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Abstract

Background: To explore the feasibility of corrected slack angle acquired from two-dimensional shear wave elastogra-
phy (2D-SWE) for quantitating the spasticity of medial gastrocnemius (MG) in stroke patients.

Methods: Consecutive stroke patients with spastic MG and matched healthy controls were recruited. Intra- and inter-
observer reliability of 2D-SWE measurement were evaluated, and the correlation between corrected slack angle and
modified Ashworth scale (MAS) score was examined. The corrected slack angle before and after botulinum toxin A
(BoNT-A) injection was compared and its diagnostic performance in classifying the severity of spasticity were assessed
with receiver operating characteristic (ROC) curve analysis.

Results: The intra- (0.791 95% Cl 0.432-0.932) and interobserver (0.751 95% Cl 0.382-0.916) reliability of slack angle
acquired with 2D-SWE were good. Significant correlation was found between corrected slack angle and MAS score
(R=—0.849, p<0.001). The corrected slack angle increased after BONT-A injection. The cutoff value of MAS >3

had the highest sensitivity (100%) and specificity (93.33%). The positive predictive value (PPV) for classification of
MAS > 14 and the negative predictive value (NPV) for classification of MAS > 3 were greater than 90%.

Conclusion: 2D-SWE was a reliable method to quantitate the post-stroke spasticity. The corrected slack angle had
advantage in classifying the severity of spasticity, especially in early identification of mild spasticity and confirmation
of severe spasticity.

Keywords: Corrected slack angle, Stroke, Muscle spasticity, Medial gastrocnemius, Two-dimensional shear wave
elastography

Background

Spasticity is a common complication of central nervous
system injury including cerebrovascular accident, brain
trauma and spinal cord injury, etc. [1]. It has been esti-
mated that spasticity affects approximately 19% to 45%
of patients suffering from stroke [2, 3]. Quantitation of
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feasible measurement of spasticity in clinical practice
[4]. However, its dependency on subjective assessment
restricts its application. Magnetic resonance elastogra-
phy is capable of objectively evaluating the spasticity
of individual muscle [5], but it is limited by a variety
of contraindications (e.g., cardiac pacemaker, metal
implants, claustrophobia).

Ultrasound elastography had been widely used to
examine tissue elasticity in various organs, including
breast [6], prostate [7] and liver [8]. Recently, it has been
developed as a quantitative method for the evaluation of
skeletal muscle. Several studies have attempted to inves-
tigate the mechanical properties of the spastic muscles in
post-stroke patients [9-11]. However, various measure-
ments (strain ratio [9], elasticity index [10], shear elastic
modulus [11]) were reported because of different elastog-
raphy techniques they used. As the newest modality of
ultrasound elastography that uses acoustic radiation force
and generate quantitative elastograms [12], although the
technical assumption may not perfectly be met in skeletal
muscle because skeletal muscle is not a homogeneous or
isotropic material [13], two-dimensional shear wave elas-
tography (2D-SWE) has also been used in evaluation of
skeletal muscle cautiously. But its standard protocol is
still lacking, which makes it difficult to achieve consensus
on the cut-off elastic value of spastic muscles. Besides,
the correlation between shear modulus and the clini-
cal assessment such as MAS for stroke patients remains
equivocal [14, 15].

Slack angle, defined as the angle of joint from where
the muscle becomes tensioned and the shear modu-
lus begins to rise as the joint was passively moved, has
been a crucial parameter to characterize the mechanical
property of skeletal muscles [16, 17]. Because skeletal
muscle is a kind of active and deformable tissue, continu-
ous 2D-SWE recording would make sense. It has been
revealed that the slack angle of gastrocnemius occurred
at a more plantarflexed angle in stroke patients than con-
trol subjects [18]. However, the slack angle was visually
determined in previous studies [17-19]. Its inter- and
intraobserver reliability and its correlation with clinical
assessment have not been reported yet. Moreover, the
inter-individual variability of muscle elasticity, caused
by gender, age, physical activity and biological structure
[20], may be a confounding factor when using the slack
angle to evaluate the spasciticy of muscle. Instead of
comparing with the spastic slack angle directly, we sug-
gest that it would be reasonable to propose the corrected
slack angle, which was performed a self-correction by
subtracting the shear modulus of the unaffected muscle
from that of the spastic muscle. It could be beneficial to
rule out the confounding factors related to the passive
extensibility of skeletal muscle.
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Therefore, the present study aims to explore the feasi-
bility of quantitating the spasticity of stroke patients with
corrected slack angle acquired from 2D-SWE. For this
purpose, whether corrected slack angle correlated with
MAS and its change after botulinum toxin A (BoNT-A)
injection are examined, as well as its diagnostic perfor-
mance for classifying the severity of spasticity.

