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ABSTRACT
Factors affecting passive muscle stiffness through shear wave elastography in
children with spastic cerebral palsy
Kim Seung-ki

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Park Eun-sook)

Background: In patients with spastic cerebral palsy (CP), both neural and non-neural
components contribute to hypertonia. Children with CP have greater passive muscle
stiffness as a non-neural component than typically developed children.

Obijectives: This study aimed to investigate the factors affecting passive muscle stiffness
using ultrasound shear wave elastography (SWE) in children with spastic CP and to
determine the changes in SWE with therapeutic interventions.

Participants and Methods: We enrolled 32 children with spastic CP (21 boys and 11 girls;
age range 2.5-10.6 years). The shear wave modulus was measured using SWE in the
medial gastrocnemius at 0 degree plantar flexion (SWE-N) and resting position (SWE-
R). Some children were treated with botulinum toxin injection (BoNT-A) with or without
a short leg cast. SWE modified Ashworth scale and modified Tardieu scale were all
evaluated before, 2 weeks, and 4 weeks after the intervention.

Results: Multiple regression analysis revealed that body mass index (BMI) had a significant
negative effect on SWE-N. The Gross Motor Function Classification System (GMFCS)
score was a positive factor, while age was a negative factor for SWE-R. Clinical spasticity
assessments did not show a significant relationship with SWE. After the intervention, the
SWE-N decreased, regardless of the treatment modality. SWE-R decreased after BONT-
A with or without a cast. The ratio of SWE-N to SWE-R decreased after BONT-A with
casts and physical therapy.

iii



Conclusion: This study revealed that BMI, GMFCS score, and age were significantly
associated with SWE. The significant changes in SWE after therapeutic intervention
suggest that SWE may be a useful outcome measure for spastic management in children
with CP.

Key words : cerebral palsy, muscle stiffness, elastography, shear wave



Factors affecting passive muscle stiffness through shear wave elastography in
children with spastic cerebral palsy

Kim Seung-ki

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Park Eun Sook)

I. INTRODUCTION

Spasticity is the most common symptom in children with cerebral palsy (CP). Spasticity is
defined as increased muscle resistance caused by the velocity-dependent stretch reflex
activation. The most common deformity in children with spastic CP is equinus foot,
caused by ankle hypertonia. Ankle hypertonia is caused by both neural and non-neural
factors.

The modified Ashworth scale (MAS) and Tardieu scale (TS) are the most commonly used
tools for evaluating spasticity. These clinical assessments are insufficient for determining
the contribution of non-neural components.?

Shear wave elastography (SWE) is a noninvasive imaging technigque that measures tissue
stiffness. SWE causes tissue stress by generating shear waves within the medium via an
acoustic radiation force impulse. As tissue becomes harder, a shear wave moves faster.
So measuring the shear wave speed can be used to determine the stiffness of the tissue.?
These advancements in ultrasound elastic imaging techniques have enabled the
quantification of passive muscle stiffness.

Previous studies have reported that, when comparing the muscles of children with CP and
typically developing children using SWE, SWE was significantly larger in children with
CP than in typically developing children and showed a significant correlation with
MAS.+¢

Few studies aimed to identify the factors related to SWE. According to a previous study,



SWE may vary depending on disease type, sex, age, anthropometry, muscle stretching,
tissue compression, and operator-related reliability. However, a clear picture of the
factors associated with SWE remains elusive due to different research protocols and
heterogeneous study groups.” Moreover, there are only a few studies investigating the
factors related to SWE in children with CP.36812

Previous studies on changes in SWE after BoNT-A injection in children with spastic CP
found a significant decrease in passive muscle stiffness measured with SWE,1012:16
Brandenburg et al. (2018) reported that BONT-A injection resulted in significant changes
in SWE but not in joint range of motion or spasticity in children with CP. These findings
suggest that SWE can aid in treatment planning and monitoring effectiveness.®

The length of the spastic muscle or the relative muscle length is shortened in children with
CP due to long-term stiffness and a difference in the speed of the muscle-tendon unit and
bone growth, resulting in limitation of motion. Casting is a known efficacious therapeutic
intervention for increasing the range of motion and decreasing spasticity.'’'® However,
to the best of our knowledge, changes in passive muscle stiffness after the intervention
have rarely been studied.

