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Abstract

Background—Following a stroke, intrinsic muscle properties such as stiffness may be altered, 

which is accompanied by increased spasticity and contractures. Previously, quantification of 

muscle stiffness has been based off of indirect measurements. Using shear wave ultrasound 

elastography, direct measurements of muscle material properties can be made.

Methods—Our aim was to evaluate material properties, specifically passive stiffness, using shear 

wave ultrasound elastography across a range of muscle lengths, in the medial gastrocnemius and 

the tibialis anterior in chronic stroke survivors.

Findings—Our main results show significant increases of 27.7% and 26.9 % in shear wave 

velocity of stroke-impaired medial gastrocnemius compared to the unimpaired contralateral side at 

90° ankle angle (P=0.033) and 15° plantarflexion (P=0.001), respectively. However, no significant 

difference was found in the tibialis anterior between the two sides. Relatively weak correlations 

were found between SW velocity in the medial gastrocnemius and joint stiffness for both the non-

paretic (ρ=0.384, P=0.001), and paretic side (ρ=0.363, P=0.002). Additionally, muscle stiffness 

estimates of stroke-impaired tibialis anterior from joint torque and angle measurements were 

significantly greater by 23.1% (P=0.033) than the unimpaired contralateral side. However, no 

significant difference was found in the medial gastrocnemius.

Interpretation—These results indicate that there are non-uniform changes in passive stiffness of 

stroke-impaired muscle. Therefore, muscles need to be evaluated individually to access alterations. 

Additionally, interpretation of joint-based calculations of muscle stiffness should be made 

cautiously. Having the ability to non-invasively assess muscle stiffness adaptations in vivo would 

aid in prognosis, evaluation, and treatment following a stroke.
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1. Introduction

In neurologically impaired individuals, changes in muscle material properties can 

accompany spasticity and contracture1–4. These changes may affect the intrinsic mechanical 

properties of a joint. Specifically, stroke survivors often have increased passive joint 

stiffness3–5. However, these stiffness estimates lack differentiation between the articular 

structures, ligaments, tendons, and individual muscles that cross the joint3,6–8. Often, muscle 

stiffness of a functional group of muscles, such as the plantarflexors, is estimated through 

indirect measurements of joint torque4,9,5, calculating limb dynamics3, or kinematic 

protocols10. Direct methods to measure the elastic modulus of whole muscle have only been 

used in animal experiments, and for humans, direct methods have only been applied to 

single fibers11 or fiber bundles12. Spastic muscle cells have been shown to be significantly 

stiffer than non-spastic muscle cells11; however, non-spastic fiber bundles were significantly 

stiffer than spastic fiber bundles12. So while there is consensus that changes occur in the 

material properties of spastic muscle, there is a lack of in vivo measurements of stiffness of 

individual muscles.

Recently, shear wave (SW) ultrasound elastography has been used to quantify muscles 

stiffness in a variety of lower extremity13,14 and upper extremity muscles in healthy 

individuals15–18. SuperSonic Imaging (SSI) uses acoustic forces to induce SWs through the 

tissue and tracks the propagation of the SWs using ultra-fast ultrasonic imaging to calculate 

SW velocity19. SW velocity is related to the shear modulus of the tissue such that SWs 

travel faster in a stiffer material20. The length dependence of SW velocity in passive muscle 

of healthy subjects has been documented in the medial gastrocnemius (MG)13,21,22 tibialis 

anterior (TA)23, and biceps brachii24. SW velocity is also dependent upon activation 

level13,16,18. Furthermore, an increase in SW velocity has been found in passive stroke 

impaired bicep brachii muscle compared to the contralateral non-impaired muscle25. Similar 

results have been observed in the more affected limb in children with hemiplegic cerebral 

palsy (CP)26,27, suggesting that passive stiffness may be higher in spastic muscle. However, 

there are no quantitative measures of muscle stiffness of individual muscles of the lower 

extremity in stroke survivors. Identifying muscular changes, specifically stiffness and 

architecture, could provide clinicians with a quantitative tool in for evaluating muscle in 

stroke survivors and could impact rehabilitation.

