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Abstract: Background and Objectives: Whole body vibration is widely used to enhance muscle per-
formance, but evidence of its effects on the tendon stiffness of the knee extensor tendon in stroke
remains inconclusive. Our study was aimed to determine the difference in patellar and quadriceps
tendon stiffness between hemiparetic and unaffected limbs in stroke patients and to investigate the
immediate effect of whole body vibration on tendon stiffness. Materials and Methods: The patellar and
quadriceps tendon stiffness of first-ever hemiplegic stroke patients was evaluated with elastography
to compare the differences between hemiparetic and unaffected limbs. After one 20 min session
of whole body vibration exercise in the standing position, tendon stiffness was again measured to
evaluate the immediate effects of whole body vibration on tendon stiffness. Results: The results
showed no significant differences in the tendon stiffness of the patellar and quadriceps tendons
between hemiparetic and unaffected limbs. However, significant associations were found between
the tendon stiffness of the patellar and quadriceps tendons and knee extensor spasticity on the
hemiparetic side (p = 0.62; p = 0.044). There were no significant changes in tendon stiffness after a
single session of whole body vibration. Conclusions: In conclusion, knee extensor tendon stiffness in
hemiparetic limbs is positively correlated to the degree of knee extensor spasticity in stroke patients.
However, a single session of whole body vibration does not alter tendon stiffness.

Keywords: stroke; tendon stiffness; whole body vibration; rehabilitation; elastography

1. Introduction

Decreased tendon stiffness has been noted in older people and paralytic patients due
to spinal cord injury [1,2]. The main mechanism of change in the mechanical properties
of tendons is the adaptation to reduced loading, which is related to decreased synthesis
in loading-induced collagen [2,3]. Moreover, decreased tendon stiffness in the elderly is
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reversible with regular loading from strength training, and this improvement is dependent
on load magnitude [4,5].

Weakness is one of the cardinal symptoms of patients with stroke. A study by Hunni-
cutt et al. showed that the knee extensor strength of hemiplegic limbs was 36% lower than
that of nonparetic limbs [6]. Moreover, in patients with chronic stroke, the muscle volume
of the quadriceps was reported to be 24% reduced than that of nonparetic limbs [7]. The
biomechanical and physiological changes in knee extensors after stroke may lead to an
unloading effect on tendons that is similar to the effects found in spinal cord injury patients
and the elderly.

Whole body vibration (WBV) has been applied to improve muscles strength, power,
and flexibility [8]. However, there have been limited reports regarding the effect of vibra-
tion on tendon stiffness, with inconsistent results [9-13]. Shear wave elastography is a
commonly used tool in the evaluation of the musculoskeletal system, and it considered
to be a reliable method for the assessment of patellar and quadriceps tendon mechanical
properties using shear wave velocity [14-17].

We hypothesized that unloading due to knee extensor weakness in a stroke population
leads to decreased knee extensor tendon stiffness. The objectives of this study were to
investigate changes in knee extensor tendon stiffness in a stroke population using shear
wave elastography and to evaluate the immediate effect of WBV on the tendon stiffness of
a hemiplegic stroke population.

2. Materials and Methods
2.1. Participants

This study was conducted on participants with first-ever hemiplegic stroke. The
inclusion criteria were as follows: the subjects (1) have an age of 20 years or older, (2) have
experienced their first hemiparetic stroke, (3) were more than three months from the onset
of stroke, (4) were able to stand with or without a device, and (5) could cooperate with
the evaluation. The exclusion criteria were as follows: the subjects could not have (1)
experienced recurrent stroke, (2) experienced stroke onset within three months, (3) received
knee surgery before, (4) a limited range of motion of the knee joint, (5) acute arthritis attack,
(6) lower extremity fracture in recent six months, (7) weakness due to other neuromuscular
diseases, (8) an inability to cooperate with the evaluation. The study was approved by the
Institutional Review Board of our institute. All subjects were given and signed informed
consent before participation.

2.2. Assessment and Whole Body Vibration Exercise

The knee extensor spasticity of the hemiparetic limb of all participants was evaluated
using the Modified Ashworth scale (MAS), which has six degrees (0, 1, 1+, 2, 3, and 4),
and transformed to 0, 1, 2, 3, 4, and 5 for further statistical analysis. Knee sonography was
performed to assess the thickness and mechanical properties (tendon stiffness and shear
wave velocity) of the patellar and quadriceps tendons. Then, participants received 20 min
of WBV exercise in the standing position (Figure 1), which was composed of two sessions
of 10 min of vibration with a 3-minute resting interval. The tendon shear wave velocity
was measured again immediately after WBV exercise.
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Figure 1. Whole body vibration exercise in the standing position.