This study aimed to investigate the factors affecting passive muscle stiffness using
ultrasound SWE in children with spastic CP and to determine the changes in SWE with

therapeutic interventions.

Il. MATERIALS AND METHODS

1. Participants

We enrolled children with spastic CP who met the inclusion criteria for this study. The
inclusion criteria were as follows: 1) children with spastic CP between 2 and 13 years; 2)
MAS at ankle plantar flexors with the knee extended > 1+ with an R2 angle of Modified
Tardieu Scale (MTS) (maximal ankle dorsiflexion angle) < 15°; and 3) child and primary

caregiver of the child agreed to participate in this study. The exclusion criteria were as



follows: 1) chemodenervation therapy in the gastrocnemius (GCM) or serial casting of
the ankle within 3 months; 2) previous orthopedic surgery in the lower limb within 6
months; 3) history of allergy to the toxin; and 4) change in oral medications and dosing
that might influence muscle tone within 30 days.

Ethical approval was granted by the Institutional Review Board and Ethics Committee of
the Hospital (#4-2019-0590). The primary caregiver provided written informed consent
according to the rules of the IRB of our hospital. Demographic information was recorded
for each child, including age, sex, height, weight, and history of botulinum toxin

injections.

2. Interventions

The children were treated with BoNT-alone (group A), BoNT-A with a short leg cast
(group B), and no intervention (Group C).

Groups A and B received BoNT-A injections. A local anesthetic (lidocaine cream) was
topically applied at the injection site 20 min before BONT-A injection. Reconstituted vials
containing 100 units of abobotulinum toxin A (Botox® , Allergan Inc., Irvine, CA, USA)
and 2 mL of normal saline to provide a solution containing 50 units/mL were prepared
for injection. BoNT-A was injected at two points at the medial and lateral heads of the
GCM using ultrasonography guidance with the child in the prone position. The dose of
the toxin ranged from 3.5 to 4.5 units/kg depending on the severity of spasticity
(mean+SD = 3.86 + 0.68 units/kg). The maximum dose was 20 units/kg and did not
exceed 300 units.

In group B, short leg casting was applied for 1 to 2 weeks (depending on the degree of
limitation of motion) to increase the passive range of motion (ROM) on the same day or
the day after injection. Short leg casts were applied with the patient in a prone position
with the knee flexed to 90° and the ankle dorsiflexed to maximal attainable dorsiflexion
and held in the neutral hindfoot position.

Most children underwent intensive physical therapy, including stretching, strengthening,



and gait training during the study period (at least four sessions per week, 60 minutes per

session).

3. Assessments
Clinical assessments and SWE were performed at baseline (T1), 2 weeks ( T2), and 4 weeks
(T3) post-intervention.

A. Clinical assessments

Throughout the study, the physiatrist assessed the muscle tone of the ankle plantar flexor
using the MAS and MTS in the supine position, with the knee fully extended and flexed
at 90°. The MAS is a 6-point rating scale ranging from 0 to 4, which is used to assess
muscle tone. For statistical analysis, a MAS grade of 1 was regarded as 1, while a grade
of 1(+) was regarded as 2, up to a score of 4, which was regarded as 5. For the MTS, two
levels of the ankle dorsiflexion angle were measured using manual goniometry after slow
and fast ankle joint stretches, referred to as the R2 and R1 angles, respectively.’® The R1
angle was defined as the point in the ROM where a catch was first felt during quick,
passive dorsiflexion of the ankle joint. In contrast, the R2 angle was defined as the
maximum ankle dorsiflexion angle measured at the end of the movement. The difference

between the two angles (R2-R1) represents the dynamic component of spasticity.?°

B. Shear wave elastography

The medial GCM SWE was measured using a Samsung RS85 ultrasound scanner equipped
with Prestige equipment (Samsung Medison Co. Ltd., Seoul, Korea) and a linear array
transducer (LA2-9A; Samsung Medison Co. Ltd., Seoul, Korea). For SWE measurements,
each child was positioned prone with one foot hanging over the edge of the examination
table. The medial GCM was measured using B-mode and SW ultrasound elastography
with the ankle in neutral (O-degree plantarflexion) (SWE-N) and resting (relaxed)

positions (SWE-R). In the area with the most muscle bulk, the ultrasound transducer was



placed parallel to the long axis of the medial GCM. The distance from the fibular head to
the proximal end of the ultrasound probe was measured and recorded to ensure the
appropriate placement of the probe for repeated measurements. B-mode imaging was
used to confirm the correct transducer placement. The transducer was placed with
minimal pressure on the skin. We monitored whether muscle activation occurred using
EMG signals (Dantec® , Natus, Middleton, WI, USA) to check the patient’s muscle
relaxation state (Figure 1. A).

