
Vol.:(0123456789)1 3

Journal of Medical Ultrasonics (2023) 50:561–570 
https://doi.org/10.1007/s10396-023-01360-5

ORIGINAL ARTICLE–ORTHOPEDICS

Characteristics of the static muscle stiffness of ankle plantar flexors 
in individuals with chronic ankle instability

Takumi Kobayashi1   · Taiki Kodesho2 · Keita Kinami1 · Ayuka Takahashi1 · Konatsu Taniguchi1 · Keigo Taniguchi3

Received: 17 April 2023 / Accepted: 7 August 2023 / Published online: 28 August 2023 
© The Author(s), under exclusive licence to The Japan Society of Ultrasonics in Medicine 2023

Abstract
Purpose  Individuals with chronic ankle instability (CAI) have deficits in closed kinetic chain dorsiflexion that may perpetu-
ate injury. Determining the characteristics of muscle stiffness in the plantar flexors of individuals with CAI may help in 
developing appropriate treatments. We aimed to highlight the characteristics of static muscle stiffness in ankle plantar flexor 
muscles during the passive dorsiflexion of the ankle joint in individuals with CAI.
Methods  A total of 30 patients were included in the study based on the International Ankle Consortium criteria. The 
patients were categorized evenly into healthy, coper, and CAI groups (i.e., 10 patients in each group). After measuring the 
dorsiflexion range of motion (non-weight-bearing/weight-bearing) of the ankle joint, the static muscle stiffness measure-
ments of the medial gastrocnemius, lateral gastrocnemius, soleus, and peroneus longus were obtained. The measurements 
were performed during the knee joint's extension and 50° flexion and passive dorsiflexion between the range of 40° plantar 
flexion and 20° dorsiflexion.
Results  The dorsiflexion range of motion of the CAI group was significantly smaller than that of the healthy and coper groups 
in the weight-bearing position. No interaction was observed for muscle stiffness in both the knee flexion and extension posi-
tions, and no significant differences were identified among the three groups. The shear modulus of the soleus at 20° ankle 
dorsiflexion with knee flexion had a significant negative correlation with the weight-bearing range of motion of the ankle.
Conclusion  The limitation in the weight-bearing dorsiflexion range of motion in CAI was largely due to factors other than 
the increased elasticity of the ankle plantar flexor muscles.
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Introduction

An ankle sprain is one of the most common lower extrem-
ity injuries; it has a high recurrence rate, and recurrent 
ankle sprains lead to chronic ankle instability (CAI) [1]. 
Moreover, CAI causes a variety of structural and functional 
joint impairments, such as limited joint range of motion, 
muscle strength deficits, balance impairments, or arthritic 

degeneration, which lead to a decline in health-related qual-
ity of life and reduce physical activity [1, 2]. Furthermore, 
the complex pathogenesis of ankle sprains has led to a lack 
of consensus regarding optimal treatment. Therefore, an 
accurate understanding of the pathophysiology of CAI is 
important.

Recently published pathological models of CAI have 
demonstrated that CAI involves three major factors: patho-
mechanical impairments, sensory–perceptual impairments, 
and motor–behavioral impairments [1]. A deficit in the 
dorsiflexion range of motion of the ankle joint, which is 
categorized as a pathomechanical impairment, is associated 
with the occurrence and recurrence of ankle sprains [3, 4]. 
Additionally, a limited range of motion in ankle dorsiflex-
ion is associated with decreased dynamic balance in CAI, 
and a limited range of motion may be associated with vari-
ous pathologies of CAI [5, 6]. Although multiple factors, 
including the decreased extensibility of the plantar flexor 
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muscles of the ankle joint [7] and abnormal arthrokinematics 
[8], are considered limiting factors in the dorsiflexion range 
of motion in CAI. However, the muscle stiffness of plantar 
flexors also plays a significant role during jump landing or 
running, particularly in energy absorption and energy gen-
eration, and a role as potential dynamic stabilizers at the 
ankle joint [9, 10]. Nevertheless, the cause of limitations in 
ankle dorsiflexion during loading movements in CAI is not 
fully understood.

Abnormal muscle stiffness is one of the most common 
causes of limited range of motion of the joint [11]. Recently, 
the usefulness of the muscle shear modulus as an indicator 
of muscle stiffness in shear wave elastography (SWE) has 
been reported [12, 13]. The muscle shear modulus has a 
strong linear relationship to passive force during the passive 
stretching of a muscle [14], and is related to diseases result-
ing in limitations in joint range of motion [15]. However, 
to our knowledge, the muscle stiffness of the ankle plantar 
flexors in CAI with limitations in ankle dorsiflexion range 
of motion has not been characterized.