2.3. Ultrasound Examination Protocol

The grayscale sonography and elastography of the patellar and quadriceps tendons
were performed with an Acuson S2000 ultrasound system (Siemens Medical Solutions,
Mountain View, CA, USA) equipped with 9L4 (4-9 MHz) linear array ultrasound transducer.
The room temperature was controlled at 25 °C.

Before testing, participants rested in the supine position for five minutes to ensure
the mechanical properties of quadriceps and patellar tendons were evaluated at resting
unloaded status. The measurement was performed with the knee flexed at 30 degrees
(Figure 2). We used grayscale sonography first to localize the tendon and then measured its
thickness. Patellar tendon thickness was measured by longitudinally placing the transducer
and measuring the regions 10, 15, and 20 mm distal to the apex of the patella (Figure 3a).
Quadriceps tendon thickness was measured at levels of 10, 15, and 20 mm proximal to the
patellar base (Figure 4a).

Figure 2. Knee positioned at 30 degrees of flexion for ultrasound evaluation.
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Figure 3. We used the B-mode to localize the patellar tendon (a) and then shifted to the elastography mode. The quality
map of patellar tendon (b) was checked, and then we measured the shear wave velocity (c). Dashed line indicates patellar

tendon border.

Figure 4. We used the B-mode to localize the quadriceps tendon (a) and then shifted to the elastography mode. The quality
map of the quadriceps tendon (b) was checked, and then we measured the shear wave velocity (c). Dotted line indicates

quadriceps tendon border.

Then, we shifted to elastography to assess tendon stiffness with shear wave velocity.
Before measuring shear wave velocity, we checked the quality map to make sure there
were no red areas that indicated poor quality in the region of interest (Figures 3b and 4b).
The measurement of patellar tendon stiffness was conducted on the area between 5 and
20 mm from the apex of the patella (Figure 3c). The measurement of quadriceps tendon
stiffness was assessed on an area between 10 and 25 mm from the patella base (Figure 4c).
The same measurements of tendon thickness and stiffness were repeated two times, and
the average value of the two measurements was used for analysis.

2.4. Statistical Analysis

Descriptive data were reported as means and standard deviations. The tendon thick-
ness and stiffness were analyzed by the Wilcoxon rank sum test for comparisons between
hemiparetic and unaffected sides. The correlation between tendon thickness, stiffness,
change after WBYV, and knee extensor spasticity was analyzed using Spearman’s correla-
tion. Tendon thickness and stiffness were analyzed with the Wilcoxon signed rank test for
comparisons of before and after WBV exercise in hemiparetic and unaffected sides, as well
as the change in mean differences of the hemiparetic and unaffected sides before and after
WBYV exercise. We used SAS (version 9.4; SAS Institute, Cary, NC, USA) for all analyses. A
p-value < 0.05 was regarded as statistically significant.

3. Results

A total of 11 participants were enrolled. The basic sociodemographic data and clin-
ical characteristics of the study population are shown in Table 1. The average age was
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53.6 £ 4.4 years old, and the average time from onset of stroke was 9.91 £ 1.89 months.
Eight patients had ischemic stroke, and three patients had hemorrhagic stroke.

Table 1. Baseline sociodemographic and clinical characteristics.

Stroke Patients, n =11 Mean + SD n (%)
Age 53.64 + 4.37
Sex
Male 7 (63.6)
Female 4 (36.4)
Duration from stroke onset (month) 9.91 £1.89
Height (cm) 162.91 £ 2.52
Weight (kg) 66.57 +2.70
BMI (kg/cm?) 25.01 £ 0.63
Stroke type
Hemorrhagic 3(27.3)
Ischemic 8(72.7)
Hemiparetic side
Left 5 (45.5)
Right 6 (54.5)
Brunnstrom stage
111 4 (36.4)
v 6 (54.5)
v 1(9.1)

Muscle power
(manual muscle test)

3 2 (18.2)

4 9 (81.8)
Modified Ashworth scale

1 2 (18.2)

2 8 (72.7)

3 1(9.1)

No statistically significant differences between hemiparetic and unaffected sides were
observed in the tendon thickness and stiffness of the patellar and quadriceps tendons
at baseline measurement (Table 2). However, the stiffness values of the patellar and
quadriceps tendons in the hemiparetic side were correlated to knee extensor spasticity
(p =0.62; p = 0.044) (Table 3).