For SWE measurement, a region of interest (ROI) was placed in the middle region of the
medial GCM so that the muscle fascia that borders tendons and blood vessels did not
overlap. Finally, the ROI of the correct position was calculated using the "reliability
measurement index" (RMI), calculated as the weighted sum of the magnitude of the shear
wave and residual of the wave equation. According to the manufacturer, the RMI ranges
from 0.0 £ 1.0, with a standardized value of 0.5, when characterizing diffuse liver disease
is considered acceptable and correlates with reproducible measurements. Because no
standardized RMI value recommended for musculoskeletal applications exists, the same
condition of > 0.5 was chosen. SWE was measured five times, for each ankle position

and the average of these values was used for analysis (Figure 1. B).

Figure 1. Shear wave elastography. (A) Placement of the transducer on the medial
gastrocnemius (GCM) muscle. (B) Shear wave elastography imaging assessed on the GCM.
The white circle (center) represents the shear wave measurement area.



4. Statistical analysis

Quantitative variables are expressed as medians and interquartile ranges [25th and 75th
percentiles]. The distribution of these variables was compared using the Mann—-Whitney
U test and Kruskal-Wallis test because the data were not normally distributed. The
proportions of these variable categories were compared between the groups using the chi-
squared test. The correlations between SWE, patient characteristics, and clinical
assessment at baseline were investigated using Spearman correlation analysis.
Spearman’s correlation >0.80 was defined as very strong, 0.80-0.60 as strong, 0.60—
0.40 as moderate, 0.40-0.20 as weak, and 0.20 as very weak.? Stepwise regression
analysis was used to determine the effect of several variables on SWE. The generalized
estimating equation (GEE) method, which extends the generalized linear model
accounting for within-subject correlations across repeated measurements, was used to
analyze the change in SWE over time for each group and to estimate factors affecting
SWE.# Bonferroni post hoc tests were used to analyze the time factor further. SPSS
version 25 for Windows (SPSS Inc., Chicago, IL, USA) was used for all the statistical

analyses. p < 0.05 was considered to be statistically significant.

1. RESULTS

1. Participant characteristics and baseline assessments

We enrolled 32 children with spastic CP (7 unilateral CP, 25 bilateral CP), and 57 legs (one
leg with seven unilateral CP and two legs with 25 bilateral CP) were analyzed in this
study. The participants included 21 boys and 11 girls with a median age of 5.5 years old
(Q1, 3.4; Q3, 6.5; age range 2.5-10.6 years). The children were classified as Gross Motor
Function Classification System (GMFCS) levels | to V (8/7/6/10/1). The median number
of previous BoNT injections into the GCM in all children was two (Q1, 0; Q3, 4). The
median body mass index (BMI) of all children was 15.4 kg/m? (Q1, 14.1; Q3, 16.2). No

differences in sex, CP type, or BMI among the three groups. However, age, history of



BoNT injections, and distribution of GMFCS levels were significantly different among
the three groups. Groups C, B, and A had the oldest members, and groups B, C, and A
had the most history of BoNT injections. Each group's height and weight were not
significantly different.

Table 1 shows the spasticity and SWE values of the subjects at baseline (T1). At T1, there
were significant differences between the three groups in MAS in knee extended (KE),
MTS in knee flexed (KF), and KE, except for MAS in KF and R2-R1 angles of MTS in
KF and KE. In the post hoc analysis, R1 (angle of spastic catch) and R2 (maximum angle
when slowly stretched) of MTS in KF were smaller in group B than in groups A and C.
Groups A and B had higher MAS scores in KE than group C. Group B had a smaller R1
of MTS in the KE than Group C. Group B had a lower R2 of MTS in KE than groups A
and C. The median values of the SWE-N (SWE in the neutral ankle position), SWE-R
(SWE in the resting ankle position) and SWE ratio (= ratio of SWE-N to SWE-R) of all
participants were 82.5 kPa, 40.9 kPa, and 2.10, respectively, and there was no significant

difference between the three groups.

