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Abstract

Cerebral palsy (CP) describes some upper motoneuron disorders due to non-progressive
disturbances occurring in the developing brain that cause progressive changes to muscle. While
longer sarcomeres increase muscle stiffness in patients with CP compared to typically developing
(TD) patients, changes in extracellular matrix (ECM) architecture can increase stiffness. Our
goal was to investigate how changes in muscle and ECM architecture impact muscle stiffness,
gait and joint function in CP. Gracilis and adductor longus biopsies were collected from

children with CP undergoing tendon lengthening surgery for hamstring and hip adduction
contractures, respectively. Gracilis biopsies were collected from TD patients undergoing anterior
cruciate ligament reconstruction surgery with hamstring autograft. Muscle mechanical testing,
two-photon imaging and hydroxyproline assay were performed on biopsies. Corresponding data
were compared to radiographic hip displacement in CP adductors (CPA), gait kinematics in

CP hamstrings (CPH), and joint range of motion in CPA and CPH. We found at matched
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sarcomere lengths muscle stiffness and collagen architecture were similar between TD and CP
hamstrings. However, CPH stiffness (/2 = 0.1973), collagen content (/2 = 0.5099) and cross-
linking (R2 = 0.3233) were correlated to decreased knee range of motion. Additionally, we
observed collagen fibres within the muscle ECM increase alignment during muscular stretching.
These data demonstrate that while ECM architecture is similar between TD and CP hamstrings,
collagen fibres biomechanics are sensitive to muscle strain and may be altered at longer /n vivo
sarcomere lengths in CP muscle. Future studies could evaluate the impact of ECM architecture on
TD and CP muscle stiffness across /in vivo operating ranges.
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Typically developing and cerebral palsy (CP) gracilis muscles have similar extracellular matrix
(ECM) composition, but longer /n vivo sarcomere lengths in CP gracilis muscles put higher
intrinsic strain on the ECM, which alters ECM architecture and increases passive stiffness.

Keywords
cerebral palsy; collagen alignment; extracellular matrix; matrix architecture; skeletal muscle

Introduction

In skeletal muscle, the organization of the myofibres and extracellular matrix (ECM)
determine their active and passive mechanical functionality. The length of sarcomeres, the
basic contractile unit of muscle, has a direct impact on the degree of active tension during

a muscle contraction and passive tension during a passive muscular stretch (Gordon et al.,
1966). In compliment to the sarcomeres, the organization of the ECM, particularly the
collagenous matrix, is vital to the transmission of active tension between adjacent myofibres
and from muscle to tendon (Passerieux et al., 2006, 2007), and also contributes to passive
tension during a passive muscular stretch (Brashear et al., 2021; Meyer & Lieber, 2011,
Ward et al., 2020). In healthy muscle the myofibres and ECM can adapt to exercise and
injury by adding or repairing sarcomeres and remodelling the matrix to increase muscle
strength or regenerate damaged tissue (Butterfield & Herzog, 2006; Butterfield et al., 2005;
Dumont et al., 2015; Hinks et al., 2022; Kjaer, 2004; Kjaer et al., 2006; Roman et al.,
2021). However, in disease there is often maladaptation in the muscle fibres and/or the
ECM that results in a loss of skeletal muscle function. In cerebral palsy (CP), there is
non-progressive disturbance to the developing brain that can result in muscle spasticity, gait
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abnormalities and joint contractures (Crenna, 1998; Krigger, 2006; Rosenbaum et al., 2007;
Sutherland & Davids, 1993). Previous reports have consistently demonstrated that spastic
muscle in patients with CP operates at longer sarcomere lengths /7 vivo than non-spastic
muscle (Leonard et al., 2019; Lieber & Fridén, 2002, 2019; Lieber et al., 1994; Mathewson
etal., 2014, 2015; Pingel et al., 2021; Smith et al., 2011), which is implicated in reduced
passive range of motion (Lieber & Fridén, 2002; Smith et al., 2011), increased muscle
passive stiffness (Lieber & Fridén, 2019; Mathewson et al., 2014; Smith et al., 2011) and
poor contractile strength according to the sarcomere length—tension relationship (Gordon et
al., 1966). Interestingly, CP muscle bundles typically have higher passive stiffness compared
to TD bundles at the same sarcomere length, without showing a difference in stiffness at the
myofibre level. This is thought to be due to alterations in ECM architecture in CP muscle,
specifically within the collagen matrix, that lead to changes in muscle ECM mechanics and
biochemical properties.

Multiple aspects of collagen architecture, including collagen content, cross-links and
alignment, change in diseased muscle and relate to muscle stiffness. Collagen content,

the total collagen in the muscle, tends to increase in CP thigh muscles (Booth et al.,

2001; Lieber & Fridén, 2019; Smith et al., 2011, 2021), but collagen content alone is not

a consistent predictor for muscle stiffness (Lieber & Fridén, 2019; Smith et al., 2011),
although it can be useful in predicting stiffness when combined with other aspects of
matrix architecture (Smith et al., 2021). However, collagen cross-links, covalent bonds
between collagen molecules and fibrils, are upregulated in muscle from children with CP
(Smith et al., 2021) and relate to stiffness (Smith et al., 2021). Collagen cross-links also
alter stretch- or strain-dependent mechanics of collagen fibrils, implying that cross-linked
collagen matrices exhibit different mechanical properties depending on changes in muscle
length (Depalle et al., 2015). Similarly, collagen fibre alignment, the orientation of collagen
fibres within the ECM, is often increased in fibrotic muscle and relates to muscle dynamic
(velocity-dependent) and elastic (velocity-independent) stiffness (Brashear et al., 2021,
2022; Sahani et al., 2022). Dynamic and elastic stiffness are relevant to the ability to
stretch muscles and their static positioning, respectively, which are each affected in CP.
Additionally, collagen alignment is thought to be sensitive to changes in muscle strain
(Gillies et al., 2017; Purslow, 1989, 2002; Purslow & Trotter, 1994; Scarr, 2016), although
this has not been quantified across a range of strains in the same muscle. Because CP
muscle operates at longer /in7 vivo sarcomere lengths than TD muscle, increased muscle strain
in CP could activate strain-dependent biomechanical properties of collagen cross-links and
collagen alignment in a way that drives CP muscle stiffness and gait kinematics /n vivo.