Therefore, the goal of this study was to investigate the differences in the material properties, 

specifically passive stiffness, by measuring the SW velocity in the MG and TA in chronic 

stroke survivors across the range of motion (RoM) of the ankle. We hypothesized that SW 

velocity is higher in muscles of the paretic side compared to the non-paretic side. We also 

aimed to compare SW velocity values to current common methods of measuring stiffness at 

the joint, as well as joint-based estimates of muscle stiffness.

2. Methods

2.1 General set up

Fourteen individuals with chronic hemiparesis (Table 1) participated in the study. All 

subjects were ambulatory, and were not currently receiving physical therapy. They had no 
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history of botulinum toxin treatments at least six months prior to testing. Informed consent 

was obtained from the participants prior to testing and Northwestern University’s 

Institutional Review Board approved all procedures.

Participants were seated upright with their foot secured to the dynamometer (Biodex 

Medical System, Inc. Shirley, NY, USA) and their knee in maximum extension. The ankle 

center of rotation, as defined as the mid-line between the malleoli, was aligned with the 

rotation axis of the dynamometer. During each trial, torque and position data were collected 

from the Biodex dynamometer at a sampling rate of 2000 Hz. Subjects were instructed to 

remain relaxed during this study, and muscle activity was monitored visually for increased 

amplitude from baseline during image capture by measuring electromyography (EMG) 

signals (Bagnoli, Delsys, Inc. Boston, MA, USA). Subjects were given adequate time to 

become comfortable and familiar the experimental set up. EMG was monitored for burst of 

muscle activity.

2.2 Ultrasound

Ultrasound images were captured using a SW elastography ultrasound system (Aixplorer 

SuperSonic Imagine, Aix en Provence, France), with a linear transducer array (4–15 MHz, 

SuperLinear, 15-4, Vermon, France)19. Images from the MG and TA were captured from 

both the non-paretic and paretic leg (three images per randomized ankle position, both B-

mode and SW elastography). Technical details of this SSI technology have been described 

previously19. The transducer was positioned at the mid-belly region of the muscle and 

oriented parallel to the fascicle plane as verified in the B-mode image (Fig. 1). A custom 

neoprene sleeve held the transducer in place to minimize undesired translation and to 

normalize transducer pressure on the subject. The SW velocity region of interest (RoI) was 

manually placed over the muscle belly (Fig.1). The width of the RoI was set to 30mm and 

the depth was set to the thickness of the muscle. Images were exported to a computer for off-

line processing.

2.3 Procedure

Subjects were instructed to remain relaxed during this study. The paretic side was tested first 

so that the torque values of the non-paretic side could be matched to the paretic side. The 

ankle was passively moved by the experimenter to one of the six ankle positions: neutral 

defined as the ankle at 90°, 15° plantarflexion (PF), maximum dorsiflexion (DF), maximum 

PF, and two intermediate angles. The two intermediate angles were chosen at angles where 

the torque on the paretic side was between the torque at maximum DF and neutral or 

maximum PF and neutral, respectively.

2.4 Data Analysis

All processing was performed using custom-written software in MATLAB (Mathworks, 

Natick, USA). The details on image processing are described elsewhere25. Briefly, SW 

velocity values from the RoI were extracted via the custom written software. In order to only 

include SW velocity values from the muscle belly, areas between the superficial and deep 

aponeurosis in the MG, and the superficial and middle aponeurosis in the TA were manually 
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cropped (Fig. 1). The mean SW velocity was then calculated from all the SW velocity values 

within the cropped RoI.

Muscle thickness, fascicle length, and pennation angle were measured from the B-mode 

ultrasound images for all trials. Thickness was measured by digitizing and taking the 

average of the distance between the superficial and deep aponeurosis in the MG and between 

the superficial and middle aponeurosis in the TA28. To measure fascicle length, three points 

along a fascicle were manually selected, digitized, and fit with a linear line. Fascicle length 

was calculated by extrapolating the intersection with both aponeurosis and calculating the 

distance between respective intersection points. Average fascicle length was taken as the 

mean of three digitized fascicles per trial. Pennation angle was calculated as the angle 

between the digitized fascicle and the superficial aponeurosis and was averaged across the 

three digitized fascicles for each trial. Any trial where the fascicles or the aponeurosis were 

not clearly visible was discarded. Repeatability from two separate sessions has been reported 

previously28.