Table 1. Demographic characteristics, spasticity evaluation, and shear wave elastography
at baseline

Between
Total participants Group A (BoNT Group B Qroup C _(No -group
(N=32) alone) (BoNT+Cast) intervention) comparis
B (19 legs) (15 legs) (23 legs) orF:s
N % N % N % N % p-valuef
male 21 63.6% 12 63.2% 10 66.7% 15 65.2%
Sex 0.977
female 11 34.4% 7 36.8% 5 33.3% 8 34.8%
“”';?ter 7 21.9% 3 15.8% 2 13.3% 2 8.7%
CP type 0.880
bilateral 25 78.1% 16 84.2% 13 86.7% 21 91.3%
| 8 25.0% 8 42.1% 2 13.3% 1 4.3%
] 7 21.9% 4 21.1% 6 40.0% 3 13.0%
GNSIFC 11 6 18.8% 1 5.3% 5 33.3% 5 21.7% 0.005
v 10 31.3% 6 31.6% 2 13.3% 12 52.2%
\Y 1 3.1% 0 0.0% 0 0.0% 2 8.7%



Ma?]dl (Q1,Q3) Maidl (Q1,Q3) Ma?]d' (Q1,Q3) Ma?]d' (Q1,Q3)  p-valuet

Age (year) 55 (34,65 38 (27,55 55 (50,60) 62  (44,73) 0012
'3(%“8;“2:13:;53’ 20 (0,4 00 0,2) 40 (1,5) 20 (1,3) 0.002
Height (cm) ors (9 : é) 98.0 f?éf)’) 103.0 (11(;);.'10)’ 106.1 ﬁ‘gé) 0.078
Weight (kg) 15.9 (11; 16) 143 (117% ‘30)’ 17.8 (11;_ '5)’ 18.7 (2123 76) 0.060
BMI (kg/m?) 15.4 (11é 21) 14.9 (1153.158)’ 16.3 (llé '70)’ 15.5 (112 19) 0.083
MAS in KF 2 @,3) 2 @,3) 2 2,3) 2 .3) 0.838
R1in KF (°) 50 (10,5 50  (-10,5) -100 (20,-5) 00  (-10,10)  0.019
R2 in KF () 20 (1225)5 25 (20,25) 15 (5,200 25  (20,25)  <0.001

R2-R1 in KF (°) 20 (15,30) 30 (20,35) 20 (15,25 20  (15,25) 0.075

MAS in KE 3 2,3) 3 @2,3) 3 @,3) 2 2,3) 0.044
R1in KE (°) 15 (fg) 15 (20,-10) 20 (:30,-15) 10 (-25,0) 0.026

R2 in KE (°) 5 (0, 10) 5 (5, 15) 0 (-5, 0) 10 6, 15) <0.001

R2-R1 in KE (°) 20 (15,25) 25  (20,25) 20  (10,25) 20  (10,25) 0.070
(644, (55.5, (68.1, (56.8,

SWE-N (kPa) 825 llasy 825 oae 162 18 B9 11235 0.780
) (314, (314, (304, (30.75,

SWE-R (kPa) 409 oo MBI Lo 39.2 55.4) 91 Ssas) 0.979
. (1.48, (1.405, (1.69, (1.44,

SWE ratio 210 gy 209 2'88) 2.12 573) 2.13 5.93) 0.757

Abbreviations: CP, cerebral palsy; GMFCS, gross motor function classification system; BoNT, botulinum toxin; BMI,
body mass index; MAS, modified Ashworth scale; KF, knee flexed; KE, knee extended; SWE, shear wave elastography;
N, neutral ankle position; R, resting ankle position

R1 is defined as the angle in which a catch is found during a quick stretch.

R2 is defined as the maximum dorsiflexion angle.

