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Abstract: (1) Background: Hemiparetic patients after stroke have deficits on the side of
the body opposite to the brain lesion. The aim of this study is to assess the occurrence
of deficits in the ipsilesional lower limb. (2) Methods: Twenty-nine stroke patients (SG)
and 29 healthy volunteers (CG) were recruited for this study. Passive (PROM), active
(AROM), fast range of motion (FROM), and joint position sense (JPS) in the knee joint
were measured using a wireless motion system. Participants were also assessed using the
step test, balance platform, and the isometric protocol of measuring the strength of the
extensor and flexor muscles of the knee. We compared non-paretic lower limb outcomes to
the paretic side and a control group. (3) Results: The results showed a difference between
the results of the ipsilesional side of the body of stroke patients and the control group. In
the non-paretic limb, we observed deficits in PROM (p = 0.018) and AROM (p = 0.048), a
lower average (p < 0.001) and maximum speed (p < 0.001) in FROM, worse proprioception
(JPS, p < 0.001), and a lower number of repetitions in the step test (p < 0.001) compared to
the control group. We also observed a decrease in the average isometric strength of the
extensor (p < 0.001) and flexor (p = 0.040) muscles of the non-paretic knee joint compared to
the CG. The balance assessment on a balance platform showed worse postural control in
people after stroke in all tested conditions (eyes open and closed on a firm and foam surface;
p <0.001). (4) Conclusions: The non-paretic lower limb in stroke patients is characterized
by limited ROM at the knee joint, reduced movement speed, decreased proprioception,
weakness of the knee flexors and extensors, and resulting impaired balance. The deficits
identified require improvement and should be considered when planning rehabilitation.

Keywords: stroke; non-paretic lower limb; ipsilateral side; ipsilesional side; wireless
sensors; muscle strength; proprioception; range of motion; balance

1. Introduction

A stroke is associated with a set of symptoms, including paresis and the functional
limitation of the side of the body opposite to the lesion (paretic side, affected side) [1].
However, impairment on the ipsilateral body side also occurs, but the level of such deficits
on the less-affected side (non-paretic, non-affected) has not yet been sufficiently described
in functional terms [2,3]. As indicated by Scano et al. [4], although ipsilesional deficits are
less severe than contralesional ones, they may negatively impact the performance of daily
activities in people after a stroke. Therefore, understanding the role of the damaged brain
hemisphere on motor control seems important and may help when planning the functional
recovery of patients.

As we know, the cerebral hemisphere controls voluntary movements of the opposite
side of the body through most of its fibers; however, a few proportions of the fibers also
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have innervations for same-side movements. This is probably one of the reasons for the
occurrence of deficits on the non-paretic side of people after a stroke [1,4-7]. The presence
of a bilateral component in motor control, supported by observations that a functional
activation might have on bilateral expression in cortical areas, may suggest that each
hemisphere plays a role in controlling the movements of both sides of the body [8,9]. It
has also been suggested that the interconnection between the two hemispheres via the
corpus callosum provokes the contralateral hemisphere to be involved in modulating
the activation of the ipsilateral hemisphere [4,10]. Bagnato et al. [8]. suggested that in
patients with hemispheric stroke, abnormal motor performances in the ipsilateral limbs
may be due to cortical reorganization in the unaffected hemisphere, but some peripheral
mechanisms may also play a role. We found some reports that described deficits (especially
motor deficits) in the non-paretic limbs, but these data more frequently concerned the
non-paretic upper limb [2,4,11-14]. Scano et al. [4] observed that the ipsilesional upper
limb of post-stroke patients showed motor deficits in kinematic, dynamic, motor control,
and energy consumption parameters during multi-joint movements. In a systematic review,
Kitsos et al. [12] described evidence of abnormal patterns of movement and strength in
the ipsilesional upper limb, indicating that these deficits can be associated with reduced
functional capacity after a stroke and may impact patient outcomes. Pandian et al. [2]
showed that the ipsilesional side of post-stroke subjects had significant motor deficits in
terms of coordination, gross and fine motor dexterity, and muscle strength of the upper
and lower extremities. Jeon et al. [11] indicated that there is sufficient evidence that motor
function is abnormal on the non-paretic side of individuals following a stroke, as evidenced
by muscle weakness. Other authors [13] indicate that the differences in the performance
of non-paretic legs in patients after stroke compared to those of controls are due to the
compensatory mechanisms observed, for example, during walking. Although impairment
on the non-paretic side may be mild and unnoticeable, the asymmetry resulting from such
weakness may lead to gait and balance disturbances during functional activities [1].