Position and torque data were filtered using a 20-Hz low-pass filter. To obtain the average 

toque and position for each trial, the filtered signals where averaged over a 500ms window 

around the time of image capture. In order to compare the SW velocity at similar ankle 

angles in both the MG and TA for each subject, the SW velocity – ankle angle data were fit 

with a quadratic equation for each muscle of each side. We examined the fit quality of linear, 

quadratic, and third order polynomial equations. While both quadratic and third order 

polynomial equations had significantly higher coefficients of determination than a linear fit, 

there was no significant difference between the two. Therefore, we used the lowest order 

equation to evaluate the fits. From the quadratic equation, SW velocity for both sides was 

extrapolated at maximum PF and maximum DF from the paretic side. SW velocity was also 

compared to passive joint stiffness, which was calculated as the change in joint torque as a 

function of ankle angle across the RoM.

Estimates of MG and TA muscle stiffness from torque and ankle angle measurements were 

also calculated. The MG and TA moment arms throughout the RoM of each subject was 

obtained from OpenSim29 using a lower extremity model by Arnold et al.30. The shared 

passive force between the lateral and medial gastrocnemius muscles was assumed to be 

proportional to the cross-sectional area; the passive force of the MG muscle was determined 

to be 61% of the total gastrocnemius force5. Muscle stiffness was calculated as the slope of 

the estimated muscle force – angle relationship for both the MG and TA.

2.5 Clinical Tests

Clinical tests were conducted by a licensed physical therapist; other physical measurements 

were made by the experimenter. The Fugl-Meyer assessment of motor recovery after a stroke 

was used as a test for motor impairment31. Physical examination measurements included 

passive and active RoM of the hip, knee, and ankle joints. The passive RoM measurements 

involved the experimenter moving the limb to maximum flexion and extension while all 

muscles were at rest. In contrast, for the active RoM measurements, subjects were instructed 

to actively move the limb to maximum flexion and extension, for each joint. Hip angles were 

defined as the angle between the lateral midline of the pelvis and the lateral midline of the 
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femur (180° is neutral, flexion < 180° to extension > 180°) and knee angles were defined as 

the angle between the lateral midline of the femur and the lateral midline of the fibula 

(flexion 0° to extension 180°). Ankle angles were defined as the angle between the lateral 

midline of the fibula and parallel to the 5th metatarsal (neutral is 90°; plantar flexion < 90° to 

dorsiflexion > 90°).

2.6 Statistical Analysis

The SW velocity data were not normally distributed as tested using the Anderson-Darling 

test. Thus, the non-parametric Friedman test was conducted to compare the SW velocity, 

ankle angle, torque, muscle architecture, joint stiffness, and muscle stiffness estimates 

between the non-paretic and paretic sides in both muscles. A Spearman Rho correlation was 

performed to evaluate the relationship between SW velocity and torque, ankle angles, and 

fascicle strain. A Spearman Rho correlation was also used to evaluate the relationship 

between SW velocity and clinical measurements, muscle architecture, joint stiffness, and 

muscle stiffness estimates on each leg and muscle independently. Significance was set at 

P<0.05.

3. Results

3.1 Shear wave velocity

The average MG SW velocity across all subjects increased as ankle angle increased from 

plantarflexion to dorsiflexion with an average quadratic fit of r2 =0.95 (0.04) for the non-

paretic side and r2 =0.87 (0.19) for the paretic side (Fig. 2). The average SW velocity in the 

TA increased from dorsiflexion to plantarflexion, with an average quadratic fit of r2 =0.86 

(0.14) for the non-paretic side, and r2 =0.96 (0.08) for the paretic side (Fig. 2).