We aimed to elucidate the characteristics of static muscle 
stiffness of the ankle plantar flexor muscle during the pas-
sive dorsiflexion of the ankle joint in individuals with CAI.

Materials and methods

The study protocol was approved by the ethics committee 
of the principal investigator’s institution. Before participa-
tion, all subjects signed an informed consent form that was 
approved by the Institutional Review Board (CR17009).

Subjects

A power analysis with an alpha error of 0.05, power of 0.80, 
and effect size of 0.65 was performed using G*Power 3.1.9.2 
analysis software (Heinrich Hein University, Duesseldorf, 
Germany); the aforementioned parameters were based on 
a previous study [16] that compared the ankle dorsiflexion 
range of motion of healthy participants with that of par-
ticipants with CAI. The analysis produced a minimum total 
sample size of nine per group. Additionally, 244 healthy 
university students answered a questionnaire regarding their 
history of ankle sprains. On the basis of the questionnaire 
results, the healthy group was defined as those with no his-
tory of bilateral ankle sprains. The CAI selection criteria 
were based on the recommendations of the International 
Ankle Consortium [17]. In other words, copers were defined 
as those with a Cumberland ankle instability tool (CAIT) 
[18] score of 25 or higher and without symptoms within 
the past 12 months. Participants with a CAIT score of 24 
or lower were categorized into the CAI group. Among the 
53, 16, and 22 participants in the healthy, coper, and CAI 

groups, respectively, 10 participants from each group who 
gave their consent to participate in the study were included. 
To eliminate the influence of gender effects related to mus-
cle stiffness [19], the sex ratio was standardized as much as 
possible.

Protocol

All participants underwent measurements for ankle dorsi-
flexion range of motion, followed by measurements for static 
muscle stiffness. All measurements were performed by a 
single examiner with 10 years of ultrasound experience.

Range of motion

The non-weight-bearing dorsiflexion range of motion of 
the ankle joint was measured once in 1° increments using 
a goniometer (KO goniometer; Tsutsumi, Tokyo, Japan) in 
the supine position with knee extension and 50° flexion. The 
weight-bearing dorsiflexion range of motion of the ankle 
joint was measured using the weight-bearing lunge test 
(WBLT) (Fig. 1). The subject performed dorsiflexion by 
flexing the knee toward the wall, and the maximum distance 
at which the knee could come into contact with the wall 
(wall-to-toe distance) was measured using a tape measure 
(PM-1320 KD; Niigata Seiki, Niigata, Japan) [20, 21].

Static muscle stiffness

Four muscles were tested: the medial gastrocnemius (MG), 
lateral gastrocnemius (LG), soleus (SOL), and peroneus 
longus (PL). The shear elastic modulus of the muscle was 

Fig. 1   The weight-bearing lunge test
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measured using SWE with a 2–10-MHz linear ultrasound 
transducer (Aixplorer Ver. 6 and SL10-2; Supersonic Imag-
ine, Aix-en-Provence, France). The SWE system was set up 
as follows: the clinical preset was set in the musculoskeletal 
mode with a B-scan depth of 3.5 cm and a frequency range 
of 2–10 MHz. The SWE Opt was set in penetration mode 
with an elastogram frame rate of 1.4 Hz. The persistence was 
set to high, the opacity was set to 100%, and the smoothing 
of SWE was set to five. Young’s modulus ranged from 0 to 
300 kPa. The blue and red colors in the color scale used for 
Young’s modulus (in kPa) corresponded to the lowest and 
highest values, respectively. The measurement site for each 
muscle was determined according to the methods of previ-
ous studies that used similar techniques [22], i.e., MG and 
LG were set at 30% proximal to the long axis of the lower 
leg, SOL was set at 50%, and PL was set at 20% proximal 
[22]. The probe was placed in the direction of the long axis 
of the muscle, and the clearest fascial region for each site 
was selected without visualizing any structures other than 
the fascia, such as blood vessels or intramuscular tendon 
areas. An acoustic gel (SONO JELLY Hard; Canon Medical 
Supply, Ltd., Tokyo, Japan) was used in each region as an 
interface between the probe and skin. The probe was gently 
held over the skin without applying pressure.