+, The P value was calculated by chi-square test

1, The P value was calculated by Kruskal-Wallis test

Of the 57 legs, 56 (98.2%) completed clinical assessments at 2 weeks (T2), while 39 (68.4%)
completed clinical assessments at 4 weeks (T3). The elastography completion rates were
86.0%, 94.7%, and 68.4% (SWE-N and SWE ratios) and 96.5%, 98.2%, and 68.4%
(SWE-R) at T1, T2, and T3, respectively (Table 2). The reasons for the incomplete
evaluation were follow-up loss, and the patient's lack of cooperation, which prevented

elastography evaluation or resulted in a partial evaluation led to the incomplete evaluation.



Table 2. Number of legs that completed the assessment.

Group A Group B Group C Total
(total 19 legs) (total 15 legs) (total 23 legs) (total 57 legs)
N % N % N % N %
T1 19 100.0% 15 100.0% 23 100.0% 57 100.0%
Clinical
assessment T2 18 94.7% 15 100.0% 23 100.0% 56 98.2%
(MAS, MTS)

T3 15 78.9% 7 46.7% 17 73.9% 39 68.4%

T1 17 89.5% 15 100.0% 17 73.9% 49 86.0%

SWE-N o N o
SWE ratio T2 18 94.7% 15 100.0% 21 91.3% 54 94.7%
T3 15 78.9% 7 46.7% 17 73.9% 39 68.4%
T1 19 100.0% 15 100.0% 21 91.3% 55 96.5%
SWE-R T2 18 94.7% 15 100.0% 23 100.0% 56 98.2%
T3 15 78.9% 7 46.7% 17 73.9% 39 68.4%

Abbreviations: MAS, modified Ashworth scale; MTS, modified Tardieu scale; SWE, shear wave elastography; N, neutral
ankle position; R, resting ankle position

2. Factors affecting shear wave elastography

In the correlation analysis, SWE-N showed a significant moderately negative correlation
with BMI and a nonsignificant association with GMFCS. The SWE-R demonstrated a
significantly weak correlation with the GMFCS and BMI and there was no correlation
between the variables and the SWE ratio (Table 3).

Multiple regression analysis showed that BMI was negatively associated with SWE-N, and
age was negatively associated with SWE-R. Conversely, GMFCS was positively
associated with SWE-R (Table 4).

Table 3. The correlation between shear wave elastography and parameters

SWE-N SWE-R SWE ratio
rho p rho p rho p
Sex 0.12 0.422 0.22 0.108 -0.17 0.234
Age -0.10 0.482 -0.04 0.755 0.01 0.942



GMFCS score 0.26 0.072 0.29 0.031 -0.04 0.771

BONT history -0.05 0.716 -0.10 0.448 0.13 0.364
BMI -0.48 0.001 -0.32 0.016 -0.12 0.402
MAS in KF -0.11 0.433 0.00 0.995 -0.13 0.389
R1in KF -0.10 0.494 0.14 0.304 -0.26 0.072
R2 in KF 0.19 0.194 0.21 0.119 -0.08 0.583
R2-R1 in KF 0.21 0.144 -0.06 0.656 0.20 0.168
MAS in KE 0.18 0.220 0.11 0.436 0.07 0.649
R1in KE -0.08 0.595 0.03 0.824 -0.09 0.523
R2 in KE -0.05 0.728 0.08 0.575 -0.21 0.140
R2-R1in KE 0.00 0.990 0.00 0.981 -0.08 0.607

Abbreviations: GMFCS, gross motor function classification system; BoNT, botulinum toxin; BMI, body mass index;
MAS, modified Ashworth scale; SWE, shear wave elastography; N, neutral ankle position; R, resting ankle
position

R1 is defined as the angle in which a catch is found during a quick stretch.

R2 is defined as the maximum dorsiflexion angle.

Statistics were analyzed by Spearman correlation

Table 4. Factors affecting shear wave elastography

Stepwise regression analysis

B (SE) B p-value F (p) Adjusted R?
SWE-N 7.03 (0.011) 0.112
BMI -7.93 (2.99) -0.36 0.011
SWE-R 5.58 (0.006) 0.145
GMFCS score 7.12 (2.22) 0.44 0.002
Age -2.96 (1.41) -0.29 0.040

SWE ratio

No variable entered.

