we found that
the end range of intraoperative abduction was a mini-
mum of 15° and a maximum of 50° for all participants.
As such, choosing a predefined joint angle at the time of
biopsy (in an attempt to normalize sarcomere lengths
between subjects, 15° for the purposes of this study)
would mean that those with less static contracture
tended to be substantially slack (grossly) compared to
those with increased static contracture (i.e., less hip ab-
duction) at the time of muscle biopsy. Previous studies
have found that there was a substantial decrease in the
variability of slack sarcomere lengths for muscles near
degree of hip displacement as quantified by MP. We found a positive
ere lengths also had more severe hip displacement



Fig. 6 Correlation between in vivo sarcomere lengths for CP subjects and the titin isoform weight expressed in gracilis. We found a positive
correlation (p = 0.006), meaning that subjects with longer in vivo sarcomere lengths also had larger isoforms of titin expressed in their gracilis muscle
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their end range compared to muscles that are in their
mid-range of excursion [25–27]. In addition, sarco-
mere length variability has been shown to decrease
significantly when the muscle is under passive tension
(closer to its end range) at the time of measurement
[25]. Given that the gracilis in the CP group had sub-
stantial variability in muscle slackness at a given joint
angle, due to differences in the extent of static con-
tracture present for each, there were some concerns
that the inherent variability in sarcomere lengths
would make the interpretation of our in vivo sarco-
mere lengths problematic.
Given these concerns, it was decided to take a biopsy

with the muscles at maximum (but not forced) hip ab-
duction to facilitate surgical access and to allow the
muscles to be at more uniform levels of gross muscle
tension. This was done to help allow for the measure-
ment of sarcomere length at the end range for these
muscles (with varying amounts of static contracture)
and better standardize the passive tension imparted. The
aim of this approach was to decrease the variability of
sarcomere lengths due to muscle slackness at a pre-
defined common joint angle at the time of biopsy for all
participants. In support of our approach, the mean
in vivo gracilis sarcomere length in our study was found
to be 3.51 ± 0.05 μm, comparable to the results of Smith
and colleagues, who found a mean sarcomere length of
3.54 ± 0.14 μm for the gracilis in CP children undergoing
hamstring lengthening surgery, considerably longer
sarcomere lengths as compared to typically developing
children [24]. In further support, the relationship be-
tween the joint angle at which the biopsy of gracilis was
taken and the sarcomere length measured was examined
for a relationship, but no significant correlation was
found.
Muscles are believed to operate near optimal sarco-

mere lengths of approximately 2.5 to 2.7 μm in hu-
man skeletal muscle [28, 29]. The mean sarcomere
length found in CP children (approximately 3.5 μm),
however, is halfway down on the descending limb of
the force-length curve [30]. As such, these elongated
sarcomeres may be associated with a loss of active
force generating ability (i.e., weakness) often seen in
children with CP [31–33].
With increases in titin molecular weight and sarco-

mere length both positively correlated with hip displace-
ment severity, pathoanatomical changes identified in the
myofibril may represent adaptations to help maintain a
more uniform intrinsic passive muscle tension in re-
sponse to spasticity and muscle shortening. For titin, this
may manifest through the synthesis of a more compliant
isoform despite the fact that mean molecular weights
have not typically been shown to be different for chil-
dren with CP [8, 24, 34]. Supporting this concept, in
other research from our laboratory where passive stress
generation in CP myofibrils was investigated, CP myofi-
brils were found to be more elastic than typically devel-
oping controls [35]. Despite this, at in vivo sarcomere
lengths, myofibrils from CP muscles were found to be
under substantially increased stress as compared to typ-
ically developing children. This alteration in compliance
may be related to changes in the structural arrangement
of titin filaments, but this was not investigated for the
purposes of this study [12].
There were several limitations inherent to this pilot

study. The first was the small sample size which made it
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difficult to make definitive statements regarding our
findings. It was encouraging, however, that our findings
were consistent with those concluded by others with lar-
ger sample sizes and that a post hoc power analysis
proved favorable. Another limitation was the lack of a
typically developing control group; however, our primary
aim was to investigate the relationships between sarco-
mere characteristics and clinical dysfunction for children
with CP rather than perform comparisons with typically
developing children.
A final limitation is the analysis of gracilis alone as a