Correct muscle strength, balance (static and dynamic), proprioception, and joint
mobility are essential for safe and independent mobility, including independent changes in
body position, walking, and stair climbing. All these aspects should be assessed in stroke
patients to properly plan their rehabilitation program, which aims to restore the patient’s
maximum independence in everyday life. In scientific research, clinical assessments, and
rehabilitation, less importance is usually attached to assessing the deficits occurring in
the non-paretic limb. Moreover, in most studies, the attention is focused on comparing
the disturbed functionality of the paretic limb with the fully functional limbs of healthy
people [15] or with the ipsilesional one, commonly called “non-paretic” [16,17], which is
not entirely reliable in people after a stroke, knowing that there are some deficits in the
non-paretic limb. It is worth mentioning here that in terms of building static and dynamic
efficiency for a person’s gait, the lower limb opposite to the paretic one will act as a kind of
“flywheel”, hence the need for a detailed description of its functionality in hemiplegics.

Also, the literature analysis indicates that assessing deficits in the non-paretic lower
limb in the early period after a stroke is not often described. Therefore, our research aims
to assess the range of motion, movement speed, joint position sense, muscle strength, and
static and dynamic balance in the non-paretic lower limb and compare it to a control group
and the paretic lower limb.

2. Materials and Methods
2.1. Participants

Twenty-nine individuals (age: 52.9, SD = 7.8 years, 12 females, 18 right hemiparetic,
weight: 83.6, SD = 14.3 kg, height: 171.6 SD = 8.7 cm) after stroke and twenty-nine similarly
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aged control individuals (age: 50.9, SD = 7.4 years, 14 females, weight: 81.6 kg, SD =157,
height: 173.8 SD = 9.9 cm) were recruited for the observational study (Table 1) [18]. Partic-
ipants after a stroke were recruited from the Neurological Rehabilitation Department of
Wiktor Dega Orthopedic-Rehabilitation Clinical Hospital, Poznari University of Medical
Sciences. Written informed consent was obtained from all study participants after an ex-
planation of the aims and methodology of this study. The study was conducted according
to the Declaration of Helsinki and with the approval of the Bioethics Committee of the
Poznan University of Medical Sciences (reference number 822/21).

Table 1. Demographic data of the study group and the control group [19].

Variable Stroke Group  Control Group p
mean + SD 529 £738 509 £7.4
age [year] median 53.0 51.0 0.315
min-max 39.0-64.0 37.0-65.0
mean + SD 83.6 £14.3 81.6 =157
body mass [kg] median 81.0 82.0 0.608
min—-max 58.0-112.0 60.0-120.0
mean + SD 171.6 £ 8.7 173.8 £9.9
height [kg] median 173.0 175.0 0.386
min-max 152.0-186.0 159.0-195.0
mean + SD 28.5+55 270+ 44
BMI median 28.1 26.5 0.236
min—-max 19.4-43.8 19.2-36.0

t-Student’s test.

The inclusion criteria of the study group were as follows: first stroke (confirmed by
computer tomography (CT)), age < 65 years old, time from stroke < 6 months, ability to
stand independently for at least 5 min without an assistive device, ability to walk 5 m
independently without any orthotic device or the help of another person, muscle strength
on the Manual Muscle Test (MMT) of >4 in the paretic limb, spastic tension of the paretic
lower limb according to Ashworth <1+, a Barthel Index score > 85, and the ability to
communicate and understand the tasks required in the study.

The exclusion criteria were the following: lack of active movement in the knee joint,
neglect syndrome, sensorimotor aphasia, disorders in the field of vision, cognitive disorders
that would make it impossible to understand commands, a lack of informed consent to
participate in the study, other neurological diseases (such as MS, Parkinson’s disease, or
neuropathies), fractures in the lower limbs which could affect the structure and function of
the knee joint, and previous operations on the lower limbs.

The control group consisted of healthy volunteers with no prior history of trauma or
neurological disease affecting the structure and function of the lower limb.

The sample calculation was carried out using PQStat (v1.8.6.122, Poznan, Poland).
Data such as average values for the isometric strength of the extensor obtained for the first
ten subjects were used to determine the required sample size. The alpha level was set at
0.05, and the power of the test (1-beta) was set at 0.8. The minimum required sample size
was 22 subjects. Finally, we recruited 29 subjects for each group.