Abbreviations: B, unstandardized coefficients; SE, standard error; 3, standardized coefficients; SWE, shear wave
elastography; N, neutral ankle position; R, resting ankle position; BMI, body mass index; GMFCS, gross motor function
classification system

10



3. Changes after interventions

A. Changes in clinical assessments after interventions

The MAS and MTS scores of all groups changed significantly between T2 and T3
compared with T1. Group A significantly improved MTS and MAS at T2 and T3 relative
to T1, except R2 in KE at T3. Group B demonstrated significant improvements in R1 and
R2 of MTS at T2 and T3, and R2-R1 angles at T2 than at T1 (Table 5).

B. Changes in shear wave elastography after interventions

All groups’ SWE-N decreased over time relative to their baseline values. In group A, SWE-
N decreased significantly only at T3 compared to T1 only. In group B, SWE-N
significantly decreased at T2 and T3 compared with that at T1; however, SWE-N
increased significantly at T3 compared with that at T2. In group C, there were no
significant differences between the T1, T2, and T3 SWE-N assessments. In groups A and
B, SWE-R was significantly lower at T3 than at T1. The SWE ratio was significantly
reduced at T2 compared with that at T1 in group B. In Group C, the SWE ratio
significantly decreased at T3 (Table 6).

11



Table 5. Changes in spasticity of ankle plantar flexor after interventions

betwee
(BoNT Hlone) (BoNT + Cast) (Contol compari  Posthoe analysis”?
sons
Median  (QLQ3)  p° Median (Q1,Q3) p  Median (Q1,Q3)  p’ o A By A
with knee flexed
Al 0.0 (-1,0) 0025 00 (-1,0) 0063 0.0 (-1,0) 0008  0.980
MAS A2 -1.0 (-1,0) 0005 00 (2,0) 0102 00 (1,00 0102 0287
R of Al 5.0 (5,100 0000 150  (10,20) 0001 5.0 (0,10)  0.001  <0.001 0936 0.001  0.006
MTS A2 10.0 (0,15 0004 100  (530) 0027 50 (0,10)  0.005  0.238
R2 of Al 0.0 (0,5) 0034 100 (5100 0001 0.0 0,5) 0021  <0.001 >09'99 0.001  0.001
MTS A2 0.0 (0,5) 0033 50 (5,100 0026 0.0 0,5) 0.008  0.092
R2-R1 Al -5.0 (-625,0) 0002 50  (-10,-5) 0001  -5.0 (5,00 0015 0252
of MTS A2 -5.0 (-10,0) 0026 0.0 (20,0) 0197 50 (755 0263  0.703
with knee extended
Al -0.5 (1,00 0005  -1.0 (-2,0) 0003 0.0 (0, 0) 0317  <0.001  0.002 <01'00 0.286
MAS A2 -1.0 (1,00 0002 -1.0  (2,-1) 0024 00 (0, 0) 0564  <0.001  0.001 0001 0256
R1 of Al 7.5 (3.75,15)  0.001 200  (10,25) 0.001 0.0 (0,100 0010  <0.001  0.125 <Oi00 0.013
MTS A2 10.0 (5,15 0002 150 (10,25 0018 50 (0,100 0061  0.007 0069 0015 0.733
R2 of Al 0.0 (0,5) 0058 5.0 (5,100 0001 0.0 (0,5) 0026  0.001 >09'99 0.001  0.013
MTS A2 5.0 (0,100  0.008 5.0 0,5 0034 00 (0,5) 0010 0598
RO-R1 Al -5.0 (-10,0) 0006 -100  (-15,-5) 0.004 0.0 (5,00 0213 0016 023 0019 0602
of MTS A2 -5.0 (-10,0) 0017 -100  (-15,-5) 0017 0.0  (-7575) 0971  0.024 0231 0036 0618
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Abbreviations: BoNT, botulinum toxin; MAS, modified Ashworth scale; MTS, modified Tardieu scale; A1, difference between baseline and at 2 weeks; A2, difference
between baseline and at 4 weeks

R1 is defined as the angle in which a catch is found during a quick stretch.

R2 is defined as the maximum dorsiflexion angle.