Table 2. Thickness and stiffness of patellar and quadriceps tendons in hemiparetic and unaffected sides at baseline.

Unaffected Side Hemiparetic Side
p-Value
Mean (SD) Mean (SD)
Patellar tendon thickness 0.38 (0.06) 0.40 (0.06) 0.450
Quadriceps tendon thickness 0.46 (0.10) 0.46 (0.09) 0.974
Patellar tendon stiffness 4.57 (0.90) 5.16 (1.66) 0.647
Quadriceps tendon stiffness 4.14 (0.86) 4.72 (1.91) 0.953

Standard deviation (SD).

Table 3. Correlation between tendon stiffness and knee extensor spasticity in hemiparetic side
at baseline.

MAS, p p-Value
Patellar tendon thickness —0.05 0.892
Quadriceps tendon thickness —0.35 0.294
Patellar tendon stiffness 0.62 0.044
Quadriceps tendon stiffness 0.62 0.044

Modified Ashworth scale (MAS).
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After WBV exercise, no statistically significant change was observed in patellar and
quadriceps tendon stiffness in the hemiparetic or unaffected sides. However, there were
trends of decreased stiffness in the patellar tendon (mean change: —0.36; p > 0.05) and the
quadriceps tendon (mean change: —0.38; p > 0.05) in the hemiparetic side. In the unaffected
side, smaller changes in the stiffness of the patellar tendon (mean change: 0.00; p > 0.05)
and the quadriceps tendon (mean change: —0.14; p > 0.05) were observed (Table 4).

Table 4. Change in patellar and quadriceps tendon stiffness after whole body vibration exercise.

Pre Post Post—Pre

p-Value
Mean (SD) Mean (SD) Mean (SE)
Unaffected side
Patellar tendon stiffness 4.57 (0.84) 4.57 (0.86) 0.00 (0.28) 0.765
Quadriceps tendon stiffness 4.14 (0.86) 4.00 (0.41) —0.14 (0.12) 0.365
Hemiparetic side
Patellar tendon stiffness 5.16 (1.66) 4.80 (1.65) —0.36 (0.30) 0.320
Quadriceps tendon stiffness 4.72 (1.91) 4.34 (0.96) —0.38 (0.37) 0.278

Standard deviation (SD); standard error (SE).

The mean differences between the patellar and quadriceps tendon stiffness of the
hemiparetic and unaffected sides were observed to be decreased after WBV exercise,
although they did not reach statistically significant levels (mean change of —0.36 and
p > 0.05 for the patellar tendon; mean change of —0.24 and p > 0.05 for the quadriceps
tendon; Table 5).

Table 5. Change in tendon stiffness difference between hemiparetic and unaffected sides after whole body vibration exercise.

Pre (Hemiparetic— Post (Hemiparetic—

Unaffected) Unaffected) Post-Pre p-Value
Mean (SE) Mean (SE) Mean (SE)
Patellar tendon
stiffness difference 0.59 (0.53) 0.23 (0.43) —0.36 (0.26) 0.175
Quadriceps tendon 0.58 (0.48) 0.34 (0.29) —0.24 (0.38) 0.577

stiffness difference

Standard error (SE).

The knee extensor spasticity was not correlated to tendon stiffness change after WBV
exercise in the hemiparetic side (Table 6) or the change in tendon stiffness difference
between the hemiparetic and unaffected sides after WBV exercise (Table 7).

Table 6. Correlation between hemiparetic side knee extensor spasticity and change in tendon stiffness
after whole body vibration exercise.

Mean (SD) MAS, p p-Value
Patellar tendon stiffness —0.36 (0.30) 039 0.230
change (post—pre)
Quadriceps tendon stiffness —0.38 (0.37) _023 0503

change (post—pre)
Standard deviation (SD).
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Table 7. Correlation between hemiparetic side knee extensor spasticity and change in tendon stiffness
difference between hemiparetic and unaffected sides after whole body vibration exercise.

Mean (SD) MAS, p p-Value
Patellar tendon stiffness
difference change (post—pre) 036 (0-26) 038 0253
Quadriceps tendon stiffness 0.24 (0.38) 0.01 0.987

difference change (post—pre)
Standard deviation (SD).

4. Discussion

To the best of our knowledge, this is the first study to analyze the mechanical prop-
erties of the patellar and quadriceps tendons of the hemiparetic and unaffected limbs of
individuals with stroke.