2.2. Testing Procedures

We assessed both lower limbs in the stroke group, presenting results for the non-
paretic and paretic lower limbs. In the control group, we evaluated the left and right lower
limbs. To objectify the assessment and exclude the potential influence of the dominant side
on the results of the control group, we calculated the average score of the control group’s
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left and right lower limbs. This is presented in the Section 3 as the “control” limb and
compared to the outcomes of the non-paretic and paretic sides of the stroke group.

2.2.1. Assessment Using Wireless Motion Sensors

We used wireless motion sensors (Orthyo® system, Aisens sp. z o. 0., Poznari, Poland)
connected to a mobile application installed on smartphones equipped with the Android
operating system to assess the passive range of motion (PROM), active range of motion
at any speed (AROM) and maximum speed (FROM) and proprioception (joint position
sense, JPS). Before the study, each participant was registered in the Orthyo online panel.
Then, two sensors were attached to each participant’s lower limbs using elastic Velcro
straps. The first sensor (51) was attached to the lateral surface of the thigh, 15 cm distal to
the greater trochanter, and the second sensor (S2) was attached to the anterior surface of
the tibia, 5 cm distal to the tibial tuberosity (Figure 1). Four sensors (2 per limb) and two
smartphones were used. During the tests, the subject lay on their stomach with their lower
limbs extended, their head in a neutral position, and their feet off the couch.

Figure 1. Placement of wireless sensors on the lower limb [19].

The Orthyo® System uses three basic types of sensory data: velocity, acceleration,
and magnetic field. The sensor collects raw sensory data, which are filtered, calibrated,
and calculated in the estimation process by the sensor’s microchip. As a result, the sensor
generates orientation and relative position. The location of the sensors was determined in a
reference frame, the axes of which were positioned according to the East North Up (ENU)
principle, where X points eastwards, Y points northwards, and Z points upwards. The
estimation and calibration were performed based on estimators such as the Kalman filter,
complementary filters, and supporting artificial intelligence algorithms. After the initial
analysis, all calculated data were sent to the Orthyo application via low-energy Bluetooth,
initiating the second data processing stage. At this stage, all the interdependencies between
the sensors were calculated, yielding parameters that represented the movement of a knee
joint (e.g., linear velocity, acceleration, and movement in space) [20]. The kinematic metrics
were derived based on the difference between the orientations of the two IMUs (inertial
measurement units). This difference was calculated using quaternion mathematics, which
was then converted into angular values to represent the range of motion. The sensors were
declared to have measurement conformity.

Depending on the test, selected parameters were recorded from those given below:

e Range of motion (degrees; °);

e Average angular velocity in the knee joint during the diagnostic examination (AVG
speed, °/s);

e  Maximum angular velocity during the test (MAX speed, °/s).
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The examiner started recording the results in the application by simultaneously giving
the “start” command and stopped the recording after the subjects completed the examina-
tion. Results were recorded separately for each limb.

Passive Knee Range of Motion (PROM)

The examiner stabilized the subject’s pelvis with one hand and passively flexed the
knee joint with the other hand (until resistance occurred or the patient reported pain). The
sensors recorded the range of motion, i.e., the difference between the initial and maximum
angle in the knee joint.

Active Knee Range of Motion (AROM)

The examiner stabilized the subject’s pelvis with one hand. The subject was asked
to perform maximum knee flexion at any speed after the “start” command, initiating the
recording. The sensors recorded the range of motion, i.e., the difference between the initial
and maximum angle in the knee joint.

Fast Active Knee Range of Motion (FROM)

The examiner stabilized the subject’s pelvis with one hand. The subject was asked to
flex and extend the knee joint as quickly as possible after the “go” command was given to
start the recording. In this test, the range of motion and the average and maximum angular
velocity were recorded.

Proprioception of the Knee Joint (Joint Position Sense, JPS)

This test assessed the participant’s ability to reproduce a given position without a
visual modality. The examiner passively flexed the subject’s knee joint to the selected
position, then held the position for 5 s, asking the subject to remember it (without looking),
and then straightened the knee joint. The subject was asked to reproduce the previously
indicated position and give the command “stop” or “ok”. The application measured the
achieved angle and calculated the difference between this angle and the set angle, which
we analyzed. The sense of joint position was assessed in ranges at 80°. Before the test, the
subjects did not know the values of the given angles.