Methods

Subjects

Consecutive patients admitted to the Department of
Rehabilitation Medicine in The Third Affiliated Hospi-
tal of Sun Yat-sen University from May 2019 to February
2020 with a confirmed diagnosis of stroke by neuroim-
aging within 6 months were enrolled. Exclusion criteria
were listed in Fig. 1. Patients classified as MAS 4 were not
recruited because the ankle of those patients was rigid
and could not be moved. The passive range of motion
(ROM) of included patients were listed in Additional
file 1: Tables S1 and S2. Age- (< 2-year difference), gender
and footedness-matched healthy controls were recruited
from the community. The footedness was determined by
(1) the preferred foot used to kick the ball on the floor
and (2) the leg selected to put most of body weight on
during relaxed standing. None of them reported a history
of trauma or surgery on lower extremity, neuromuscular
disorders and medication that may have affected muscle
movement. Written informed consent was obtained from
all participants, and the study protocol was approved by
institutional review board at The Third Affiliated Hospi-
tal of Sun Yat-sen University in Guangzhou.

Clinical assessment

MAS was assessed separately by two physical therapists
with over 10 years of professional experience blinded to
the 2D-SWE values. The MAS score would be achieved
based on an agreement by these two therapists. The
MAS was rated as follows: 0=no increased resistance;
1=minimal resistance at the end of range of motion
(ROM); 1+ =minimal resistance throughout less than
half of the ROM; 2 = clear resistance throughout most of
the ROM; 3 =strong resistance, passive movement is dif-
ficult; 4=rigid [21]. Participants were required to rest for
5 min before assessment.

2D-SWE measurement

2D-SWE measurement was performed within 2 days
after MAS assessments at the same time period (between
3:00 and 5:00 pm). The participant lied in supine posi-
tion comfortably with the knee flexed at 30° because
the supine position was more tolerable than prone
position for the patients and they were able to remain
relaxed under this position (Fig. 2a). The isokinetic ankle
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Eligible stroke patients admitted to
be hospitalized (n=38)

Excluded n=16
@ Obvious shortening of the Achilles tendon, less
than 20° of dorsiflexion, n=6
® Stroke affecting extremities on both sides, n=4
® History of BONT-A injections, n=2

® Normal or reduced muscle tone, n=2
@ Surgery or trauma to the lower limb, n=1
@ Any other neuromuscular diseases, n=1

Patients enrolled to 2D-SWE
measurement (n=22)

2D-SWE measurement failed, n=2

Patients included for analysis (n=20)

Fig. 1 Flowchart of stroke patients included in the study
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Fig. 2 a Experimental setup overview. Participants lied in supine position comfortably with the knee flexed at 30°. The ankle was passively moved
by a continuous passive motion device from 40° plantarflexion to 21.5° dorsiflexion. The probe of an ultrasonic scanner was placed on the thickest
part of MG with minimal pressure. Surface electromyogram was monitored in real time (electrodes were attached to the medial gastrocnemius and
could not be seen). b A typical shear modulus-angle relationship curve of MG acquired from single measurement trial of 2D-SWE. ¢ The procedure
of self-correction and locating the corrected slack angle. Solid line and dash line denote the modulus-angle curve of spastic MG and unaffected MG
respectively. The dotted line denotes the corrected modulus-angle curve obtained by subtracting the dash line from the solid line. The solid dot is
the intersection of the threshold line calculate by 3-SD criterion and the corrected curve, denoting the location of the corrected slack angle
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movement from 40° plantarflexion (PF) to 21.5° dorsiflex-
ion (DF) was conducted by a continuous passive motion
(CPM) device (Y&Z medical Inc.) running with the angu-
lar velocity of 1.75°/s, which was one of the default veloc-
ity of the CPM. This relative slow velocity might made
our study comparable with other studies where the angu-
lar velocity was set as 1°/s [16] or 2°/s [18, 19, 22].

An ultrasonic scanner (Aixplorer; Supersonic Imag-
ine) equipped with a linear array transducer (4—15 MHz,
SuperLinear 15-4) was used. The probe was placed on
the thickest level of the medial gastrocnemius (MG) with
minimal pressure and parallel to the longitudinal axis of
the muscle. The supersonic shear imaging mode (mus-
culo-skeletal preset) was launched and a 10 mm x 10 mm
color-coded sample box was placed in the center of MG
belly without inclusion of vessels or fascial borders. A
cine loop of 35-s was captured to record the continuous
change of elastogram along with the ankle movement.
Surface electromyogram (ME6000; Mega Electronics) was
monitored in real time to ensure that the MG was free of
contraction at the beginning stage. Both legs of the stroke
patients were measured. For the healthy controls, the
same side corresponding to the spastic side of the patient
they matched was chosen. Each SWE session consisted of
three trials separated by 1 min interval. Before each ses-
sion, there was a 5-min-break when participants were
instructed to remain as calm and relax as possible.

To test the intra- and interobserver reliability, 9 con-
trols and 10 patients were selected using complete ran-
domization method. Considering the patient’s limited
tolerance to repeated examination, five of them was re-
examined by another examiner (Y. L. Zhang) within 24 h
after the initial measurement, and the others was re-
examined by the first examiner (J. Y. Cao) within 3 days.
Both examiners had extensive experience (>3 years) with
2D-SWE and blinded to the MAS scores. The 9 con-
trols were re-examined twice by both examiner and not
allowed to perform strength training between sessions.
For these participants receiving reliability test, each SWE
session consisted of two trials.