*, The P value was calculated by Mann-Whitney test.

+, The P value was calculated by Kruskal-Wallis test.

1, The Bonferroni correction was used to adjust for multiple post-hoc comparisons.

Table 6. Generalized estimating equation regression models of intervention effects on SWE

T1 T2 T3 p-v alue p-value F()t-i\:stleuf

Mean [95%CI] Mean [95%Cl] Mean [95%cCll (™) TiysT2  TlvsT3 T2vsT3  group)
Group A 82.55 {gg’éé] 6092 b :5622]’ 61.10 [75309530] 0001 0.102 0.001 0.223

TN Gops osa M5 s BB oy DS o oo oo oo
GroupC  83.95 m:ggi a0 ?} 61.77 [74;'(% 0021 0348 0.052 0.108
GropA 4008 Lt 3655] 35.12 [433;)99]’ nn 28;] <0001 0137 <0.001 0.109

SWE-R GroupB  45.58 [53664797] 36.47 [525:5352]’ 30.65 E‘zﬁg‘éf 0007 0.134 0.001 0.097 0.885
GroupC  43.53 [g'_j?’ 42.05 [5314_ '0682]’ 36.55 [4330..6569]’ 0242 0175 0.103 0.548
Group A 2.18 [2‘3695]’ 2.17 [310507] 2.13 [217655] 0915 0785 0.693 0.924

SWE GroupB 230 [2'7952] 1.48 [11.'6362]’ 2.38 [310837] <0001 <0001  0.794 <0001  <0.001
GropC 217 L7 f]’ 1.96 [218336] 176 [210505] 0029 0531 0.018 0.475

Values are presented as estimated mean [95% confidence interval].
Abbreviations: SWE, shear wave elastography; N, neutral ankle position; R, resting ankle position
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IV. DISCUSSION

In this study, SWE was measured at two different ankle angles (neutral and resting
positions). Boulard et al. reported that passive stiffness should be evaluated at the slack
angle and within 80% of the maximum passive dorsiflexion.? The slack angle is the angle
of ankle flexion at which tension begins. In this study, the feet were placed off the table
in the prone position with the knee extended and the ankle comfortably positioned. The
SWE value in the resting position was expressed as SWE-R. Furthermore, in more than
80% of the maximum passive dorsiflexion, involuntary muscle activation continued,?
and the maximum ankle dorsiflexion angle was different for each child with CP; therefore,
SWE was measured at 0 °DF, an anatomical position (SWE-N). Finally, the ratio of the
two measurements (SWE-N/SWE-R) was calculated to determine the rate of increase in
muscle stiffness as the muscle was stretched (SWE ratio). In this study, the median values
of SWE-N and SWE-R in the GCM of all children with CP at baseline were 82.5 (kPa)
and 40.9 (kPa), respectively, which were greater in the neutral position. This was
consistent with previous studies, which found that stiffness increased as ankle angle
increased."%% The median SWE ratio in this study was 2.10, which was similar to the
SWE ratio (ratio of SWE at 0° plantarflexion to SWE at 20° plantarflexion) reported as
2.2 in 13 children with CP by Brandenburg et al..

Previous studies reported that age, sex, affected side, changing joint angles, body mass, and
muscle mass have the potential to influence muscle properties.>”?5-%" |n this study, the
effects of sex, age, GMFCS level, history of botulinum toxin injection, BMI, and clinical
assessments (MAS and MTS) on SWE were investigated.

In previous studies, gross motor function was not correlated with elastography; however,
these studies were conducted only on ambulatory CP.>6101213 However, some studies
reported a significant association between spasticity and GMFCS level .22 According to
Mathewson et al., single fiber stiffness in GCM of children with CP was stiffer in GMFCS

[11to V than in I to 11.1* The substantial number of non-ambulatory CP were recruited as
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participants and ambulatory CP in our study. Thus, there could have been a significant
relationship between the GMFCS level and SWE in our study. Our findings are consistent
with those reported by Mathewson et al..

In this study, BMI was significantly associated with SWE-N. A previous study
demonstrated a negative relationship between BMI and SWE in healthy children,
although this was not statistically significant.*® In healthy adults, another study reported
that there was a significant negative relationship between BMI and SWE.*! Fat tissue is
known to have a lower shear modulus than fibrosis tissue.®? Thus, it may be assumed that
the higher fat composition in the tissue may lead to less stiffness. From this perspective,
the negative relationship between BMI and SWE observed in our study can be explained.