proxy for the hip adductor group in CP. We agree that it
would be beneficial to have analyzed not only gracilis
but also adductor longus (and possibly adductor brevis)
as two of the other most common muscles surgically
treated for cases of hip displacement in CP [13, 36, 37].
As stated, the adductor longus biopsies harvested from
the subjects in this study were used for the purposes of
a separate analysis, the results of which have just been
published. In this study from our laboratory, we found
that there were no differences in sarcomere lengths,
myofibril diameter, elastic modulus (i.e., stiffness), pas-
sive stress generation, and titin weight between adductor
longus and gracilis [35]. As well, both adductor longus
and gracilis (and sometimes adductor brevis) are the pri-
mary surgical targets for the treatment of hip displace-
ment in CP [13, 37]. For these reasons, we feel that
gracilis is a valid choice for analysis at the myofibrillar
level to elucidate relationships to disease severity, even
with the absence of adductor longus, given their similar
pathophysiologic characteristics and clinical implication.
Acknowledgement should also be given that perform-

ing muscle biopsies at the end range of excursion rather
than at a pre-determined joint angle may have induced
some concerns as to the validity of our sarcomere length
standardization during measurement. However, measur-
ing sarcomere length at the end range for these muscles
may reduce variability due to differences in inherent
muscle slackness as discussed above.

Conclusions
Understanding the relationship between hip displace-
ment and pathophysiological changes at the sarcomere
level is important to help in our understanding of
muscle contracture development in CP. In this pilot
study, we found that both titin size and sarcomere
length were positively correlated to the severity of hip
displacement. These important findings may represent
adaptations intrinsic to the sarcomere that develop in re-
sponse to the overall adductor muscle shortening associ-
ated with the development of hip displacement. To
determine whether these changes are indeed compensa-
tory mechanisms, rather than primary manifestations
contributing to the development of hip displacement,
requires further investigation. Understanding these rela-
tionships may provide the means to develop novel inter-
ventions that target these manifestations.

Abbreviations
CP: Cerebral palsy; GMFCS: Gross Motor Function Classification System;
MCPHCS: Melbourne Cerebral Palsy Hip Classification System; MP: Migration
percentage; ROM: Range of motion; SEM: Standard error of the mean;
SPSS: Statistical Package for the Social Sciences

Acknowledgements
The authors would like to acknowledge Steve Van Iderstine for his work
coordinating this research project and Dr. Ellen Wood for her clinical
determination of motor type and GMFCS level. We would also like to
acknowledge Prof. H. Kerr Graham (Royal Children’s Hospital, Melbourne) for
reviewing the manuscript and providing helpful comments.

Authors’ contributions
KL helped develop the study protocol, performed the experiments,
performed the data analysis, and wrote the initial manuscript draft. JH
helped develop the study protocol, recruited the patients, supervised the
acquisition of clinical measures, performed the muscle biopsies, helped
interpret the data, and revised and finalized the manuscript. TL helped
develop the study protocol, reviewed and provided comments regarding
data interpretation, and made suggestions for the final manuscript edit. VJ
assisted with the experiments and data analysis and reviewed the
manuscript and suggested edits. KL reviewed the study protocol and made
suggestions, recruited the patients, performed the muscle biopsies, and
reviewed the manuscript and suggested edits. BO reviewed the study
protocol and made suggestions, recruited the patients, performed the
muscle biopsies, and reviewed the manuscript and suggested edits. RE
reviewed the study protocol and made suggestions and reviewed the
manuscript and suggested edits. LG was responsible for the acquisition of
clinical measures, tabulating and maintaining the clinical data, and reviewed
the manuscript and suggested edits. WH helped develop the study protocol,
reviewed and provided comments regarding data interpretation, and made
suggestions for the final manuscript edit. This work was funded through the
Canadian Institutes of Health Research, The Killam Foundation and The
Canada Research Chair Programme under the auspices of Dr. Herzog. All
authors read and approved the final manuscript.

Funding
This work was funded through the Canadian Institutes of Health Research,
The Killam Foundation and The Canada Research Chair Programme under
the auspices of Dr. Walter Herzog.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
This research obtained ethics approval from our Institutional Review Board
(IWK Research Ethics Board, Protocol #1013392), in compliance with the
principles laid out in the World Medical Association Declaration of Helsinki –
Ethical Principles for Medical Research Involving Human Subjects. Written
informed consent was obtained from the parents of all patients included in
the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Faculty of Kinesiology, University of Calgary, 376 Collegiate Blvd NW,
Calgary, AB T2N 4V8, Canada. 2IWK Health Centre, 5980 University Ave,
Halifax, NS B3K 6R8, Canada. 3Weill Cornell Medicine, Sidra Medicine, Al
Gharrafa St, Ar Rayyan, P.O. Box 26999, Doha, Qatar.