BoNT-A injection

Five patients received BoNT-A injection at the spas-
tic gastrocnemius. The dosage targeting the MG was
adapted to the patient’s individual characteristic, ranging
from 80 to 120 units. The injection was performed by a
physician (W. H. Qiu) with more than 10 years of expe-
rience. SWE measurement and MAS assessment were
repeated 2 weeks after injection.

Data analysis
The cine loops were saved as ‘avi’ format and processed in
Aixplorer scanner software. A circular region of interest
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(ROI) with a 10 mm diameter was drawn inside the color-
coded sample box for the first frame of every second. In
a few cases, the ROI was adjusted to avoid the blank in
the sample box. The mean value of the shear modulus (in
kPa) was calculated within the ROI and averaged across
trials. Because the ankle was moved at a constant veloc-
ity, each second could be converted to a corresponding
angle. Therefore, a modulus-angle relationship curve
could be drawn for each session (Fig. 2b). To describe the
modulus-angle curve via the mean values of shear modu-
lus from the initial, middle and final stage of the curve,
three sections of the curve centered on PF 25° (—29.5°
to —20.75°), PF 5° (—10.25° to — 1.5°) and DF 15° (10.75°
to 19.5°) (minus value represented plantarflexion), sepa-
rated by 10° approximately, were extracted and their
averaged modulus was acquired for multiple compari-
sons and reliability tests.

Instead of visually inspection, we proposed a three
standard deviation (3-SD) criterion [23] to determine
the slack angle objectively. The slack angle was located as
where an ascending of modulus that exceeded a value of
three standard deviations of its previous mean modulus
and such tendency sustained for the following two angles.
Because the color box of shear modulus were obtained at
1 Hz, it could lead to a 1-s delay between the measured
shear modulus and the ankle angle. To offset this delay,
we proposed the formula of 3-SD criterion as:

X1 > (Xy + 304),

where n denotes the order corresponding to the ankle
angle, x, denotes the shear modulus acquired at that
ankle angle, the standard deviation of shear modulus
from the first value to the nth value

X

oy = ﬁ (x; — %,)? and the mean of shear modu-

i=1

lus from the first value to the nth value x, = #
Because x,4; was actually the shear modulus matched
with n, hence when x;,11 was larger than X, + 30, and the
relationship of this inequality also existed for the next
two orders, the angle corresponding to n was defined as
the slack angle. It was also available to be located on the
corrected modulus-angle curve, which was derived from
the modulus of the spastic muscle minus that of the unaf-
fected muscle (Fig. 2c).

Statistical analysis

Demographic and clinical characteristics of the partici-
pants were reported using descriptive statistics (mean,
standard deviation, and percentage). The Mann—Whitney
test or independent samples t-test was used to compare
the means of two groups according to the assumptions
of normality tested with Shapiro—Wilk’s test. A two-way
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repeated analysis of variance (RM-ANOVA) was per-
formed to determine position (PF 25°, PF 5° and DF 15°)
and group (patients and controls) effects on shear modu-
lus. The Spearman correlation coefficient was applied
to test the correlation between MAS score and shear
modulus or slack angle. Intra- and interobserver reliabil-
ity were examined with the two-way random intraclass
correlation coefficient (ICC), which was classified as poor
(0.00-0.50), moderate (0.50-0.75), good (0.75-0.90),
and excellent (>0.90). The diagnostic performance of
slack angle for classifying the severity of spasticity was
assessed with receiver operating characteristic (ROC)
curves. The areas under the ROC curves (AUROCS)
were compared using the Delong test [24]. Optimal cut-
off values were established by maximizing Youden’s
index on the ROC. The sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV),

Table 1 Characteristics of the study participants

Characteristics  Patient group Control group p value
(n=20) (n=20)
Gender 1.000
Male 3 (65%) 3 (65%)
Female 7 (35%) 7 (35%)
Age (years) 523041155 53.25+11.54 0.980
BMI (kg/mz) 23.04+£1.76 22114£196 0.596
Days since stroke  79.15+35.37 NA
Stroke etiology
Ischemic 2 (60.00%) NA
Hemorrhage 8 (40.00%) NA
Affected side
Right 9 (45%) NA
Left 11 (55%) NA
MAS
1 4(20%) NA
1+ 6 (30%) NA
2 5 (25%) NA
3 5 (25%) NA

Data are means + standard deviation or numbers of participants and data in
parentheses are percentages

BMI body mass index, MAS modified Ashworth scale, NA not applicable
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positive likelihood ratio (LR+), and negative likelihood
ratio (LR—) based on the optimal cutoff values were cal-
culated. P values<0.05 were considered statistically sig-
nificant. Statistical analyses were carried out using SPSS
software (Version 13.0) and MedCalc Statistical Software
(version 12.7).

Results

During the recruitment, 38 eligible stroke patients were
enrolled, of which 16 patients were ruled out as shown in
Fig. 1. Two patients had difficulty to maintain the posi-
tion and failed to complete the SWE measurement. Even-
tually, 20 patients and 20 healthy controls were included
for analysis. The demographic and clinical characteristics
of the participants were shown in Table 1. There was no
statistical difference in age and BMI between two groups
(p>0.596).