Age was a significant factor negatively related to SWE-R in our study. However, previous
studies have reported conflicting results. Liu et al. reported that passive muscle stiffness
increased with age from children to middle-aged adults and older age groups. In contrast,
Alfuraih et al. reported that aging was associated with a decline in skeletal muscle
stiffness in healthy adult volunteers, and children were stiffer than young adults.?* one
study reported that healthy children were stiffer than healthy young adults. However, in
a previous study that evaluated SWE in healthy children, no correlation was observed
between age and passive muscle stiffness. In further studies, the association between age
and SWE should be examined in children with or without CP.

Previous studies reported a decrease in the shear modulus of GCM in children with spastic
CP after 4 weeks of BONT-A injection.’®12® Some studies reported significant
associations between changes after BoNT-A in SWE and clinical evaluations for
spasticity.’31635 However, one study reported significant changes in SWE without
significant changes in joint range of motion and spasticity.® Similar to previous studies,
this study presented the reduction of SWE-N and SWE-R after 4 weeks of treatment with
BoNT-A injection with or without the serial cast.

Increases in passive stiffness can be caused by muscle shortening, altered mechanical

muscle properties, or both.? The improvement of muscle stiffness in the resting position
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seemed to reflect changes in mechanical muscle properties, SWE-R decreased after 4
weeks only in the groups receiving BoNT-A. However, in the case of SWE-N, it
decreased even in children who received only physical therapy without BoNT-A
treatment, which is thought to be due to improvement in muscle shortening. In addition,
since R2 (maximum dorsiflexion angle) in KE increased after 4 weeks in all groups,
including the group that received only physical therapy, it is thought that GCM shortening
improved and SWE-N decreased after physical therapy, including stretching. In the serial
cast group, the SWE-N and SWE ratios decreased at 2 weeks, and the effect reduced or
disappeared at 4 weeks. Similarly, in the clinical evaluation, the group with serial casts
showed a higher increase in R2 of MTS at 2 weeks than the other two groups, and there
was no difference in R2 change between the three groups at 4 weeks. As mentioned above,
it is thought that this result appeared as the muscle shortening showed more improvement
immediately after cast treatment for 1-2 weeks. Then the effect gradually decreased after
serial casting was discontinued.

Clinical assessments using MAS and MTS did not correlate with SWE in the baseline
evaluation in this study. However, many studies have reported moderate to strong
correlations of SWE with MAS and TS,%"122 except a few that reported no correlation
between MAS and SWE.** This study included children aged 2.5-10.6 years. It is
difficult to reliably evaluate the clinical assessments of MAS and MTS in young children
because of lack of cooperation. Therefore, the relationship between SWE and the clinical
measure of spasticity of MAS or MTS should be re-examined in children who will
cooperate during the whole procedure. Another limitation was the significant differences
in clinical measures at baseline assessment between the groups. Thus, this study could
not compare the effects of BONT-A injection or combined therapy with BoNT-A and
short leg cast on SWE. Comparing the effects of therapeutic interventions on SWE may
be an interesting topic for further studies. Finally, there is no consensus on the ROI
window for SWE. In this study, as in previous studies, an ROI with a diameter of 0.5 cm

was placed in the middle of the muscle belly, but there has been no research on whether
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this could reflect the stiffness of the entire muscle.

V. CONCLUSION

This study revealed that BMI, GMFCS level, and age were significantly associated with
SWE in children with spastic CP. The significant changes in SWE after BONT-A injection
and combined therapy with BoNT-A injection and short leg cast suggest positive effects
of the therapeutic intervention on passive muscle stiffness. Our study suggests that SWE
may be a useful outcome measure for therapeutic interventions in children with spastic
CP. SWE quantified the degree of muscle stiffness and showed a change in muscle
stiffness after therapeutic interventions. In children with CP, SWE can be a good
diagnostic tool for assessing passive muscle stiffness in the spastic muscles, determining
treatment plans, and monitoring the effectiveness of treatment modalities.
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