Static muscle stiffness measurements were performed in 
the knee joint during extension and flexion with the foot 
immobilized using BIODEX System 3 Pro (Shirley, NY, 
USA). Knee joint extension was measured in the supine 
position, and its flexion was measured using the BIODEX 
system set at a seat angle of 55° with the participant sitting 
squarely against the seat surface to achieve a knee joint flex-
ion angle of 50° (Fig. 2). For each measurement, the partici-
pant performed passive dorsiflexion with an angular velocity 
of 2°/s from 40° of plantar flexion to 20° of dorsiflexion, 
as in the previous study [22]. The order of measurement of 
the knee joint position and tested muscles was randomized. 
Moreover, SWE images were saved at 2 Hz in BMP format 
(width: 1680 pixels; height: 1050 pixels; resolution: 72 dpi) 

for imaging analysis using a capture board (Epiphan video 
DVI2USB 3.0; Argo Co., Ltd., Osaka, Japan) and a capture 
tool (Epiphan Capturetool Ver. 3.30; Argo Co., Ltd., Osaka, 
Japan) (Fig. 3).

Electromyography

Electromyography (EMG) was used to confirm the static 
state of the muscles during ankle dorsiflexion. A surface 
EMG (Telemaior DTS EM-801, Noraxon) and electrode 
pads (M-00-s/50) were used to measure muscle activity 
in each test and the tibialis anterior muscle. The electrode 
application site was set according to Surface EMG for Non-
Invasive Assessment of Muscles (SENIAM) [23], and the 
distance between electrodes was 2 cm. Additionally, before 
the electrodes were applied, the skin was shaved, rubbed, 
and cleaned with alcohol. After muscle stiffness measure-
ments, the participants performed maximal voluntary con-
tractions (MVICs) for each muscle under isometric condi-
tions according to the manual muscle test [24] to normalize 
the EMG.

Fig. 2   Testing position. ext. 
extension, flex. flexion, PF plan-
tar flexion, DF dorsiflexion

Fig. 3   Shear wave elastography images. MG medial gastrocnemius, 
LG lateral gastrocnemius, SOL soleus, PL peroneus longus, PF plan-
tar flexion, DF dorsiflexion
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Data analysis

The shear waves were generated by SWE within the soft 
tissue, and Young’s modulus was quantified in kPa based 
on the shear wave propagation velocity c. Young’s modulus 
(E) was color mapped to a 10 mm × 10 mm region of inter-
est (ROI) in each fascial region. For each pixel of the ROI, 
Young’s modulus (E) was calculated (E = 3ρc2), where ρ 
is the muscle mass density (1000 kg/m3). In this device, 
Young’s modulus was obtained by applying a constant of 
three and with the assumption that the soft tissue was iso-
tropic; however, the skeletal muscle could not be assumed 
isotropic. Therefore, the obtained Young’s modulus (E) was 
divided by three to obtain the shear modulus [25].

An elastic image analysis program (S-17115 Ver. 1.3.0; 
Takei Scientific Instruments Co., Ltd., Niigata, Japan) was 
used to analyze the shear modulus [26]. Moreover, SWE 
image (BMP) processing converted each pixel of the color 
map into a shear modulus value based on the recorded 
color scale. A rectangular region (10 mm wide and 5 mm 
high) containing clear fascia without connective tissue was 
selected, and the spatial average of the shear modulus of the 
selected region was calculated in kPa. The shear modulus 
was compared among the three groups at every 10° ankle 
joint angle.

All sections of the myoelectric signals were sampled, 
excluding the pulse noise (frequency of occurrence: approxi-
mately 1 Hz) due to SWE, and were filtered using a low-pass 
filter (cut-off frequency: 10 Hz). The muscle activity rate 
was obtained by dividing the root mean square during each 
passive ankle dorsiflexion by that during MVIC.

Statistical analysis

The Kruskal–Wallis test was used to compare the age, 
height, body weight, and ankle dorsiflexion range of motion 
among the three groups. Adjusted significance probabilities 
were obtained for the differences between groups using the 
Dunn–Bonferroni method. The sex ratio between the three 
groups was compared using Fisher’s exact test. Repeated-
measures two-way analysis of variance (group × angle) 
was used to compare the muscle activity rate and muscle 
stiffness, and the Bonferroni method was used for post hoc 
tests. Pearson’s correlation analysis was used to examine the 
correlation between the ankle dorsiflexion range of motion 
(knee extension, knee flexion, and WBLT) and the static 
muscle stiffness of each muscle at 20° ankle dorsiflexion. 
SPSS software (version 25.0; SPSS, Chicago, IL, USA) was 
used for the statistical analysis, and a significance level of 
less than 5% was considered statistically significant.