Reliability analysis

The intraobserver reliability of the shear modulus was
moderate in the PF 5° (0.739), good in the PF 25° (0.802)
and excellent in the DF 15° (0.984) (Table 2), while the
interobserver reliability was excellent under all ankle
position (0.922-0.994) (Table 3). The slack angle was una-
vailable to calculate for one healthy control, therefore the
reliability of slack angle was analyzed for 13 participants.

Table 3 Interobserver reliability analysis of slack angle and shear
modulus in three different ankle positions

Measurement Examiner 1 Examiner 2 ICC (95% CI)
Shear modulus (kPa) (n=14)
PF 25° 13364332 13.04+327 0922 (0.783-0.974)
PF 5° 23.07+758 23.21+8.06 0.961 (0.884-0.987)
DF 15° 7163+39.23 7220+3754 0.994 (0.983-0.998)
Slack angle (°) —0.194£1047 —231£10.73 0.751(0.382-0.916)
(n=13)

Data are means =+ standard deviation

ICC intraclass correlation coefficient, 95% confidence interval, PF plantarflexion,
DF dorsiflexion

Table 2 Intraobserver reliability analysis of slack angle and shear modulus in three different ankle positions

Measurement 1st Examination

2nd Examination 1CC (95% ClI)

Shear modulus (kPa) (n=14)

PF 25° 12254174

PF 5° 21.23+435
DF 15° 64.87 £20.88
Slack angle (°) (n=13) —298+823

11.80£1.73 0.802 (0.496-0.932)
20.7943.76 0.739 (0.363-0.908)
63.254+18.69 0.984 (0.946-0.995)
—0.154£924 0.791 (0.432-0.932)

Data are means =+ standard deviation

ICCintraclass correlation coefficient, 95% confidence interval; PF plantarflexion, DF dorsiflexion
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As presented in Tables 2 and 3, both intra- (0.791) and
interobserver (0.751) reliability of slack angle were good.

Comparison between patients and controls

A two-way RM-ANOVA was used to compare the shear
modulus of three ankle positions between patients
and controls. The assumptions of normality assessed
with the Shapiro—Wilks test were met for all sub-
sets of the data (p>0.164). Significant main effects
of position (F(2,76)=275.917, p<0.001) and group
(F(1,38)=29.715, p<0.001) were revealed. However,

Page 6 of 11

because significant interaction was also found between
position and group (F(2,76) =31.022, p<0.001), sepa-
rate comparisons by ankle position between two groups
were performed before post-hoc tests. It showed that
the shear modulus of patients’ MG was significantly
larger than that of healthy controls in all three positions
(p <0.006) (Fig. 3; Additional file 1: Table S3). In terms
of the slack angle, it showed up significant earlier (i.e.
more plantarflexed) in stroke patients (—7.8£9.99°)
compared to controls (1.51 £ 10.09°) (p =0.007) (Fig. 4).

200, 4

— Patients
=« Controls

= 150

-

=<

N’

w)

=

=

'g 100

£

5 {

D

=

7))

n
[—]
—~
—
——

S

0 0 10 20
Ankle angle (°)

20

150+
@R Patients
= Z2A Controls
&
< 1004
é}
=
3
£
= 50- *
= [ 1
m i
L Il 73 %,
s s
YV
QQ

Fig. 3 a Averaged modulus-angle curves of stroke patients and healthy controls. The error bars indicate the standard deviation from the average
modulus for each ankle angle. b T-Bar plots showing the difference of shear modulus between stroke patients and healthy controls at the ankle
positions of PF 25°, PF 5° and DF 15°. Error Bars indicate standard deviation and whiskers indicate significant difference (p <0.05)

a

— Patients
Controls

250

[ 133
n >
> >

Shear modulus (kPa)
3

50

-10 0 10 20
Ankle angle (°)

*
20 - I
10 4
o)
‘L«
)
% 01
=
=
=< -10 -
=
17 4]
220 A
-30 T T
> »
& &
]* ¢®

Fig. 4 a Individual modulus-angle curves of MG in stroke patients and healthy controls. The solid dots denote the locations of slack angle. b Scatter
plots of slack angle in stroke patients and healthy controls. The horizontal bar represents mean value and error bar represents standard deviation




Cao et al. Journal of NeuroEngineering and Rehabilitation (2022) 19:15

Correlation with MAS score

Although the shear modulus and the slack angle of stroke
patients were different from those of healthy controls,
neither shear modulus nor slack angle significantly cor-
related with MAS score (Figs. 5a, 6a and Additional
file 1: Fig. S1, Table S4). However, with self-correction to
the shear modulus of the spastic MG, there was signifi-
cant correlation between corrected slack angle and MAS
score (R=—0.849, p<0.001) (Figs. 5b and 6b; Additional
file 1: Table S4).