2.2.2. Force Measurement

The isometric strength of the extensor and flexor muscles of the knee was assessed
using the Leg Force Feedback device. The patient was stabilized on a chair with their
arms across their chest and the hip with knee joints flexed to 90°. The center of the
dynamometer’s axis of motion was located near the lateral line of the knee joint, and
the lever arm was attached to the ankle area. Analog torque signals were displayed and
recorded on the screen for analysis. They were visible to the patient and were fed back
during the measurement [21].

The subject was acquainted with the test methodology before starting the measurement.
After familiarizing subjects with the equipment and procedure, they were asked to generate
the maximum force in the knee joint and hold it for 10 s after the “start” command. The
extensors (quadriceps muscle) and the knee flexors (the hamstring muscle groups) were
assessed. The strength of both limbs was assessed independently.

The results were presented as follows:

e  Maximal voluntary isometric contraction values—MVIC [Nm];
e  Average values—AVG [Nm];
e  Max moment—MM [Nm/s].
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2.2.3. Balance Assessment
The Step Test (ST)

In this test, the subject placed their foot on a 7.5 cm high step as quickly as possible
within 15 s. The number of repetitions was measured. The measurement was performed
twice for each limb. The average result from 2 measurements was analyzed [22].

Static Balance Assessment

Postural balance tests were performed using the HUMAC Balance System (CSMi).
Before the test, the examiner input the patient’s data and information, including age and
height, into the software. With the height and age of the individual entered, the device
could adequately measure the displacements of the COG (center of gravity), which is
located at approximately 55% of human height [23]. Also, the foot position on the platform
was recorded (the middle of the heel lined up with the 7s on the horizontal axis, with
medial malleolus at level C) because the HUMAC uses it to compute the test results.

During the balance tests, the participant stood barefoot on the HUMAC board with
their feet parallel to each other, arms next to their sides, and eyes looking straight ahead
(Figure 2). The subjects were asked to maintain a motionless upright position. The balance
evaluation was performed using the modified Clinical Test of Sensory Integration and
Balance (m-CTSIB). This modified version of the original CTSIB eliminates the visual
conflict domain [23].

Figure 2. Participant performing the mCTSIB test: (A) standing on a firm surface; (B) standing on a
foam surface.

It consists of four conditions [23,24] as follows:

e Standing on a firm surface with the eyes open (EO)—the “standard” test condition
where all three sensory systems (i.e., proprioception, vision, and vestibular) are avail-
able to assist in maintaining balance.

e Standing on a firm surface with the eyes closed (EC)—eliminates the visual input to
evaluate vestibular and somatosensory inputs.

e Standing on a foam surface with the eyes open (EOF)—the visual and vestibular
systems are available, but the proprioceptive system is compromised when the subject
stands on a foam surface.

e Standing on a foam surface with the eyes closed (ECF)—the visual and proprioceptive
systems are compromised, which allows the singular vestibular inputs to be evaluated.
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According to the software evaluation protocol, all test times and position requirements
were identical for each subject. The duration of the tests was 30 s each.

The test allowed us to obtain parameters characterizing the excursion of the center of
pressure (COP) as follows:

e  The total path length (P; cm);
e  The average velocity (AV, cm/s).

2.3. Statistical Analysis

Data were analyzed using Statistica (v13.3.721.1) and PQStat (v1.8.6.122, Poznan,
Poland). Demographic data are presented as the means, standard deviations (SD), median,
minimum (min), and maximum (max). The Shapiro-Wilk test was used to assess the
normality of the distributions in the test score. Student’s t-test for independent variables or
the non-parametric Mann—-Whitney U-test was used to compare the differences between
demographic data and balance measurements. Differences between the non-paretic, paretic,
and control limbs were assessed using one-way ANOVA with Fisher’s test as a post hoc
assessment. p-values less than 0.05 were considered statistically significant.

3. Results
3.1. Assessment Using Wireless Sensors
Passive Knee Range of Motion (PROM)

Table 2 and Figure 3 show the results of the passive range of motion assessments.
There was a statistically significant difference between the results of the paretic and non-
paretic limbs and the results of the control group. The average ROM for the non-paretic
limb was 121.0° and was, on average, 7.2° lower than the results of the control group, while
the average ROM for the paretic limb was 120.5° and was, on average, 7.7° lower than the
results of the control limb (p = 0.011).