Thus, the goal of this study was to compare intrinsic muscle properties of collagen
architecture and tissue stiffness between TD and CP muscles, and investigate relationships
between intrinsic muscle properties with clinical measures of joint mobility, three-
dimensional joint kinematics and radiographic hip displacement in children with CP. We
hypothesized that at matched sarcomere lengths, collagen alignment and collagen cross-
linking would be increased in CP muscles compared to TD hamstrings (TDH). Further,
we predicted that /7 vivo sarcomere length, collagen fibre alignment and collagen cross-
linking would relate to increased stiffness in CP muscles and strongly correlate with joint
mobility and kinematics. We tested this hypothesis using hamstring muscle biopsies from

J Physiol. Author manuscript; available in PMC 2025 February 24.
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TD paediatric patients, and hamstring and adductor biopsies from paediatric patients with
CP. We used muscle mechanical testing to measure the passive stress and stiffness of muscle
biopsies and used second harmonic generation (SHG) imaging on the biopsies to visualize
collagen architecture and sarcomere length. Biopsies were then assessed for collagen
content and cross-linking using the hydroxyproline and collagen solubility assays. These
biomechanical and biochemical parameters were then compared to previously collected joint
motion and three-dimensional joint kinematics for CP hamstring (CPH) muscles, and to joint
motion and radiographic hip displacement data for CP adductor (CPA) muscles, respectively,
to link intrinsic muscle properties to gait and/or joint function. This work provides new
insight into the impact of muscle and ECM architecture on the joint mobility and gait
patterns in children with CP.

Ethical approval

Ethical approval for this study conformed to the standards of the Dec/aration of Helsinki
(except for registration in a database) and was approved by the Institutional Review Board
of the Shriners Children’s and WCG-IRB (tracking number 20202208; www.wcgirb.com).
Since all patients were under the age of 18, informed consent was obtained from the
parent(s) or legal guardian(s) of all participants prior to participation in the study. Patient
data displaying age, sex, clinical outcomes and sample sizes for each assay are recorded in
Table 1.

Biopsy collection and processing

For TD patients, gracilis muscle biopsies were collected during anterior cruciate ligament
(ACL) reconstruction using hamstring autograft. After the gracilis muscle-tendon unit was
harvested for the reconstruction, a surgical 8.0 mm clamp (Ambler Surgical, Exton, PA,
USA) was used to isolate a portion of the gracilis muscle ex vivo at resting length for
collection. For patients with CP undergoing hamstring lengthening surgery, gracilis muscle
biopsies were collected /n vivo at 90° of knee flexion and hip flexion using the same
surgical clamp protocol. For patients with CP undergoing tendon lengthening surgery for
hip adduction contractures, adductor longus muscle biopsies were collected /n vivo at 90°
hip flexion and 30° hip abduction (or maximum abduction if 30° was not possible) with the
same surgical clamps as TDH and CPH biopsies. Since the TDH biopsy was not collected
at the same joint angles as the CPH biopsy, the sarcomere length measured in the TDH was
not directly compared to the CPH /n vivo sarcomere length. Similarly, the CPA biopsy was
collected at a different hip abduction angle from the CPH biopsy, so the sarcomere lengths
we measured from each were not used for direct /n vivo comparisons. For all specimens,
the clamp with muscle biopsy was immediately stored in a sterilized vial of storage solution
(125 mM potassium propionate, 20 mM imidazole, 5 mM EGTA, 2 mM MgCl, 6H,0, 2
mM NayH,ATP in 50% glycerol; pH 7.00) (Roche et al., 2015) on ice for no more than 2 h
before storage at —20°C.

J Physiol. Author manuscript; available in PMC 2025 February 24.
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Muscle mechanical testing and storage

Within 10 days of biopsy collection, muscles were tested for passive mechanical properties.
Each clamped biopsy was removed from the storage solution into a room temperature bath
of dissecting solution (125 mM potassium propionate, 20 mM imidazole, 5 mM EGTA,

2 mM MgCl, 6H,0, 2 mM NayH,ATP; pH 7.00) (Roche et al., 2015). At least two

muscle bundles were excised from the biopsy and tied at the ends with 7-0 sutures. Suture
loops were attached to a 300C-LR-Dual-Mode motor arm and force transducer (Aurora
Scientific, Aurora, ON Canada) in a bath of 28°C dissecting solution. Muscle bundles were
mechanically tested starting either from their length within the clamp (clamp length, L)
(TDH: n=8, CPH: n=16, CPA: n=6) or from their slack length (length of the unloaded
bundle within the dish) (TDH: n=7, CPH: n=11, CPA: n=8).