Changes after BoNT-A injection

The Additional file 1: Fig. S2 showed that the corrected
slack angle increased for all of the patients who has
received injection, demonstrating that the it could repre-
sent the alleviation of spasticity after BONT-A injection.
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Diagnostic accuracy of corrected slack angle

The comparison of AUROCs revealed that corrected
slack angle was significantly superior to slack angle
in classifying the severity of spasticity with MAS>2
(p=0.045) and MAS>3 (p=0.008), while there was
no significant difference in the AUROC: for classifying
MAS > 1+ (p=0.235) (Fig. 7). Optimal cutoff values for
different levels of spasticity were determined by analysis
of the ROCs for corrected slack angle and slack angle.
The sensitivity, specificity, PPV, NPV, LR+ and LR— of
the optimal cutoff values for each spasticity classifica-
tion were given in Table 4. The sensitivity and specificity
for each level of spasticity were greater than 75% and the
optimal cutoff value for classification of MAS > 3 had the
highest sensitivity (100% 95% CI 47.8—100.0%) and speci-
ficity (93.33% 95% CI 68.1-99.8%). In terms of predictive
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Table 4 Performance characteristics of corrected slack angle and slack angle for classifying different severity of spasticity based on

optimal cutoff values

Method

MAS > 1+ (95% Cl)

MAS > 2 (95% CI)

MAS > 3 (95% CI)

Corrected slack angle

—6.75

—10.25

Cutoff value 375
AUROC 0.906 (0.691-0.990) 0.920 (0.709-0.993) 0.987 (0.808-1.000)
Sensitivity (%) 93.75 (69.8-99.8) 80.00 (44.4-97.5) 100.00 (47.8-100.0)
Specificity (%) 75.00 (19.4-99.4) 90.00 (55.5-99.7) 93.33 (68.1-99.8)
PPV (%) 93.7 (68.6-99.9) 88.9 (48.9-99.8) 83.3(31.1-99.8)
NPV (%) 75.0 (13.2-99.8) 81.8 (46.3-98.1) 100.0 (76.8-100.0)
LR+ 3.75(2.1-6.7) 8.00 (5.5-11.6) 15.00 (13.1-17.2)
LR— 0.083 (0.007-1.1) 0.22 (0.02-2.1) 0
Slack angle
Cutoff value 0.25 —325 —6.75
AUC 0617 (0.377-0.822) 0.605 (0.365-0.813) 0.620 (0.379-0.824)
Sensitivity (%) 93.75 (69.8-99.8) 80.00 (44.4-97.5) 80.00 (28.4-99.5)
Specificity (%) 50.00 (6.8-93.2) 50.00 (18.7-81.3) 60.00 (32.3-83.7)
PPV (%) 88.2 (62.6-98.7) 61.5(31.6-86.1) 2.00(1.1-3.7)
NPV (%) 66.7 (4.0-99.8) 714 (258-97.2) 0.33(0.05-2.1)
LR+ 1.87(0.7-5.0) 1.60 (0.8-3.2) 40.0 (12.2-73.8)
LR— 0.13(0.01-1.1) 040 (0.1-1.6) 90.0 (53.0-99.8)

Data in parentheses are 95% confidence intervals
MAS modified Ashworth scale, AUROC area under the receiver operator characteristic curve, PPV positive predictive value, NPV negative predictive value, LR+ positive

likelihood ratio, LR— negative likelihood ratio

values, the PPV for classification of MAS> 1+ and the
NPV for classification of MAS > 3 were greater than 90%

(Table 4).

Discussion

In this study, we investigated the spasticity of MG with
2D-SWE in stroke patients. Reliability of slack angle
determined with 3-SD criterion was found to be good,

and the corrected slack angle was significantly corre-
lated with MAS score. We also identified the optimal
cutoff values of corrected slack angle for different levels

of spasticity. The sensitivity and specificity for classifica-
tion of MAS>3 were the highest, demonstrating that

the corrected slack angle had advantage in distinguishing
severe spasticity. In addition, the high PPV for classifica-
tion of MAS > 14 and the high NPV for classification of



Cao et al. Journal of NeuroEngineering and Rehabilitation (2022) 19:15

MAS >3 indicated the clinical utility of corrected slack
angle for early identification of mild spasticity and pre-
cise confirmation of severe spasticity that may need
interventional therapy.

The shear modulus obtained in our experiment
was comparable to those of related study. Mathevon
et al. reported that the shear modulus of MG was
32.21£21.1 kPa when the ankle was at maximal dorsi-
flexion (averaged angle of —248.5°) and the knee was
fully extended [11]. The shear modulus we measured at
a similar position (PF 5°, i.e. —5°) was 27.124+7.78 kPa.
As for slack angle, the median values reported by Le Sant
et al. were —10.7° when the knee flexed at 90° and —25.2°
when the knee extended [18]. In our study, the slack angle
was —7.8£9.99° when the knee flexed at 30°. Because the
fluctuations at the very beginning of the curve were taken
into account in the 3-SD method, the slack angle was
expected to be latter (dorsiflexed) than that using visual
detection. These may suggest that the slack angle could
be affected by the knee position and the method that
used to determine. Therefore, a standard protocol should
be established in future.

In our study, the ankle was passively moved at a veloc-
ity of 1.75°/s. This slow velocity was consistent with other
studies [16, 22] and used in order to obtain enough val-
ues to draw a curve of modulus-angle relationship with
better resolution. We used CPM instead of dynamometer
to passively move the ankle because CPM was a common
equipment possessed by most of the rehabilitation facili-
ties. It would be more suitable to be promoted in clini-
cal scenario, while dynamometer was limited to be used
owing to its high expense. Its efficiency was supported by
the intra- and interobserver reliability that were as rela-
tively good as all above 0.75 except PF 5°. We speculated
that the reliability was lower at PF 25° and PF 5° because
the muscle fibers were over-shortened and wrinkled
when the ankle was plantarflexed. It may lead to deterio-
rated quality of imaging (e.g., flashes, artifacts or blank in
the sample box) and unstable measurement values.