We found significant differences in the SW velocity in the MG between the non-paretic and 

paretic side at different ankle positions. The SW velocity in the paretic MG muscle was on 

average 27.7% greater than the non-paretic muscle at 90° (P=0.033) and on average 26.9% 

greater that the non-paretic at 15° PF (P=0.001) (Fig. 2). In order to compare SW velocity at 

the maximum DF angles, which were significantly different between the two sides, the 

maximum DF SW velocity was extrapolated from the quadratic fit equation for each subject 

at the maximum DF angle of the paretic side. While it was not significant, the extrapolated 

SW velocity of the MG on the paretic side was 26.9% greater than the non-paretic side 

(P=0.285). There was no significant difference in SW velocity between the paretic and non-

paretic TA at any ankle angle (Fig. 2). The SW velocity of the paretic side in the MG and TA 

at the torque-matched position between maximum PF and neutral was 18.7% (P=0.109) 

greater and 14.7% (P=0.109) less than the non-paretic side, respectively. The SW velocity of 

the paretic side in the MG and TA at the torque-matched position between neutral and 

maximum DF was 16.8% (P=0.033) greater and 16.3% (P=0.109) less than the non-paretic 

side respectively.

We found that ankle angle, joint torque, and fascicle strain all had a significant correlation 

with SW velocity in both the MG and TA (Table 2). In the MG, SW velocity increased 

nonlinearly as ankle torque increased with an average quadratic fit of r2 =0.92 (0.05) for the 
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non-paretic side, and r2 =0.87 (0.18) for the paretic side across all subjects (Fig. 3). 

Conversely, in the TA, SW velocity decreased non-linearly as ankle torque increased with an 

average quadratic fit of r2=0.78 (0.17) for the non-paretic side, and r2 =0.87 (0.15) for the 

paretic side across all subjects. For both the MG and TA, SW velocity increased non-linearly 

as fascicle strain increased (MG: non-paretic: r2=0.71 (0.21); paretic: r2=0.55 (0.28); TA: 

non-paretic: r2=0.37 (0.27); paretic: r2=0.48 (0.21)).

3.2 Joint Torque and Stiffness

Joint torque during trials in the MG on the paretic side was 18.0% (P=0.001) greater than the 

non-paretic side with a 90° ankle angle. Joint torque during trials on the TA on the paretic 

side was 9.1% (P=0.008) greater than the non-paretic side at the intermediate angle between 

neutral and maximum DF. No other significant differences in joint torque were found at any 

ankle position for either the MG or TA. As there was no significant difference in the 

calculated joint stiffness during the MG and TA trials for either the non-paretic or paretic 

side (non-paretic P=0.71; paretic P=0.57), for analysis between the paretic and non-paretic 

sides, we report the average joint stiffness calculated from all trials from each side. However, 

for the correlations between joint stiffness and SW velocity, joint stiffness was separated by 

MG and TA trials. A significant difference in joint stiffness between the paretic and non-

paretic sides was found; joint stiffness between 15° PF and 90° was 62.7% greater on the 

paretic side compared to the non-paretic side (P=0.001) (Fig 2). Relatively weak correlations 

were found between SW velocity and the calculated joint stiffness in the MG for both the 

non-paretic (ρ=0.384, P=0.001), and paretic side (ρ=0.363, P=0.002). However, no 

correlation was found between SW velocity and passive joint stiffness in the TA on either 

the non-paretic (ρ=0.210, P=0.081), or paretic side (ρ=−0.174, P=0.151) (Fig. 4).

3.3 Joint based estimates of muscle stiffness

Muscle stiffness in the MG and TA, estimated as the slope of muscle force – ankle angle 

relationship, was 20.0% (P=0.102) and 23.1% (P=0.033) higher on the paretic side 

compared to the non-paretic side, respectively. In the non-paretic TA, when the ankle was in 

maximum PF, as SW velocity increased, the muscle stiffness estimate also increased 

(ρ=0.763, P=0.002). A strong correlation was found between the muscle stiffness estimates 

in both the MG and TA with the joint stiffness calculations between 15° PF and neutral on 

both the non-paretic and paretic side (NP: MG: ρ=0.717, P=0.004; TA: ρ=−0.772, P=0.001; 

P: MG: ρ=0.869, P<0.001; TA: ρ= −0.911, P<0.001).