Results

Physical characteristics and range of motion

Sex, age, height, and body weight were not significantly 
different among the three groups (Table 1). No significant 
difference in the dorsiflexion range of motion of the ankle 
joint in the non-weight-bearing position among the three 
groups was observed. By contrast, the dorsiflexion range 
of motion of the CAI group was significantly smaller than 
that of the healthy and coper groups in the weight-bearing 
position. Moreover, no significant difference in the ankle 

Table 1   Physical characteristics

Median (25%, 75%)

healthy coper CAI p value

Sex (M/F) 5/5 6/4 5/5 0.875
Age (years) 21.0 (21.0, 22.0) 21.0 (20.3, 21.0) 21.0 (21.0, 21.0) 0.219
Height (cm) 165.5 (159.8, 174.8) 172.6 (167.8, 174.5) 163.1 (159.4, 169.3) 0.497
Body weight (kg) 63.0 (55.8, 70.8) 63.3 (54.3, 70.8) 58.5 (51.3, 68.3) 0.730

Table 2   Ankle range of motion

Median (25%, 75%)
*Statistically smaller in the CAI group relative to the healthy (p = 0.001) and coper (p = 0.008) groups 
based on the results of Dunn–Bonferroni test
ext. extension, flex. Flexion, DF dorsiflexion, PF plantar flexion, ROM range of motion, WBLT weight-
bearing lunge test

healthy coper CAI p value

DF ROM
 Knee ext. (°) 25.0 (25.0, 26.8) 29.0 (23.5, 33.0) 22.5 (20.0, 27.3) 0.207
 Knee flex. (°) 40.0 (35.0, 40.0) 39.0 (32.5, 42.3) 33.5 (30.3, 35.0) 0.069
 WBLT (cm) 14.3 (12.6, 15.4) 13.7 (9.6, 15.0) 11.3 (8.0, 12.2) < 0.001*

PF ROM
 Knee ext. (°) 55.0 (44.0, 59.3) 49.0 (45.3, 50.0) 48.0 (45.0, 54.3) 0.663
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Fig. 4   Static muscle stiffness. 
MG medial gastrocnemius, 
LG lateral gastrocnemius, SOL 
soleus, PL peroneus longus, PF 
plantar flexion, DF dorsiflexion, 
n.s. no significance
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plantar flexion range of motion among the three groups was 
observed (Table 2).

Muscle activity rate

Very low muscle activity rates (less than 2.12 ± 0.8%) were 
observed in all muscles. No significant main effect of angle 
or group on any of the muscles was identified.

Static muscle stiffness

A main effect of angle was observed for all muscles 
(p < 0.001), and the shear modulus increased significantly 
during dorsiflexion. No interaction was observed for any of 
the muscles in both knee flexion and extension, and no sig-
nificant differences were identified among the three groups 
(Fig. 4). The shear modulus of SOL at 20° ankle dorsiflex-
ion with knee flexion had a significant negative correlation 

(p = 0.001, r = − 0.556) with the WBLT (Fig. 5). No signifi-
cant correlations were found between the ankle dorsiflexion 
range of motion and the other muscles (Figs. 6 and 7).

Discussion

We compared the shear modulus of the ankle plantar flexor 
muscle group during passive dorsiflexion of the ankle joint 
of 10 subjects in the healthy, coper, and CAI groups to 
clarify the characteristics of the static muscle stiffness of 
the ankle plantar flexor muscle group in CAI. The results 
demonstrated that the CAI group had a significantly smaller 
weight-bearing dorsiflexion range of motion than the healthy 
and coper groups; however, no significant differences were 
observed in the static muscle stiffness of the ankle plantar 
flexor ankle muscles between the groups.

In the three groups, ankle plantar flexors exhibited a 
significant increase in muscle stiffness with ankle dorsi-
flexion. Studies have demonstrated that the muscle shear 

Fig. 5   Relationship between shear modulus at 20° ankle dorsiflexion and WBLT. WBLT weight-bearing lunge test
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modulus increases with muscle lengthening in several mus-
cles, including the MG and SOL muscles [11, 22, 26–30]. 
The results of the current study also reflected passive 
force, because the shear modulus increased with passive 
elongation.