Table 2. The results obtained using wireless motion sensors (PROM, AROM, FROM, and JPS tests).

Variable Paretic Non-Paretic Control p! Pvs.N Pvs.C Nvs. C
mean +SD 12054115 12104130 1282 +94
PROM (°) median 119.5 1213 129.2 0.018 0.866 0.011 0.018
min-max  96.0-1462  957-147.4  112.4-143.9
mean +SD 10744133 1092 +124 1152 +72
AROM (°)  median 109.0 109.4 1175 0.028 0.548 0.011 0.048
min-max  83.5-1389  86.7-1335  103.2-126.4
mean +SD 1078 +131 1102+123  111.5+84
FROM (°) median 110.5 110.1 1122 0.456 - - -
min-max  83.2-130.8  79.2-1329  955-128.3
FROM  MeanESD  107.6£408 12984370 1917 +431
AVG spoeg | median 103.4 1172 1783 <0.001 0.039 <0.001 <0.001
spee min-max  155-213.1 625-2148  133.0-282.1
rROM  Mean£SD 3167+1232 36091041 4779 9338
MAX sneeq  Median 293.4 346.3 482.6 <0.001 0.122 <0.001 <0.001
P min-max  49.9-540.1  109.0-588.0  318.1-701.0
mean +SD 151495 136 +74 52426
JPS 80° median 135 123 5.2 <0.001 0.411 <0.001 <0.001
min-max 22-426 0.0-32.0 1.1-98

1 ANOVA; P—paretic limb; N—non-paretic limb; C—control group.
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Figure 3. Comparison of passive (PROM) and active (AROM) range of motion (ROM) between
paretic, non-paretic, and control limbs.

Active Knee Range of Motion (AROM)

The analysis of the results of active knee flexion indicates a statistically significant
difference between the results of the non-paretic and paretic limbs and the results of the
control group (Table 2 and Figure 3). The average ROM for the paretic limb was 107.4°. The
results were, on average, 7.8° lower than the results of the control limb (p = 0.011), while
the average ROM for the non-paretic limb was 109.2° and was, on average, 6.0° lower than
the results of the control group (p = 0.048).

Fast Active Knee Range of Motion (FROM)

The results obtained during the fast active knee flexion movement show significant
differences between the groups regarding their average and maximum speed (Table 2,
Figure 4). Average speed differed between the non-paretic and paretic limbs (p = 0.039) and
between the non-paretic and paretic limbs and the control limb (p < 0.001; p < 0.001). The
maximum speed differed between the non-paretic and paretic limbs and the control group,
but at the same time, no difference was observed between the non-paretic and paretic limbs.

FROM
600

550 |

500

450 b

400 b

350

[*/s]

300

250

200

50 . . : == AVG speed
paretic limb non-paretic limb control limb = MAX speed

Figure 4. Comparison of average (AVG) and maximal angular speed between paretic, non-paretic,
and control limbs.
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Proprioception of the Knee Joint (joint position sense, JPS)

The results obtained in the JPS test show significant differences between the groups
(p < 0.001). The post hoc analysis indicated a significant difference between the non-paretic
and control limbs (p < 0.001) and the paretic and control limbs (p < 0.001). The average
error for the non-paretic limb was 13.6 £ 7.4; for the paretic limb, the average error was
15.1 4 9.5; and for the control group, the average error was 5.2 &= 2.6. See Figure 5.

JPS
20

18t

16 |

14t

12

& 10

=§= awerageerror

paretic limb non-paretic limb control limb

Figure 5. Comparison of the average error observed during the joint position sense measurement
(JPS) between paretic, non-paretic, and control limbs.

3.2. Force Measurement
3.2.1. Extensors

Table 3 shows the results of measuring the isometric strength of the knee extensors
obtained by stroke patients and the control group. Maximum (p < 0.001) and average
voluntary contraction values (p < 0.001) and maximal moment results (p < 0.001) differed
significantly between groups. The maximum strength was 7.8 Nm for the paretic limb,
9.8 Nm for the non-paretic limb, and 12.7 Nm for the control limb. Interestingly, the results
of the non-paretic limb were significantly worse than those obtained from the control group.

Table 3. Results of measuring the isometric strength of the extensor knee muscles.