Muscle bundles tested from in vivo length underwent a passive mechanical protocol that
entailed a preconditioning and maintained stretch steps. The preconditioning steps took
place before each maintained stretch steps and involved lengthening the muscle bundle by
5% beyond L. at a rate of 1 Hz for 5 s. The maintained stretch steps involved stretching

the muscle 5% beyond L. at a rate of 1 L/s and held at the stretched length for 120 s

of stress relaxation. Preconditioning and stress relaxation steps were continued up to 10%,
15% and 20% strains beyond L.. Muscle bundles tested from slack length (L) underwent a
passive mechanical protocol similar to bundles that were tested from /7 vivo length, except
that the strains used for the slack length bundles were 7.5%, 15%, 22.5%, 30%, 37.5% and
45% strain beyond Lg. Following mechanical testing, bundles tested at L. were fixed in

4% paraformaldehyde overnight at 4°C while bundles tested at Lg were placed in storage
solution at —20°C. In some biopsies (TDH: n=8, CPH: n= 15, CPA: n=10) a small piece
of tissue was removed, flash-frozen and stored at —70°C for hydroxyproline and collagen
solubility assay. In biopsies that were used for bundles tested at Lg, an unexcised bundle was
left in the clamp and fixed in 4% paraformaldehyde overnight at 4°C for analysis of /n vivo
sarcomere length in CP samples.

In order to directly compare the stiffness, the change in passive tension per cross-sectional
area (stress) for a given change in length (strain), between samples of the two mechanical
protocols, we calculated the strains that corresponded to the sarcomere length of each
sample when in the clamp and reported the corresponding stiffnesses at these strains. Thus,
whether a muscle bundle began its testing at initial clamped length or slack length, we
normalized the stiffnesses of every sample to report the calculated stiffness at the clamped
length based on the collected stress—strain data and the /n vivo and slack sarcomere lengths
measured using second harmonic generation imaging. Assuming the fibre length was equal
to the muscle bundle length, we calculated the physiological cross-sectional area (PCSA)
using the clamped length, L, mass (m), and density (o = 1.06 g/cm3) (PCSA = m/(L %
P)) (Mendez & Keys, 1960). Stiffness was reported as the slope of the linear fit to the plot
of stress (tensile force per PCSA) and strain values. Dynamic stiffness was the slope of

the linear fit with the maximum stress values during the maintained stretch steps. Dynamic
stiffness represents the total increase in passive stress that occurred with each increase in
strain. Elastic stiffness was the slope of the linear fit with the stress values at the end

of the maintained stretch steps. Elastic stiffness represents the increase in passive stress
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that was present in the muscle for a given strain following 2 min of stress relaxation. So,
dynamic stiffness represents the immediate increase in passive stress on a muscle as it is
stretched, while elastic stress is the increase in passive stress in muscle that remains 2 min
after the stretching occurred. Elastic index or elasticity was defined as the ratio between
elastic and dynamic stiffness. Elastic index values range between 0 and 1. An elastic index
of 0 represents an entirely inelastic muscle which experiences complete stress-relaxation
and returns to the same initial passive stress after a given stretch. An elastic index of 1
represents an entirely elastic muscle which experiences no stress-relaxation and indefinitely
maintains the same increase in passive stress following a stretch. Muscles that failed before
the penultimate strain in their sequence were removed from the analysis of mechanical data.
These mechanical testing techniques are similar to previous studies (Brashear et al., 2021,
2022; Hakim et al., 2011; Smith & Barton, 2014; Ward et al., 2009; Wohlgemuth et al.,
2023).

Second harmonic generation imaging for collagen architecture

Second harmonic generation (SHG) microscopy was performed at the Advanced Imaging
Facility in the UC Davis School of Veterinary Medicine using a Leica TCS SP8 (Leica
Microsystems Inc. Deerfield, IL, USA) fit with a Mai Tai deep see laser (Spectra-Physics,
Milpitas, CA, USA). A x25 water immersion objective was used in conjunction with a
multiphoton laser. SHG imaging was done on muscle bundles fixed in 4% paraformaldehyde
overnight (TDH: n=9, CPH: n=19, CPA: n=7) and bundles kept in storage solution
(TDH: n=6, CPH: n=8, CPA: n=7) within 1 week following mechanical testing. Fixed
muscle bundles were imaged three times in random locations using the multiphoton laser
tuned to 870 nm and 830 nm in series. Since the achievable depth of SHG imaging in
skeletal muscle is approximately 100 um (Plotnikov et al., 2006), in each of the three imaged
locations, image stacks were obtained with a thickness of 100 um and slice thickness of

1 um. This imaging technique is similar to previous studies (Brashear et al., 2021, 2022).
Muscle bundles stored in storage solution were imaged in one location across a range of
strains from slack length to 145% of L in line with the mechanical protocol. Unfixed
muscle bundles were imaged using a multiphoton laser tuned to 848 nm for an image stack
size of at least 50 um with a slice thickness of 1 um. Custom MATLAB (MathWorks,
Natick, MA, USA) scripts and processing in ImageJ (NIH, Bethesda, MD, USA) were used
to analyse the image stacks as previously described (Brashear et al., 2021, 2022; Hu et al.,
2021).