Several previous studies didn’t reveal correlation
between muscle elasticity and clinical spasticity assess-
ment [14, 25, 26]. The first reason might be that shear
modulus could not be simply interpreted as the sever-
ity of spasticity. Alternatively, it would be more suitable
to be regarded as a parameter of estimating the stiffness
of biological tissues. Therefore, we used slack angle to
evaluate the spasticity. Second, the intrinsic mechani-
cal property of skeletal muscle was individual-specific
[27] and would be a confounding factor that need to be
self-corrected in order to distinguish the spasticity from
the intrinsic mechanical property. As anticipation, our
results demonstrated that the corrected slack angle sig-
nificantly correlated with MAS scores.
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However, we admitted that self-correction could not
completely exclude the non-neural contributors since the
bilateral structural changes were not synchronous fol-
lowing stroke. The spastic muscles were lack of use much
more than those in the unaffected side. It had also been
reported that the contributions of these non-neural fac-
tors to stiffness may increase over time [28]. Hence, sev-
eral precautions had been taken to offset the discrepancy
of structural changes between bilateral muscles. First, to
reduce the impact of immobilization, only stroke patients
with hemiparesis less than 6 months were recruited.
Actually most of them were less than 3 months with an
average of 79.15+35.37 days since stroke. Second, the
enrolled patients had been receiving physical therapy to
maintain their functional activity. We believed that the
corrected slack angle could primarily represent the spas-
ticity, especially in the early stage of stroke rehabilitation.
Given the early stage is the time window of spasticity
management, it would make sense to quantitate the spas-
ticity using corrected slack angle.

Another method to verify the feasibility of corrected
slack angle was to compare before and after BONT-A
injection. BoNT-A injection was effective in reduc-
ing spasticity by inhibiting the release of acetylcholine
in neuromuscular junctions [29]. It has been confirmed
that the shear modulus of MG decreased after BONT-A
injection in children with cerebral palsy [30]. And our
results showed that the corrected slack angle became
larger 2 weeks after BONT-A injection as expectation.
However, its statistical significance needs to be exam-
ined with further randomized controlled experiments.
Further experiments may also include testing whether it
is superior to calculate the dosage of BONT-A based on
spasticity quantitation with corrected slack angle. Our
study had another limitations. First, the sample size of
participants was limited. Second, only the thickest part
of the MG was measured while other regions of MG and
other muscles of triceps surae were not included because
of patients’ intolerance of long-time examination. Third,
constant velocity was applied to ankle movement. But
increased passive resistance had been reported at higher
velocity [31]. The force torque became greater as the
velocity of passive ankle dorsiflexion changed from 10 to
211°/s. Therefore, the effect of velocity (i.e. whether cor-
rected slack angle is more sensitive to represent the spas-
ticity at higher velocity) should be addressed in further

experiments.

Conclusion

The reliability of slack angle determined using 3-SD crite-
rion was good in assessing spasticity of stroke patients. A
significant correlation was revealed between the corrected
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slack angle and MAS score. The highest sensitivity and
specificity of the corrected slack angle were found in clas-
sifying severe spasticity. This study provided an objective
parameter for quantitation of the post-stroke muscle spas-
ticity. It may be of importance in clinical utility for early
identification of mild spasticity and precise confirmation
of severe spasticity which may need medical intervention.

Abbreviations

2D-SWE: Two-dimensional shear wave elastography; PF: Plantarflexion; DF:
Dorsiflexion; MAS: Modified Ashworth scale; BONT-A: Botulinum toxin A; CPM:
Continuous passive motion; MG: Medial gastrocnemius; ROC: Receiver operat-
ing characteristic; ICC: Intraclass correlation coefficient; AUROCs: Areas under
the ROC curves.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512984-022-00995-8.

Additional file 1: Table S1. The actual passive range of motion, peak
plantarflexion angle and peak dorsiflexion angle for each participants in
the patient group. Table S2. The actual passive range of motion, peak
plantarflexion angle and peak dorsiflexion angle for each participants in
the control group. Table S3. Comparisons of slack angle and shear modu-
lus in three different ankle positions between stroke patients and healthy
controls. Table S4. Correlation between corrected slack angle, slack angle,
shear modulus in three different ankle positions and MAS score. Figure
S1. Correlation between MAS scores and shear modulus at the ankle
positions of PF 25° (a), PF 5° (b) and DF 15° (c) in stroke patients. Figure
S2. Changes of corrected slack angle of five stroke patients after BONT-A
injection. The triangle, hollow circle and solid circle indicate patients of
MAS 14, 2 and 3 assessed before injection, respectively.

Acknowledgements
The authors would like to thank all the participants who kindly agreed to
participate in this study.