Larkin-Kaiser et al. Journal of Orthopaedic Surgery and Research          (2019) 14:187 Page 9 of 9
Received: 18 March 2019 Accepted: 12 June 2019

References
1. Oskoui M, Coutinho F, Dykeman J, Jetté N, Pringsheim T. An update on the

prevalence of cerebral palsy: a systematic review and meta-analysis. Dev
Med Child Neurol. 2013;55:509–19.

2. Soo B, Howard JJ, Boyd RN, Reid SM, Lanigan A, Wolfe R, Reddihough D,
Graham HK. Hip displacement in cerebral palsy. J Bone Joint Surg Am. 2006;
88:121–9.

3. Valencia FG. Management of hip deformities in cerebral palsy. Orthop
Clinics North Am. 2010;41:549–59.

4. Huxley AF, Niedergerke R. Structural changes in muscle during contraction;
interference microscopy of living muscle fibres. Nature. 1954;173:971–3.

5. Fridén J, Lovering RM, Lieber RL. Fiber length variability within the flexor
carpi ulnaris and flexor carpi radialis muscles: implications for surgical
tendon transfer. J Hand Surg. 2004;29:909–14.

6. Smith LR, Chambers HG, Subramaniam S, Lieber RL. Transcriptional
abnormalities of hamstring muscle contractures in children with cerebral
palsy. PloS One. 2012;7:e40686. https://doi.org/10.1371/journal.pone.
0040686.

7. Ward SR, Takahash M, Winters TM, Kwan A, Lieber RL. A novel muscle
biopsy clamp yields accurate in vivo sarcomere length values. J Biomech.
2009;42:193–6.

8. Lieber RL, Friden J. Spasticity causes a fundamental rearrangement of
muscle-joint interaction. Muscle Nerve. 2002;25:463–8.

9. Ponten E, Gantelius S, Lieber RL. Intraoperative muscle measurements reveal
a realtionship between contracture formation and muscle remodeling.
Muscle Nerve. 2007;36:47–54.

10. Graham HK, Rosenbaum P, Paneth N, et al. Cerebral palsy. Nature Reviews
Disease Primers. 2015. https://doi.org/10.1038/nrdp.2015.82

11. Linke WA. Titin elasticity in the context of the sarcomere: force and
extensibility measurements on single myofibrils. Adv Exp Med Biol. 2000;
481:179–206.

12. Herzog W. The role of titin in eccentric muscle contraction. J Exp Biol. 2014;
217(Pt 16:2825–33.

13. Shore BJ, Desai S, Selber P, et al. Adductor surgery to prevent hip
displacement in children with cerebral palsy: the predictive role of the
Gross Motor Function Classification System. J Bone Joint Surg Am. 2012;94:
326–34.

14. Howard JJ, Huntley JS, Graham HK, Herzog WL. Intramuscular injection
of collagenase clostridium histolyticum may decrease spastic muscle
contracture for children with cerebral palsy. Med Hypotheses. 2019;122:
126–8.

15. Robin J, Graham HK, Baker R, et al. A classication system for hip disease in
cerebral palsy. Dev Med Child Neurol. 2009;51:183–92.

16. Palisano R, Rosenbaum P, Walter S, Russell D, Wood E, Galuppi B.
Development and reliability of a system to classify gross motor function in
children with cerebral palsy. Dev Med Child Neurol. 1997;39:214–23.

17. Reimers J. The stability of the hip in children. A radiological study of the
results of muscle surgery in cerebral palsy. Acta Orthop Scand. 1980:
184(Supp):1–100.

18. Bohannon R, Smith M. Interrater reliability of a modified Ashworth scale of
muscle spasticity. Phys Ther. 1987;67:206.

19. Vaz MA, de la Rocha Freitas C, Leonard T, Herzog W. The force-length
relationship of the cat soleus muscle. Muscles Ligaments Tendons J. 2012;2:
79–84.