Hydroxyproline and collagen solubility assay

Collagen content and cross-linking were quantified in muscle biopsies using the
hydroxyproline and collagen solubility assay similar to other studies (Flesch et al., 1997;
Heydemann et al., 2005; Smith & Barton, 2014) and as described previously (Brashear et al.,
2021, 2022; Wohlgemuth et al., 2023). Flash-frozen muscle samples were powdered using
mortar and pestle that were cooled on dry ice. The mass of powdered samples was recorded,
and each sample was placed in 1 ml of phosphate buffered saline (PBS) and shaken for 30
min at 4°C. Samples were then centrifuged at 21,000 g for 30 min at 4°C. The supernatant
was discarded and the pellet was placed in a 1:10 (w/v) solution of 0.5 M acetic acid with

1 mg/ml pepsin to stir overnight at 4°C. The following day the samples were centrifuged

J Physiol. Author manuscript; available in PMC 2025 February 24.
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for 30 min at 21,000 g at 4°C and separated into the supernatant (soluble fraction) and
pellet (insoluble fraction). The supernatant was boiled off and then 0.5 M HCI was added to
each supernatant and pellet as well as to an array of standards with known hydroxyproline
concentrations. All samples and standards were boiled in closed tubes overnight. The next
day each sample was vortexed and 10 ul was aliquoted into a separate tube for the final
steps. A combination of 150 pl of isopropanol and 75 pl of Solution A (1:4 dilution of 7%
chloramine T to acetate citrate buffer) was added to each tube before mixing and leaving

at room temperature for 10 min. One millilitre of Solution B (3:13 dilution of Erlich’s
reagent to isopropanol) was added to each tube before mixing and placing on a 58°C hot
plate for 30 min. Following the incubation period, samples were removed from the hot plate
and put on ice before centrifuging at 5000 g for 1 min at 4°C. The supernatants of each
sample were plated in duplicate, and absorbance was measured at 558 nm. Total collagen
and cross-linking were back-calculated using the standard absorbance curve and data were
reported as g collagen per mg powdered tissue and percentage of insoluble collagen.

Clinical data and gait analysis

For children with CP undergoing hamstring lengthening surgery, popliteal angles were
measured intra-operatively and were defined as the angle of the lower leg relative to vertical
during passive knee extension with the hip flexed at 90° (Fig. 1). For children with CP
undergoing hip tendon lengthening, hip abduction angle was measured intra-operatively with
the sacrum positioned flat on the operating room table and hips flexed to 90°, with each
hip’s abduction angle measured as the angle between the thigh relative to vertical (Fig. 1).
Hip migration percentage (MP), the most important radiographic measure of clinical hip
displacement, was calculated from a supine anterior—posterior pelvis radiograph. MP = A/B
x 100%, where A is distance between the lateral edge of the acetabulum to the lateral edge
of the femoral head and B is the width of the femoral head (Fig. 1).

Three-dimensional gait analysis was performed on patients with CPH contractures with

a GMFCS score of 1-3. Motion capture data were collected at 120 Hz using 12 motion
capture cameras (Motion Analysis Corporation, Rohnert Park, CA, USA). A clinician
attached 24 reflective markers to the surface of patients’ skin using double-sided tape,
following the full-body Plug-in Gait model (McMulkin & Gordon, 2009; Wren et al., 2008).
Hip joint centres were approximated from the locations of the anterior superior iliac spines
using regression equations. Knee joint centres were approximated as the midpoint between
lateral and medial femoral condyle locations. Ankle joint centres were approximated as the
midpoint between lateral and medial malleolus locations. After collecting a static calibration
trial, patients walked back and forth across the lab at a self-selected pace while kinematic
data were collected. Joint angles were calculated using a Cardan x—y—z rotation sequence
corresponding to flexion/extension, varus/valgus, and internal/external rotation. Discrete
values of knee flexion angles at initial contact, peak knee flexion and extension in stance
and swing, range of knee flexion/extension motion, and average knee flexion in stance and
swing were calculated and stored for further analysis. A previously collected data set of gait
analysis data performed on TD patients was used to compare to our data set on patients with
CPH contractures.

J Physiol. Author manuscript; available in PMC 2025 February 24.
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Statistical methods

Results

Statistics were performed in GraphPad Prism (GraphPad Software, Boston, MA, USA). An
a priori power analysis based on a previous study (Smith et al., 2011) predicted an effect
size of 0.93 between TD and CP muscle bundle elastic stiffness (TD: ~25 + 11 kPa/um;
CP: ~40 £ 20 kPa/um). Based on this power analysis we planned to collect a minimum of
40 samples between TD and CP gracilis biopsies to achieve 80% power. One-way ANOVA
was performed to compare muscle mechanics, sarcomere length and collagen architecture
across muscle groups (TDH, CPH and CPA). Two-way ANOVA was used to compare
muscle mechanics and collagen architecture across muscle groups and muscle strain (degree
of stretch). For both one-way and two-way ANOVAS, a post hoc Dunnett’s or Tukey’s
multiple comparisons test was used to find specific differences between groups. Student’s
unpaired test was used to compare clinical and functional parameters between CPH and
CPA groups. Simple linear regressions were used to compare continuous variables from the
muscle mechanics, sarcomere length, collagen architecture and clinical/functional datasets.
Significance was set at £< 0.05. Unless otherwise stated, data are reported as means = SD.