Authors’ contributions

ZC and YX were responsible for conception of the study. JC, WQ and YZ were
responsible for data collection. HZ, JR and WQ were responsible for data
analysis. ZC, ZD, JC and YX were responsible for acquisition of funding for the
study. JC and YX drafted the manuscript. ZC and RZ substantively revised the
manuscript. All authors have revised the final manuscript. All authors read and
approved the final manuscript.

Funding

This study has received funding by the Medical Scientific Research Foundation
of Guangdong Province, China (No. A2017006), the National Natural Science
Foundation of China (No. 81401869 and 11974373) and the Research & Devel-
opment Program in Key areas of Guangdong Province (No. 2018B030339001).

Availability of data and materials
The datasets analysed during the current study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate

This study was reviewed and approved by the institutional review board

at The Third Affiliated Hospital of Sun Yat-sen University in Guangzhou
(approval No. [2016] 2-156) and was performed in accordance with all relevant
guidelines and regulations. Written informed consent was obtained from all
participants.

Page 10 of 11

Consent for publication
Not applicable.

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

Author details

'Department of Medical Ultrasonics, The Third Affiliated Hospital of Sun
Yat-Sen University, Sun Yat-Sen University, 600 Tianhe Road, Guang-

zhou 510630, China. ?Institute of Biomedical and Health Engineering, Shenz-
hen Institutes of Advanced Technology, Chinese Academy of Sciences, 1068
Xueyuan Avenue, Shenzhen 518055, China. >Department of Rehabilitation
Medicine, The Third Affiliated Hospital of Sun Yat-Sen University, Sun Yat-Sen
University, 600 Tianhe Road, Guangzhou 510630, China. *Paul C. Lauterbur
Research Center for Biomedical Imaging, Institute of Biomedical and Health
Engineering, Shenzhen Institutes of Advanced Technology, Chinese Academy
of Sciences, 1068 Xueyuan Avenue, Shenzhen 518055, China.

Received: 16 June 2021 Accepted: 25 January 2022
Published online: 05 February 2022

References

1. Francisco GE, McGuire JR. Poststroke spasticity management. Stroke.
2012;43(11):3132-6.

2. Sommerfeld DK, Eek EU, Svensson AK, Holmqvist LW, von Arbin MH. Spas-
ticity after stroke: its occurrence and association with motor impairments
and activity limitations. Stroke. 2004;35(1):134-9.

3. DornakT, Justanova M, Konvalinkova R, Riha M, Muzik J, Hoskovcova M,
Srp M, Navratilova D, Otruba P, Gal O, et al. Prevalence and evolution of
spasticity in patients suffering from first-ever stroke with carotid origin: a
prospective, longitudinal study. Eur J Neurol. 2019;26(6):880-6.

4. Meseguer-Henarejos AB, Sanchez-Meca J, Lopez-Pina JA, Carles-
Hernandez R. Inter- and intra-rater reliability of the modified Ashworth
scale: a systematic review and meta-analysis. Eur J Phys Rehabil Med.
2018;54(4):576-90.

5. Ringleb SI, Bensamoun SF, Chen Q, Manduca A, An KN, Ehman RL. Appli-
cations of magnetic resonance elastography to healthy and pathologic
skeletal muscle. J Magn Reson Imaging. 2007;25(2):301-9.

6. Itoh A, Ueno E, Tohno E, Kamma H, Takahashi H, Shiina T, Yamakawa M,
Matsumura T. Breast disease: clinical application of US elastography for
diagnosis. Radiology. 2006;239(2):341-50.

7. Rouviere O, Melodelima C, Hoang Dinh A, Bratan F, Pagnoux G, Sanzalone
T, Crouzet S, Colombel M, Mege-Lechevallier F, Souchon R. Stiffness of
benign and malignant prostate tissue measured by shear-wave elastog-
raphy: a preliminary study. Eur Radiol. 2017;27(5):1858-66.

8. ZengJ, Zheng J, Jin JY, Mao YJ, Guo HY, Lu MD, Zheng HR, Zheng RQ.
Shear wave elastography for liver fibrosis in chronic hepatitis B: adapting
the cut-offs to alanine aminotransferase levels improves accuracy. Eur
Radiol. 2019;29(2):857-65.

9. Gao J,Chen J,O'Dell M, Li PC, He W, Du LJ, Rubin JM, Weitzel W, Min R.
Ultrasound strain imaging to assess the biceps brachii muscle in chronic
poststroke spasticity. J Ultrasound Med. 2018;37(8):2043-52.

10. Kesikburun S, Yasar E, Adiguzel E, Guzelkucuk U, Alaca R, Tan AK. Assess-
ment of spasticity with sonoelastography following stroke: a feasibility
study. PM R. 2015;7(12):1254-60.

11. Mathevon L, Michel F, Aubry S, Testa R, Lapole T, Arnaudeau LF, Fernandez
B, Parratte B, Calmels P. Two-dimensional and shear wave elastography
ultrasound: a reliable method to analyse spastic muscles? Muscle Nerve.
2018;57(2):222-8.

12. Sigrist RMS, Liau J, Kaffas AE, Chammas MC, Willmann JK. Ultrasound
elastography: review of techniques and clinical applications. Theranostics.
2017,7(5):1303-29.