3.4 Muscle Architecture

From the B-mode ultrasound images, no significant differences in the muscle thickness, 

fascicle length, or pennation angle between the non-paretic and paretic side were found in 

either the MG or TA in any ankle position. In the MG at 90° on both the non-paretic and 

paretic side, as muscle thickness increased, the SW velocity decreased (non-paretic: ρ=

−0.565, P=0.035; paretic: ρ=−0.648, P=0.012). However, the same relationship was not 

found in the TA at any ankle angle. The fascicle strain at 15° PF in the MG on the paretic 

side was 7.6% (P=0.021) greater compared to the non-paretic side. No other significant 

differences in fascicle strain were found at any ankle angle for either the MG or TA.
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3.5 Clinical Assessments

The non-paretic leg had significantly 1) greater active RoM at the ankle, knee, and hip, and 

2) greater passive RoM at ankle and knee (Table 3). We found that the maximum passive DF 

angle of the non-paretic side was 38.6% greater than paretic side (P=0.008) and the 

maximum DF angle on the paretic side also correlated with the time since the stroke 

(ρ=0.578, P=0.030). The Fugl-Meyer score was correlated with the SW velocity of the 

paretic side in the TA at 15° PF (ρ=−0.586, P=0.035); however, no correlations were found 

in the MG at any ankle angle.

4. Discussion

Our main findings include a substantial increase in SW velocity of stroke-impaired MG 

compared to the unimpaired contralateral side, indicating greater passive stiffness, but not in 

the TA. This indicates that changes in material properties such as stiffness may be muscle 

specific post-stroke. Although there was an increase in joint stiffness of the paretic side 

compared to the non-paretic side, there was only a relatively weak correlation between SW 

velocity and joint stiffness in the MG. This suggests that increased joint stiffness cannot be 

fully explained by increased muscle stiffness. Additionally, muscle stiffness estimates from 

joint torque and angle measurements were only higher in stroke-impaired TA indicating that 

joint-based stiffness measurements may not be sensitive to changes in muscle stiffness.

Previous work has demonstrated that stroke survivors have increased joint stiffness on the 

paretic side compared to the non-paretic side and controls at the elbow32 and ankle3,5,9 for 

which passive stiffness of soft tissue has been characterized as a primary contributor. Other 

methods have been used to estimate muscle stiffness indirectly3,6,9,10. Increased ankle joint 

stiffness has been attributed to the passive material properties of the Achilles tendon and 

triceps surae post stroke3–5. Gao et al. (2009) found significant differences in ankle joint 

torque between stroke survivors and controls and extended their calculations to include 

estimates of MG stiffness through computer simulations5. For comparison, we performed 

the same calculations based on our experimental data and although our values are similar, 

we found no significant differences in the joint-based estimates of muscle stiffness between 

the paretic and non-paretic side in the MG, but did find significant differences in the TA. As 

our SW velocity values were significantly different between the two sides in the MG but not 

the TA, this emphasizes that joint-based stiffness measurements may not be sensitive to 

changes in muscle stiffness. While we found that the SW velocity in the MG on the non-

paretic and paretic side correlated with joint stiffness, the weak correlation indicates that 

other muscles and other non-contractile tissues, such as the Achilles tendon, likely 

contribute substantially to joint stiffness. Poor correlations have previously been found in 

healthy young adults between SW velocity in both the MG and Achilles tendon and joint 

stiffness21. Furthermore, while both joint stiffness and SW velocity have a non-linear 

relationship with ankle angle, there are distinct differences between the curves as seen in 

Figure 2. Johns and Wright33 reported that muscles only contribute 41% to the passive 

resistance to movement with tendons likely providing the highest resistance to movement 

near the end ranges of joint motion. Joint stiffness increases due to lengthening of the 

musculature around the ankle; for the MG this occurs during dorsiflexion, and for the TA, 
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this occurs during plantarflexion. Other non-muscular elements may contribute significantly 

to passive joint stiffness and the agonist-antagonist relationship between the MG and TA 

may account for the discrepancies between the joint stiffness and SW velocity.