Passive mechanics and muscle architecture

Although fixed muscle contractures in CP are excessively stiff, surprisingly, muscle bundles
that were excised from biopsies for mechanical testing (Fig. 2A) were not significantly
different in mass, length or physiological cross-sectional area between groups (Fig. 3A-C).
There was a significant effect of muscle group (£ = 0.0065) on clamped sarcomere length
(Fig. 2B), such that clamped sarcomere lengths of CPH and CPA muscle bundles were
13.1% and 25.0% longer, respectively, than TDH bundles. Dynamic and elastic stress
significantly increased with strain (Dynamic: £< 0.0001; Elastic: £< 0.0001) and there was
a significant interaction between strain and muscle group (Dynamic: 2= 0.0070; Elastic:
P=10.0004), such that CPA muscle bundles had a greater increase in dynamic and elastic
stress over the range of strains than TDH and CPH bundles (Fig. 2C and D). However, there
were no differences in dynamic or elastic stiffness between muscles (Fig. 2E and F). Elastic
index represented the level of relative elasticity on a scale of 0 (not elastic) to 1 (completely
elastic) during muscle mechanical testing. Elastic index was 20.4% higher in CPA muscle
bundles compared to CPH (£ = 0.0033), but there was no difference in elastic index between
TDH and CPH bundles (Fig. 2G). Overall, CPA muscle bundles had a greater elasticity and a
steeper stress—strain curve than CPH and TDH bundles.

Collagen fibre architecture, content and cross-linking

Collagen architecture has been correlated to muscle stiffness (Brashear et al., 2021, 2022;
Sahani et al., 2022) and thus was investigated in the muscle biopsies. Alignment index,

a value ranging between 0 (perfect unalignment) to 1 (perfect alignment), was used to
measure collagen fibre alignment in muscle bundles (Fig. 4A). In muscle bundles that
were imaged across a range of strains, alignment index demonstrated the dynamic changes
in alignment that occur over the series of images (Fig. 4A). Collagen fibre alignment at
clamped sarcomere length did not significantly vary between muscle groups (Fig. 4B).
However, collagen fibre alignment increased with increasing muscle strain in all muscles

J Physiol. Author manuscript; available in PMC 2025 February 24.
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tested (P < 0.0001) (Fig. 4C). Collagen alignment index was not significantly correlated with
dynamic stiffness (Fig. 4D), but there was a significant correlation between alignment index

and elastic index overall (P= 0.0064, A2 = 0.1318) and within CPA muscles (P= 0.0169, R2
=0.3906) (Fig. 4E).

Biochemical measures of collagen content and cross-linking have shown relationships to
stiffness in some muscles from patients with CP; however, in our study collagen content
and cross-linking, measured by the hydroxyproline and collagen solubility assay, were

not significantly different between muscle groups (Fig. 5A and B). There was a positive
correlation between total collagen and elastic stiffness across all muscles (2= 0.0180, /2 =
0.1728) (Fig. 5C), as well as between insoluble (cross-linked) collagen and elastic stiffness
across all muscles (P=0.0167, R2 = 0.1763) (Fig. 5D). There were negative correlations
between total collagen and insoluble collagen compared to elastic index in the TDH muscles
(Total collagen: P=0.0195, R2 = 0.6248; Insoluble collagen: P=0.0189, R = 0.6284)
(Fig. 5E and F). Taken altogether, there were no evident differences in ECM content or
architecture between the muscle groups, but the collagen fibres in all muscles showed
dynamic re-alignment upon muscle stretching.

Relationships between muscle parameters and clinical assessment of patients with
cerebral palsy

Because muscle contractures limit joint range of motion and alter gait patterns, an

array of parameters related to joint mobility and spasticity were collected using clinical
measurements of knee and hip joints (Fig. 6B) and a 3-D gait analysis program. When
comparing CPA muscles grouped by GMFCS 1-3 and GMFCS 4-5, there was a trend for
35% higher hip migration percentage in GMFCS 4-5 patients compared to 1-3 patients (P
=0.1278) (Fig. 6A). However, there was no significant difference in popliteal angle between
GMFCS 1-3 and 4-5 groups in CPH muscles (Fig. 6A). Using previously collected gait
data from TD patients, we plotted different measures of gait function with a specific focus
on knee flexion between the previous data set averages and patients with CPH contractures
(Fig. 6C and D). These plots display that while cadence is not different between TD and
CPH groups, there was a 22.0% decrease in walking speed in the CPH group (P < 0.0001)
and highly significant (P < 0.0001) increases in knee flexion in stance phase (21.57° increase
in CPH), swing phase (14.57° increase in CPH), initial contact (IC) (35.53° increase in
CPH) and overall (18.58° increase in CPH) (Fig. 6C and D). These increases in knee
flexion reflect the effects of hamstring contractures reducing the range of motion on the
knee joint during ambulation. We compared these clinical measures and gait parameters to
our dataset of muscle mechanics, sarcomere length and collagen architecture. We found that
total collagen (P = 0.0041, /% = 0.5099), insoluble collagen (2= 0.0339, /2 = 0.3233)

and elastic stiffness (2= 0.0261, £2 = 0.1973) were all predictive of increased popliteal
angle in CPH muscles (Fig. 6E-G). We also found that a higher hip migration percentage
was negatively associated with collagen alignment index (P= 0.0146, A2 = 0.4035) (Fig.
6H). Related to the gait parameters, we found that sarcomere length was actually negatively
correlated to the mean knee flexion in the stance phase (2= 0.0131, /2 = 0.3880) and across
the entire gait cycle (P=0.0156, /2 = 0.3731), contrary to our expectations (Fig. 61, J).

J Physiol. Author manuscript; available in PMC 2025 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wohlgemuth et al.

Page 10

Overall, we found that collagen architecture and sarcomere length relate to joint motion and
gait function in patients with CP.