20. Moo EK, Fortuna R, Sibole SC, Abusara Z, Herzog W. In vivo sarcomere
lengths and sarcomere elongations are not uniform across an intact muscle.
Front Physiol. 2016;7:187.

21. Neagoe C, Kulke M, del Monte F, Gwathmey JK, de Tombe PP, Hajjar RJ,
Linke WA. Titin isoform switch in ischemic human heart disease. Circulation.
2002;106:1333–41.

22. Prado LG, Makarenko I, Andresen C, Krüger M, Opitz CA, Linke WA. Isoform
diversity of giant proteins in relation to passive and active contractile
properties of rabbit skeletal muscles. J Gen Physiol. 2005;126:461–80.

23. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nature Methods. 2012;9:671–5.

24. Smith LR, Lee KS, Ward SR, Chambers HG, Lieber RL. Hamstring contractures
in children with spastic cerebral palsy result from a stiffer extracellular
matrix and increased in vivo sarcomere length. J Physiol. 2011;589:2625–39.
25. Chen X, Sanchez GN, Schnitzer MJ, Delp SL. Changes in sarcomere lengths
of the human vastus lateralis muscle with knee flexion measured using
in vivo microendoscopy. J Biomech. 2016;49:2989–94.

26. Boakes JL, Foran J, Ward SR, Lieber RL. Muscle adaptation by serial
sarcomere addition 1 year after femoral lengthening. Clin Orthop Relat Res.
2007;456:250–3.

27. Ward SR, Eng CM, Smallwood LH, Lieber RL. Are current measurements of
lower extremity muscle architecture accurate? Clin Orthop Relat Res. 2009;
467:1074–82.

28. Herzog W, Joumaa V, Leonard TR. The force-length relationship of
mechanically isolated sarcomeres. Adv Exp Med Biol. 2010;682:141–61.

29. Walker SM, Schrodt GR. I segment lengths and thin filament periods in
skeletal muscle fibers of the Rhesus monkey and the human. Anat Rec.
1974;178:63–81.

30. Gordon AM, Huxley AF, Julian FJ. Tension development in highly stretched
vertebrate muscle fibres. Journal Physiol. 1966;184:143–69.

31. Carmick J. Clinical use of neuromuscular electrical stimulation for children
with cerebral palsy, part 2: upper extremity. Phys Ther. 1993;73:514–22;
discussion 523–7.

32. Kerr C, McDowell B, McDonough S. Electrical stimulation in cerebral palsy: a
review of effects on strength and motor function. Dev Med Child Neurol.
2004;46:205–13.

33. Rose J, McGill KC. Neuromuscular activation and motor-unit firing
characteristics in cerebral palsy. Dev Med Child Neurol. 2005;47:329–36.

34. Mathewson MA, Chambers HG, Girard PJ, Tenenhaus M, Schwartz AK, Lieber
RL. Stiff muscle fibers in calf muscles of patients with cerebral palsy lead to
high passive muscle stiffness. J Orthop Res. 2014;32:1667–74.

35. Leonard TR, Howard J, Larkin-Kaiser K, et al. Stiffness of hip adductor
myofibrils is decreased in children with spastic cerebral palsy. J Biomech.
2019;87:100–6. https://doi.org/10.1016/j.jbiomech.2019.02.023.

36. Shore BJ, Graham HK. Management of moderate to severe hip
displacement in nonambulatory children with cerebral palsy. JBJS Reviews.
2017;5:e4.

37. Howard JJ, Khot A, Graham HK. The hip in cerebral palsy. In: Alshyrda S,
Howard JJ, Huntley JS, Schoenecker J, editors. The Pediatric and Adolescent
Hip: Essentials and Evidence. Switzerland: Springer; 2019. In press. https://
doi.org/10.1007/978-3-030-12003-0.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0040686
https://doi.org/10.1371/journal.pone.0040686
https://doi.org/10.1038/nrdp.2015.82
https://doi.org/10.1016/j.jbiomech.2019.02.023
https://doi.org/10.1007/978-3-030-12003-0
https://doi.org/10.1007/978-3-030-12003-0

	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Introduction
	Materials and methods
	Study design and participant selection
	Pre-operative measures
	Muscle biopsy procedure
	Sarcomere length measurement
	Titin gel electrophoresis
	Outcome measures
	Statistical analysis

	Results
	Clinical measures
	Titin molecular weight
	Sarcomere length measurement

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