Previously, using SW ultrasound elastography, we observed increased SW velocity in stroke-

impaired biceps brachii compared to the non-impaired. The results of this study demonstrate 

that other muscles, such as the gastrocnemius muscle, may also be affected by stroke. We 

observed a 27.7% increase and a 26.9% increase in the paretic MG compared to the non-

paretic MG at 90° and 15° PF, respectively. The SW velocity values from five older adults 

(age-matched to stroke subjects, unpublished), in both the MG and TA are similar to those in 

the non-paretic limb across the entire RoM. Sources of passive stiffness include connective 

tissue within the extracellular matrix (ECM)34, myofilaments, including actin and myosin, 

and intramuscular proteins, mainly titin. There is little information on sources of increased 

stiffness in stroke-impaired muscle. Much of what is known about spastic muscle is from 

work in individuals with CP. Through biopsies in individuals with CP, collagen, the primary 

protein in the ECM2,35, has been found to be increased in spastic muscle12,36–38. Different 

isoforms of titin may also relate to differences in passive stiffness39. Following ischemia-

induced cardiomyopathy, the titin isoform changes to a different stiffer isoform40. Similar 

changes in the ECM may occur in spastic stroke-impaired muscle.

Interestingly, there were no differences in SW velocity in the TA between the paretic and 

non-paretic side. This suggests that adaptations in muscle material properties following a 

stroke may be muscle specific. There are multiple factors that may contribute to increased 

SW velocity in the MG on the paretic side, but not in the TA. The MG is a bi-articular 

muscle such that its length and activation are modulated differently than the TA. Previously, 

in a rat model, following immobilization of the hind limb, significant architectural changes, 

including changes in fiber length, muscle weight, and fiber cross sectional area, were found 

in the MG and soleus, but not in the TA. These differences were hypothesized to be 

primarily due to the difference in anatomical attachment and the difference in the relative 

stimulus to the muscle resulting from the immobilization41. Similarly, Ramsay et al42 

observed that muscles of the paretic side were significantly smaller than those of the non-

paretic side, except in the TA, semimembranosus, and gracilis, indicating that atrophy occurs 

non-uniformly following a stroke. Additionally, the fiber type distribution is different 

between the MG and TA. The MG has roughly an equal distribution of Type 1 and Type 2 

fibers whereas the TA has primarily Type 1 fibers43,44. There is a lack of agreement in the 

literature whether fiber type redistribution occurs in spastic muscle2; however, there are 

differences in the titin isoform between fast and slow twitch fibers that could, in part, 

modulate stiffness45. Therefore, increases in passive stiffness could be the result of changes 

in the titin isoform and the redistribution of fibers.

We found no significant difference in any architectural parameters between the non-paretic 

and paretic side in either the MG or TA. Our results are similar to previous findings in the 

TA of no significant difference in post-stroke architecture46. However, in the MG, significant 

differences in fascicle length have been found when compared to controls9. While we did 

not find a significant difference between the non-paretic and paretic side, the fascicle lengths 

presented here are comparable to those previously reported9. This may indicate that 
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adaptations also occur on the non-paretic side after a stroke. It should be noted that muscle 

contraction dynamics and the passive force – length relationship is a function of sarcomere 

length, for which fascicle length is not a surrogate measure47. In subjects with CP, while no 

difference in fascicle length was found when compared to typically developing children, the 

sarcomere length was found to be significantly higher47. Therefore, no definitive 

conclusions can be drawn regarding the influence of length on the increase in passive 

stiffness without investigating at the sarcomere level. However, the lack of differences in 

muscle architecture suggests that increased muscle stiffness is not primarily due to changes 

in muscle architecture post-stroke.