Discussion

The goal of this study was to compare muscle stiffness and collagen architecture between
TDH and CP muscles and assess if intrinsic properties of muscle tissue relate to functional
measures of joint mobility, gait kinematics and radiographic structure in children with CP.
Unexpectedly, we found that there were no significant differences in collagen architecture or
passive stiffness between CPH and TDH muscles at matched sarcomere lengths. However,
we demonstrated that collagen content, collagen alignment and /7 vivo sarcomere length
correlated to joint function and gait kinematics in children with CP. Further, we provided
evidence that the structure of the collagen matrix within the gracilis drives passive stiffness,
which in turn affects the range of motion at the knee joint. Therefore, while there were few
differences detected in the ex vivo collagen architecture and mechanical properties between
TDH and CP muscles, the differences in intrinsic strain between TDH and CP muscles /in
vivo could lead to differences in collagen architecture and mechanical properties across the
in vivo joint range of motion.

Muscle passive mechanical properties depend on the structural makeup of the tissue and

the relative strain on the muscle. While there were not differences in collagen architecture
and muscle stiffness at matched sarcomere lengths between CP and TDH muscles, since CP
muscles operate at longer sarcomere lengths /n vivo, they have higher intrinsic strain on the
muscle and increased /n vivo mechanical properties compared to TD muscles (Leonard et
al., 2019; Lieber & Fridén, 2002, 2019; Lieber et al., 1994; Mathewson et al., 2014, 2015;
Pingel et al., 2021; Smith et al., 2011). Placing increased strain on structural components in
the muscle fibres and ECM alters their passive mechanical behaviour. This is exemplified
by viscoelastic proteins titin and collagen, which both exhibit non-linear passive mechanical
behaviour in response to changes in muscle strain (Depalle et al., 2015; Freundt & Linke,
2019; Prado et al., 2005; Ward et al., 2020). Although previous reports show little to

no changes in titin content and isoform size, there is evidence that collagen content and
cross-linking are altered in some CP muscles compared to TD controls (Lieber & Fridén,
2019; Smith et al., 2011, 2012, 2021). Nevertheless, because CP muscle operates at a
higher intrinsic muscle strain (longer /n vivo sarcomere lengths) than TD muscle, the length
sensitive ECM architecture will be altered in CP muscle /n vivo. This elongated ECM
would contribute to the high tissue stiffness found in contracture. Essentially, when /n vivo
the same collagen matrix in the CP muscle is strained across a range of longer sarcomere
lengths than in the TD muscle, which results in a different degree of passive mechanical
contribution from the CP collagen matrix than the TD collagen matrix. Further, because the
ECM will exert different mechanical properties depending on the /7 vivo operating range,
the same amount of collagen cross-links in a CPH could be related to a higher popliteal
angle whereas in the TDH they are not related to any change in knee range of motion.
Importantly, the /n vivo operating range of a muscle changes the effect its structural makeup
has on its mechanical function. Future studies could expand on this concept by performing
mechanical testing and measurements of dynamic collagen architecture relative to in vivo
sarcomere length of TD and CP muscles.
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Our results show that the collagen content and cross-linking in TDH and CPH muscles are
largely similar. Collagen content is altered in CP on a muscle-specific basis, such that there
are increases in some CP muscles, such as the gracilis, semitendinosus (Lieber & Fridén,
2019; Smith et al., 2011, 2021) and vastus lateralis (Booth et al., 2001), but not in others
such as the soleus and gastrocnemius (Lieber & Fridén, 2019; Mathewson et al., 2014). Even
though we did not observe a change in collagen content in the CP gracilis muscles compared
to TD, this is not contradictory to a previous study that showed that CP gracilis collagen
only trended to be higher than TD gracilis, and was not significantly different (Smith et al.,
2011). While we did not present a TD control for the CP adductor longus, our study provides
new data that show collagen content is similar between CP gracilis and adductor longus
muscles. In contrast to collagen content, collagen cross-linking has only been measured

in CP muscles in one study (Smith et al., 2021), although a transcriptional study showed

an increase in cross-linking enzyme expression in CP hamstring muscles (Smith et al.,
2012). Even though CP muscle ECM structure was highly similar to TDH controls, collagen
content and cross-links were positively correlated to elastic stiffness across all muscles;
however, neither total nor cross-linked collagen was significantly correlated to stiffness
within TDH, CPH, or CPA. This finding is aligned with studies that have shown collagen
content alone is not a consistent predictor for muscle stiffness within CP muscles (Lieber &
Fridén, 2019; Mathewson et al., 2014; Smith et al., 2011). Taken altogether, the amount of
collagen and cross-links were not strong predictors of passive muscle stiffness in our study.

Collagen alignment has been implicated in muscle stiffness and is increased in the
dystrophic muscle ECM (Brashear et al., 2021, 2022; Sahani et al., 2022). Additionally,
previous studies have predicted that the alignment of collagen fibres dynamically changes
during a muscle shortening or lengthening (Gillies et al., 2017; Purslow, 1989, 2002;
Purslow & Trotter, 1994; Scarr, 2016).While we did not observe differences in collagen
alignment between TDH and CP muscles, we provided a novel visualization and
quantification of strain-dependent dynamic re-alignment of collagen fibres in human muscle.
Even so, we did not observe a significant relationship between collagen alignment and
passive muscle mechanics over the range of strains tested. Notably, our study measured
dynamic collagen alignment within muscle bundles starting at slack length and up to 45%
strain beyond slack length; while this range of strains was effective in visualizing and
quantifying the strain-dependent increase in collagen alignment, this study could have been
improved by measuring collagen alignment over a range of sarcomere lengths instead of