The results confirmed that there was no significant 
increase in the static muscle stiffness of the plantar flexor 
ankle muscles in the CAI group with a limitation in the 
weight-bearing ankle dorsiflexion range of motion. By con-
trast, SOL elasticity during ankle dorsiflexion in the knee 
flexion position exhibited a significant negative correlation 
with the ankle dorsiflexion range of motion in the weight-
bearing position. Several studies have shown that restrictions 
on the ankle joint dorsiflexion range of motion occur after 
an ankle sprain [31, 32], and the limitation might lead to 
the reduced flexibility of the plantar flexor ankle muscles 
owing to abnormal kinematics patterns [33]. Therefore, 
studies have demonstrated that patients with CAI have a 
limited dorsiflexion range of motion of the ankle joint dur-
ing weight-bearing, and ankle dorsiflexion range of motion 
testing using WBLT is recommended in the rehabilitation 

of patients with CAI [3, 4]. Given that the decreased exten-
sibility of the plantar flexor muscles of the ankle joint may 
be a limiting factor in the dorsiflexion range of motion, 
improvement of the flexibility of the muscles may be used 
as a treatment method for CAI [7, 34, 35]. The results of the 
current study suggest that a therapeutic intervention such as 
stretching while in the knee flexion position to improve the 
selective elasticity of the SOL is effective in improving the 
weight-bearing ankle dorsiflexion range of motion in CAI.

Given that CAI causes abnormal joint alignment and 
kinematics such as anterior displacement and excessive 
internal rotation of the talus [36–38], manual mobilization 
is assumed to improve the dorsiflexion range of motion, 
dynamic balance, and self-reported function in CAI [6, 8, 
39]. In addition, CAI is associated with a variety of joint 
pathologies, including synovitis, cartilage damage, and soft-
tissue impingement [1]. The current study demonstrated 
no significant differences in ankle plantar flexor stiffness 
between healthy individuals and patients with CAI, and limi-
tations in weight-bearing ankle dorsiflexion range of motion 

Fig. 6   Relationship between shear modulus at 20° ankle dorsiflexion and ankle dorsiflexion range of motion in the knee extension position. DF 
dorsiflexion, ROM range of motion
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were observed. The results suggested that abnormal arthro-
kinematics or other types of plantar flexor muscle stiffness, 
such as flexor hallucis longus, were also involved in the limi-
tations in weight-bearing ankle dorsiflexion in patients with 
CAI. Therefore, rehabilitation to improve the dorsiflexion 
range of motion of the ankle joint in CAI should aim not 
only to stretch the plantar flexor muscles but also to improve 
joint alignment and kinematics via manual therapy and other 
interventions. In addition, imaging evaluations using ultra-
sound or magnetic resonance imaging for intra-articular 
lesions causing joint impingement may also be important.

This study had some limitations. First, static muscle stiff-
ness was measured only in the non-weight-bearing position. 
Measurement of muscle elasticity during weight-bearing 
may show a different trend; therefore, this topic should be 
considered in future research. Second, as this study was con-
ducted in young adults, different results may be observed 
in middle-aged and older patients with CAI and significant 
dorsiflexion limitations. Third, previous studies examining 
sex differences in the muscle elastic modulus of the MG 
and SOL muscles have shown some sex differences in the 

elastic modulus; however, a consensus has not been reached 
[40–42]. Although the current study did not identify signifi-
cant differences between the sexes, it may be necessary in 
the future to examine the sexes separately. Finally, we were 
unable to evaluate the presence or absence of ligamentous 
injuries, such as the anterior talofibular ligament, in the CAI 
and coper groups. Future studies should examine the char-
acteristics of muscle elasticity in subjects with and without 
ligamentous injuries.

Conclusion

We compared the shear modulus of the ankle plantar flexor 
muscle groups during passive ankle dorsiflexion in the 
healthy, coper, and CAI groups. The results demonstrated 
that there were no significant differences in the static muscle 
stiffness of the MG, LG, SOL, and PL muscles between the 
three groups. The limitations in the weight-bearing dorsi-
flexion range of motion in CAI were thought to be largely 

Fig. 7   Relationship between shear modulus at 20° ankle dorsiflexion and ankle dorsiflexion range of motion in the knee flexion position. DF 
dorsiflexion, ROM range of motion
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due to factors other than the increased elasticity of the ankle 
plantar flexor muscles.
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