A limitation to SW ultrasound elastography includes the lack of information one can extract 

about the source of muscle stiffness. Coupling these measurements with biopsies and 

sarcomere length measurements would enhance our understanding of what is modulating 

passive stiffness in stroke-impaired muscle. The sensitivity of SW ultrasound elastography 

to muscle activation, although an asset in other work, must be considered when applied to 

spastic muscle. While EMG activity was monitored during the trials, it is possible that there 

was muscle activity below the noise threshold of our EMG equipment. SW velocity is 

sensitive to activation level13,16,18 such that an increase of 4.7 m/s was observed between 

passive and maximum contraction13; therefore, low levels of activation below the amplitude 

of noise measured by our EMG system could influence our SW velocity measurements. 

However, since it was undetectable, we believe that is appropriate to label the trials as 

passive.

5. Conclusion

Using SW ultrasound elastography, we were able to quantify the material properties of 

stroke-impaired and the contralateral MG and TA of chronic stroke survivors. SW velocity 

in the MG of the paretic side was greater than on the non-paretic side, but similar increases 

were not observed in the TA, which suggest that the MG and TA do not adapt uniformly 

following a stroke. We also demonstrate that SW velocity in MG and TA of both the paretic 

and non-paretic side is length dependent. Although there was an increase in joint stiffness of 

the paretic side compared to the non-paretic side, the relatively weak correlation between 

SW velocity and joint stiffness in the MG indicates that increased joint stiffness cannot be 

fully explained by increased muscle stiffness. Therefore, it is important to have the ability 

differentiate between articular structures and muscles. Knowing the magnitude of increased 

passive stiffness and which muscle is the primary contributor to increased joint stiffness 

would affect the treatment prescribed. Information regarding which muscles are affected and 

to what degree could aid in diagnosing the cause of functional deficits and improve patient 

specific treatment protocols.
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Highlights

• Increased shear wave velocity in the medial gastrocnemius on the paretic side

• No difference between the paretic and non-paretic shear wave velocity in the 

tibialis anterior

• Changes in muscle material properties following a stroke are muscle specific
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Fig. 1. 
Shear wave ultrasound images of the non-paretic (left) and the paretic (right) of the medial 

gastrocnemius (top) and tibialis anterior (bottom) muscles in the 90° ankle angle. White 

arrows indicate measurement of muscle thickness.
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Fig. 2. 
The relationships between shear wave velocity and ankle angle across all subjects (paretic, 

P-white circles; non-paretic, NP-black circles) for the medial gastrocnemius (left) and 

tibialis anterior (right). The relationship between joint stiffness and average ankle angle 

across all subjects (paretic, P- white triangles, non-paretic, NP- black triangles). The shear 

wave velocity, joint stiffness and ankle angle were averaged across all subjects at each 

position. The error bars are standard mean error. * P<0.05.

Jakubowski et al. Page 15

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
The relationships between the 1) shear wave velocity and average joint torque (top) and 2) 

shear velocity and the average fascicle strain (bottom) across all subjects for the medial 

gastrocnemius (left) and tibialis anterior (right) for both the paretic side (P, white circles) 

and non-paretic side (NP, black circles). The shear wave velocity, joint torque, and fascicle 

strain were averaged across all subjects at each position. The error bars are standard mean 

error.
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Fig. 4. 
The relationship between joint stiffness calculated as the change in torque over the change in 

angle and shear wave velocity for the medial gastrocnemius (left) and tibialis anterior 

(right), for the paretic side (white circles) and non-paretic side (black circles). MG: NP: 

P=0.001, P: P=0.002, TA NP; P=0.081, P: P=0.151. Each data point represents the joint 

stiffness between the six positions, generating 5 data points per subject.
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Table 1

Subject demographics

Variable Averages SD Range

Age (years) 60.1 5.9 46–68

Height (m) 1.7 0.1 1.5–1.8

Body mass (kg) 77.6 12.5 58.0–96.4

Time post stroke (years) 10.6 7.3 4.3–29.3

Fugl-Meyer 19.1 6.1 8–28

Sex (male/female) 6/8
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Table 2

Spearman Rho Correlation Results

Relationship
ρ P-value

MG TA MG TA

SW Velocity vs Ankle Angle 0.705 −0.574 <0.001

SW Velocity vs Joint Torque 0.626 −0.475 <0.001

SW Velocity vs Fascicle Strain 0.665 0.397 <0.001
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