Patients with hemiplegic stroke have motor impairment, which leads to reduced load-
ing over affected lower limbs. Previous research has shown lower Achilles tendon stiffness
in the affected legs of patients with stroke [18-21]. However, there are no available reports
concerning the change in tendon property in the knee extension mechanism, including
patellar and quadriceps tendons, in stroke patients. Regarding morphological properties,
some studies have shown smaller cross-section areas of the Achilles tendon in the affected
side than that in the unaffected side [19,21]. Other studies have shown no difference of the
Achilles tendon cross-section area between impaired and healthy side [18].

In this study, there were no significant differences in the tendon stiffness of the patellar
and quadriceps tendons between hemiparetic and unaffected limbs. This finding was
inconsistent with previous studies, which reported change in Achilles tendon stiffness
in stroke patients [18,19,21]. However, the results showed significant positive correlation
between knee extensor spasticity and tendon stiffness in both the patellar and quadriceps
tendons. This suggested that despite a weaker knee extensor muscle due to hemiplegia, the
tendon is still provided with sufficient loading stimulus so the integrity of knee extensor
tendon can be preserved. Moreover, in stroke patients, in addition to weakness, other
mechanisms can cause inefficient tension generation in large muscle groups, resulting
in functional impairment including abnormal muscle tone and the poor coordination of
muscle contraction [22]. In the knee joint, co-contraction in the knee extensor and knee
flexor is a compensatory strategy for increasing knee stability but contributes to stiff knee
gait [23,24]. The stiff knee gait is related to the hyperreflexia of the rectus femoris [25].
The results in our study were in line with the fact that a large portion of stroke patients in
this study were able to walk with an assistive device. Moreover, the involuntary muscle
contraction from an increasing stretching reflex due to spasticity in the affected leg may
help to maintain the mechanical loading of the hemiparetic limb and prevent the tendon
from mechanical deterioration due to unloading. A similar result was reported in the study
by Theis et al., in which it was found that spasticity in children with cerebral palsy did
not lead to significantly lower Achilles tendon stiffness than that of typical developing
children [26].

Regarding the effect of WBV on tendon stiffness, a previous animal study by Sandhu
and colleagues showed that WBV training for five weeks resulted in increased flexor carpi
ulnaris tendon stiffness [9]. However, when applied to humans, the effect of WBV on
tendon stiffness has been inconsistent [10]. A study by Han et al. showed that eight weeks
of WBV training increased Achilles tendon stiffness in older women [11]. Another study,
however, revealed no effect on patellar tendon stiffness after eight weeks of WBV train-
ing [12]. Regarding the acute effects of WBV on tendon properties, Rieder et al. reported
that a single bout of WBV did not change patellar tendon stiffness [13]. In our study,
we found no significant changes in the patellar and quadriceps tendon stiffness of both
hemiparetic and unaffected limbs immediately after WBV exercise, which was consistent
with previous studies [13]. However, we observed that the difference in tendon stiffness
between hemiparetic and unaffected limbs, though not reaching statistical significance, was
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smaller after WBV. This phenomenon could be attributed to the trend of decreasing tendon
stiffness after WBV in hemiparetic limbs and relative smaller changes in unaffected limbs.
A previous study showed that a single 20 min session of WBV can reduce the spasticity of
ankle plantar flexors for 1-2 h in children with cerebral palsy [27]. Another study revealed
that a single session of WBV training appeared to successfully reduce ankle spasticity in
stroke patients [28]. Therefore, we speculated that a possible mechanism of a trend in the
decreased patellar and quadriceps tendon stiffness of hemiparetic limbs is the immediate
effect of WBV of decreasing spasticity.

A limitation of this study was its small sample size of enrollment. Moreover, only one
session of WBV exercise was performed, and the longitudinal effect was not evaluated.
Additionally, we did not evaluate functional performance metrics, such as walking speed
or gait pattern, as outcome measures after single bout of WBV exercise. Further long-term
investigations of the longitudinal effects of vibration exercise on changes in knee extensor
tendon properties and improvements in functional performance are necessary.

5. Conclusions

In conclusion, there were no significant differences in the mechanical properties of the
knee extensor tendon between hemiparetic and unaffected limbs. However, the tendon
stiffness of hemiparetic limbs was positively correlated to knee extensor spasticity. After
a single session of WBV exercise, no significant changes in tendon mechanical properties
were observed in either hemiparetic or unaffected limb. However, a trend toward decreased
tendon stiffness in hemiparetic limbs have been caused by the immediate effect of WBV
in reducing spasticity. Further investigations with increased sample sizes are necessary
to determine the biomechanical effects of hemiplegic limbs on the knee extensor tendon’s
properties and the long-term effects of WBV on the knee extensor tendon’s properties.
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