a range of strains relative to clamped muscle length. Further, one limitation of our study
was the separation of mechanical testing and SHG imaging. By combining concurrent
mechanical testing and SHG imaging, direct comparisons between collagen alignment

and mechanical stiffness would provide greater power compared to measuring the two
parameters separately. It is possible that in CP muscle longer sarcomere lengths /in vivo
could lead to increased collagen alignment compared to TD muscle. Increased /in vivo
collagen alignment would affect the dynamics of collagen fibre re-alignment during a
muscle stretch since highly aligned collagen would be less able to deform to accommodate
increases in passive loading along the muscle tissue. Upon loading the collagen matrix,
collagen fibres first re-align, straighten, and then undergo molecular sliding and stretching
of the backbone with increasing load (Depalle et al., 2015; Purslow, 1989; Purslow &
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Trotter, 1994). If collagen fibres started highly aligned within the /n vivo operating range
of mation, further strain on the muscle could result in increased collagen molecular sliding
instead of changes in alignment, which would correspond to higher passive tension and
stiffness according to typical mechanical behaviour of collagen fibrils (Depalle et al.,
2015). Increased passive tension and alignment of collagen fibrils could contribute to
increased resistance of collagen fibres to enzymatic degradation (Saini et al., 2020) and the
mechanosensitive actions of satellite cells and fibro-adipogenic progenitors within muscle
(Hu et al., 2021; Loomis & Smith, 2023; Loomis et al., 2022). For these reasons, the
intrinsic strain imposed on CP muscle via longer /in vivo sarcomere lengths could have large
impacts on collagen architecture and biomechanics that were not observed in our ex vivo
muscle biopsy mechanical and visual experiments.

Somewhat paradoxically, although there were not significant differences in muscle stiffness,
collagen content, or collagen alignment between TDH and CP muscles at matched
sarcomere lengths, we still observed significant relationships between intrinsic muscle
properties and /n vivo knee and hip joint clinical measures. Knee joint motion measured by
the popliteal angle was assessed under anaesthesia, capturing myostatic contracture, which
depends on intrinsic muscle biomechanics, rather than spasticity or voluntary contraction,
which depends on neuronal input. Although there are multiple muscles controlling the
flexion range of motion at the knee, we demonstrate that the passive stiffness of the

gracilis is related to reduced range of flexion on three-dimensional gait kinematics. When
integrating collagen content and cross-linking, we observe that the amounts of total and
cross-linked collagen relate to muscle stiffness across groups and also to popliteal angle

in children with CPH contractures. Although total and insoluble collagen were not directly
related to CPH stiffness, but rather stiffness across all muscles tested, this study provides
evidence that the contents and architecture of the muscle collagen matrix contribute to

the mechanical properties of the muscle and range of motion at the corresponding joint.
Future studies should integrate more aspects of ECM architecture to determine which

other material properties of the matrix relate to CP muscle stiffness and joint range of
motion. In contrast, the CPA muscles do not show integrative relationships between the
collagen matrix, muscle stiffness and clinical outcomes. We did observe that a lower degree
of collagen fibre alignment was related to a higher degree of hip migration percentage,
which clinically correlates to a higher risk of subsequent displacement, dislocation and
development of pain (Soo et al., 2006). This link is harder to explain given the evidence
that higher collagen alignment is usually correlated to increased muscle stiffness, decreased
collagen degradability and poor functional outcomes. Further study is needed to reveal how
a lower degree of collagen alignment is detrimental to CP adductor function. Another point
of further study is the relationship between /n vivo sarcomere length and the degree of
knee flexion during the gait cycle. We observed a negative correlation between sarcomere
length and knee flexion across the gait cycle and in the stance phase. These findings suggest
that muscles with a higher /n vivo sarcomere length have decreased flexion during gait and
specifically in stance phase. While longer sarcomere lengths in TDH would be indicative
of less knee flexion, CPH muscles in contracture have longer /n vivo sarcomere lengths
(Leonard et al., 2019; Lieber & Fridén, 2002, 2019; Lieber et al., 1994; Mathewson et al.,
2014, 2015; Pingel et al., 2021; Smith et al., 2011) and are more flexed during gait. This
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discrepancy could be further researched with the development of novel imaging modalities
that enable measurement of sarcomere length across a muscle’s range of motion (Adkins et
al., 2021; Pincheira et al., 2022; Sanchez et al., 2015; Young et al., 2017).

Finally, we acknowledge some limitations of our study. We realize that our measured /n
vivo sarcomere lengths for CP gracilis muscles were shorter than observed in other studies
(Lieber & Fridén, 2019; Smith et al., 2011). This could have been due to a difference

in methods, where we used SHG microscopy to measure sarcomere length at the surface
of the muscle bundles while typically laser diffraction is used to measure sarcomere

length throughout the entire biopsy. Future studies could investigate the differences in

SL measurements between SHG microscopy and laser diffraction. Additionally, the mean
age of the TD population in our study was higher than the CP population, which could
contribute to changes in muscle properties. While we did find a minorly significant
correlation between age and elastic stiffness in the TDH group (P = 0.0428, /2 = 0.2793),
we did not observe any other significant correlations between age and muscle mechanics or
collagen architecture. Our age ranges within the TD and CP study populations also reflect
inherent age differences at which ACL reconstruction and tendon lengthening surgeries are
performed.