13. LiuJ, Qian Z, Wang K, Wu J, Jabran A, Ren L, Ren L. Non-invasive quantita-
tive assessment of muscle force based on ultrasonic shear wave elastog-
raphy. Ultrasound Med Biol. 2019;45(2):440-51.

14. Gao J,He W, Du LJ, Chen J, Park D, Wells M, Fowlkes B, O'Dell M. Quantita-
tive ultrasound imaging to assess the biceps brachii muscle in chronic
post-stroke spasticity: preliminary observation. Ultrasound Med Biol.
2018;44(9):1931-40.


https://doi.org/10.1186/s12984-022-00995-8
https://doi.org/10.1186/s12984-022-00995-8

Cao et al. Journal of NeuroEngineering and Rehabilitation

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

(2022) 19:15

Bilgici MC, Bekci T, Ulus Y, Ozyurek H, Aydin OF, Tomak L, Selcuk MB. Quan-
titative assessment of muscular stiffness in children with cerebral palsy
using acoustic radiation force impulse (ARFI) ultrasound elastography. J
Med Ultrason. 2018;45(2):295-300.

Hirata K, Kanehisa H, Miyamoto-Mikami E, Miyamoto N. Evidence for
intermuscle difference in slack angle in human triceps surae. J Biomech.
2015;48(6):1210-3.

Le Sant G, Nordez A, Andrade R, Hug F, Freitas S, Gross R. Stiffness
mapping of lower leg muscles during passive dorsiflexion. J Anat.
2017,230(5):639-50.

Le Sant G, Nordez A, Hug F, Andrade R, Lecharte T, McNair PJ, Gross R.
Effects of stroke injury on the shear modulus of the lower leg muscle
during passive dorsiflexion. J Appl Physiol. 2019;126(1):11-22.

Hug F, Lacourpaille L, Maisetti O, Nordez A. Slack length of gastrocnemius
medialis and Achilles tendon occurs at different ankle angles. J Biomech.
2013;46(14):2534-8.

Lehoux MC, Sobczak S, Cloutier F, Charest S, Bertrand-Grenier A. Shear
wave elastography potential to characterize spastic muscles in stroke
survivors: literature review. Clin Biomech. 2020;72:84-93.

Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth
scale of muscle spasticity. Phys Ther. 1987,67(2):206-7.

Maisetti O, Hug F, Bouillard K, Nordez A. Characterization of passive elastic
properties of the human medial gastrocnemius muscle belly using super-
sonic shear imaging. J Biomech. 2012;45(6):978-84.

Novick SJ, Zhao W, Yang H. Setting alert and action limits in the presence
of significant amount of censoring in data. PDA J Pharm Sci Technol.
2017;71(1):20-32.

Delong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas under
two or more correlated receiver operating characteristic curves: a non-
parametric approach. Biometrics. 1988;44(3):837-45.

Yasar E, Adiguzel E, Kesikburun S, Yenihayat |, Yilmaz B, Alaca R, Tan AK.
Assessment of forearm muscle spasticity with sonoelastography in
patients with stroke. Br J Radiol. 2016;89(1068):20160603.

Brandenburg JE, Eby SF, Song P, Kingsley-Berg S, Bamlet W, Sieck GC, An
KN. Quantifying passive muscle stiffness in children with and without
cerebral palsy using ultrasound shear wave elastography. Dev Med Child
Neurol. 2016;58(12):1288-94.

Eby SF, Cloud BA, Brandenburg JE, Giambini H, Song P, Chen S, LeBras-
seur NK, An KN. Shear wave elastography of passive skeletal muscle
stiffness: influences of sex and age throughout adulthood. Clin Biomech.
2015;30(1):22-7.

Chung SG, Van Rey E, Bai Z, Roth EJ, Zhang LQ. Biomechanic changes in
passive properties of hemiplegic ankles with spastic hypertonia. Arch
Phys Med Rehabil. 2004;85(10):1638-46.

Elia AE, Filippini G, Calandrella D, Albanese A. Botulinum neurotoxins

for post-stroke spasticity in adults: a systematic review. Mov Disord.
2009;24(6):801-12.

Dag N, Cerit MN, Sendur HN, Zinnuroglu M, Musmal BN, Cindil E, Oktar
SO. The utility of shear wave elastography in the evaluation of muscle
stiffness in patients with cerebral palsy after botulinum toxin A injection.
J Med Ultrason. 2020;47(4):609-15.

Rabita G, Dupont L, Thevenon A, Lensel-Corbeil G, Perot C, Vanvelcena-
her J. Quantitative assessment of the velocity-dependent increase in
resistance to passive stretch in spastic plantarflexors. Clin Biomech.
2005;20(7):745-53.

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

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Reliability and diagnostic accuracy of corrected slack angle derived from 2D-SWE in quantitating muscle spasticity of stroke patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Subjects
	Clinical assessment
	2D-SWE measurement
	BoNT-A injection
	Data analysis
	Statistical analysis

	Results
	Reliability analysis
	Comparison between patients and controls
	Correlation with MAS score
	Changes after BoNT-A injection
	Diagnostic accuracy of corrected slack angle

	Discussion
	Conclusion
	Acknowledgements
	References