Overall, we found that the mechanical properties and ECM architecture of the CPH

and TDH muscles were comparable at matched sarcomere lengths, but aspects of ECM
architecture were still useful in predicting /n vivo knee joint range of motion in children
with CP. Also, we demonstrated that the alignment of collagen fibres within TDH and CP
muscles is robustly dynamic upon muscle stretching. From our data we infer that longer /n
vivo sarcomeres in CP muscle increase the intrinsic strain on muscle ECM components that
drive changes in muscle mechanics that are difficult to observe ex vivo. We suggest future
studies should further investigate how ECM architecture and biomechanics are affected by
operating at longer /n vivo sarcomere lengths in CP muscle compared to TD muscle.
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Key points

At matched sarcomere lengths, gracilis muscle mechanics and collagen
architecture are similar in TD patients and patients with CP.

In both TD and CP muscles, collagen fibres dynamically increase their
alignment during muscle stretching.

Aspects of muscle mechanics and collagen architecture are predictive of /n
vivo knee joint motion and radiographic hip displacement in patients with CP.

Longer sarcomere lengths in CP muscle /7 vivo may alter collagen
architecture and biomechanics to drive deficits in joint mobility and gait
function.
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Hip Abduction Angle

Popliteal angle

Figure 1. Clinical measures of joint mobility
Hip abduction angle was measured intra-operatively with the sacrum positioned flat on the

operating room table and hips flexed to 90°, with each hip’s abduction angle measured as the
angle between the thigh relative to vertical. Popliteal angles were measured intra-operatively
and were defined as the angle of the lower leg relative to vertical during passive knee
extension with the hip flexed at 90°. Hip migration percentage (MP), the most important
radiographic measure of clinical hip displacement, was calculated from a supine anterior—
posterior pelvis radiograph. MP = A/B x 100%, where A is distance between the lateral edge
of the acetabulum to the lateral edge of the femoral head and B is the width of the femoral
head.
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Figure 2. Sarcomere length and passive mechanical properties of muscles from patients with
cerebral palsy (CP) or who are typically developing (TD)

A, image of a CP gracilis muscle biopsy clamped at /7 vivo length corresponding to 90° hip
and knee flexion. Yellow dashed rectangle indicates a representative site of muscle bundle
excision. B, clamped sarcomere length was significantly different across muscle groups and
tended to be higher in CP muscles. Cand D, there were significant effects of strain and

the interaction of strain and muscle group on the dynamic and elastic stress of TDH and

CP muscles. £and £, dynamic and elastic stiffness were not significantly different between
muscle groups. G, elastic index was higher in CPA muscle bundles compared to CPH. Scale
bar is 5 mm. For B-£, significant main effects and pairwise differences by muscle group:
**P< 0.01. For Fand G, significant main effect of strain by muscle group: ****P< 0.0001,
significant interaction effect of strain and muscle group: T1~<0.01, 11~ <0.001.

J Physiol. Author manuscript; available in PMC 2025 February 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wohlgemuth et al. Page 21

>

2004

150+ o

100+

Mass (mg)
Length (mm)

Figure 3. Size characteristics of human muscle biopsies
A-C, there were no significant differences in mass, length and physiological cross-sectional

area (PCSA) of muscle biopsies across muscle groups.
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Figure 4. Collagen fibres dynamically increase alignment in response to passive stretching
A, images taken with second harmonic generation microscopy show an increase in collagen

alignment with passive muscle stretching. Alignment was calculated using the OrientationJ
plug-in in FIJI (Brashear et al., 2021, 2022; Hu et al., 2021). B, alignment index of collagen
fibres within muscle biopsies at clamped length was not significantly different between TDH
and CP muscles. C, collagen fibre alignment index significantly increased with strain in
TDH and CP muscles. D, there was no significant correlation between alignment index and
dynamic stiffness at 45% strain. £, alignment index at clamped muscle length was positively
correlated to elastic index across muscles and within CPA muscles. Scale bar is 100 pm.
Significant pairwise differences within muscle groups: *£< 0.05, **£< 0.01.
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Figure 5. Collagen content and cross-linking are similar between TDH and CP muscles
Aand B, total and insoluble (cross-linked) collagen contents were not significantly different

between muscle groups. Cand D, total and insoluble collagen content positively correlated
to elastic stiffness across muscle groups, but not within individual muscles. £and £, total
and insoluble collagen negatively correlated with elastic index in TDH muscles.
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Figure 6. Sarcomere length, collagen architecture and passive muscle mechanics relate to gait
and range of motion in patients with CP

A, popliteal angle and hip migration percentage were not significantly different between
patients with GMFCS levels 1-3 and GMFCS levels 4-5. B, schematic representation of
popliteal angle measurement (blue angle) and hip migration percentage calculation (green
and red capped lines). Popliteal angle was measured in surgery as the angle above the knee
relative to the vertical during passive assisted knee extension. Hip migration percentage
was calculated from X-ray images by taking a proportion of the femoral head that is
uncovered from the acetabulum. C, walk speed was significantly slower in patient with CPH
contractures compared to TD patients. D, the degree of knee flexion throughout the gait
cycle was significantly higher in patients with CPH contractures compared to TD patients.
E-G, total collagen, insoluble collagen, and elastic muscle stiffness all positively correlated
to higher popliteal angle in patients with CPH contractures. A, higher collagen alignment
index was correlated to reduced hip migration percentage in patients with CPA contractures.
/and J, clamped (/n vivo) sarcomere length was negatively correlated to the degree of knee
flexion across the gait cycle and in the stance phase in patients with CPH contractures.
Pairwise differences by muscle group: ****P< 0.0001. This figure was produced in part
using BioRender.com.
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