Variable Paretic Non-Paretic Control p! Pvs.N Pvs.C Nvs. C
MVIC mean £ SD 78+39 9.8 £3.1 12.7 £4.1
[Nm] median 6.6 9.5 12.1 <0.001 0.042 <0.001 0.004
m min-max 0.4-15.2 5.3-17.6 6.0-24.7
mean £ SD 63+32 8.0+26 111+ 3.6
AVG [Nm] median 5.3 8.2 10.2 <0.001 0.042 <0.001 <0.001
min-max 0.4-12.2 34-12.7 5.4-20.7
MM mean £SD  65.9 +33.8 84.1 +26.8 116.8 +37.9
[Nm/s] median 56.2 86.0 107.3 <0.001 0.039 <0.001 <0.001
m/s min-max  3.6-127.9 36.0-133.6  56.6-218.2

1 ANOVA; P—paretic limb; N—non-paretic limb; C—control group.

3.2.2. Flexors

Table 4 presents the measurements of the isometric strength of knee flexors obtained
from patients after stroke and in the control group. Maximum and average voluntary
contraction values and maximum moment scores differed significantly between the groups.
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In all parameters, significantly worse results were observed for the paretic limb than for
the non-paretic and control limbs. Only AVG differed significantly between the non-paretic
and control limbs. See Figure 6.

Table 4. Results of measuring the isometric strength of the knee flexors muscles.

Variable Paretic Non- Control p! Pvs.N Pvs.C Nvs. C
Paretic
MVIC mean £ SD 3.1+£20 41+1.6 49+19
[Nm] median 3.0 39 44 0.001 0.037 <0.001 0.104
min-max 0.0-7.2 1.7-7.5 2.0-9.7
mean £ SD 24+17 33+13 42+16
AVG [Nm] median 21 3.1 4.0 <0.001 0.029 <0.001 0.040
min-max 0.0-5.9 1.5-5.9 1.7-7.9
MM mean £SD 2554175 351+142 4344175
[Nm/s] median 21.1 325 39.8 <0.001 0.030 <0.001 0.060
min-max 0.0-62.2 15.4-62.2 18.0-83.5
1 ANOVA; P—paretic limb; N—non-paretic limb; C—control group.
MVIC
16
14|
12}
10}
E s
6t
41
2t
0 .' . * o * R EE extensors MVIC
paretic limb non-paretic limb control limb == flexors MVIC
Figure 6. Comparison of maximal voluntary isometric contraction (MVIC) results for extensors and
flexors between paretic, non-paretic, and control limbs.
3.3. Balance Assessment
3.3.1. The Step Test (ST)

Table 5 shows the results obtained in the step test from stroke patients and the control
group. The mean score for the non-paretic limb was 12.0 & 2.8, and the mean score for the
paretic limb was 11.4 £ 3.0. Both results differed significantly from the control group’s
outcome, which was 19.8 + 2.7.

Table 5. The comparison of results obtained in the step test between groups.
. . Non- 1
Variable Paretic . Control P Pvs.N Pvs.C Nvs. C
Paretic
mean + SD 114 £ 3.0 120£28 198 £2.7
Step test median 11.3 12.3 20.3 <0.001 0.434 <0.001 <0.001
min-max 5.0-16.8 5.8-16.3 14.5-24.5

1 ANOVA; P—paretic limb; N—non-paretic limb; C—control group.
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3.3.2. Static Balance Assessment

We observed significantly worse results in people after stroke than in the control group,
regardless of whether the examination was performed with the eyes open or closed and on
a firm or foam surface. In all tests, stroke survivors had longer total distances and higher
average speeds. Detailed data are presented in Table 6.

Table 6. Comparison of the results obtained in the static balance assessment using the m-CTSIB test
(EO—eyes open on a firm surface; EC—eyes closed on a firm surface; EOF—eyes open on a foam
surface; ECF—eyes closed on a foam surface).

Variable

Study Group Control Group p
mean =+ SD 29.7 £ 18.9 16.6 + 6.5
(cm/s) median 26.0 14.3 <0.001
min—-max 13.2-111.9 8.8-37.8
EO mean =+ SD 1.0+ 0.6 05+02
(cm) median 0.9 0.5 <0.001
min—-max 0.4-3.7 0.3-1.3
mean =+ SD 543 +37.4 291+17.3
(cm/s) median 424 24.2 <0.001
min—-max 16.0-206.2 13.0-101.0
EC mean =+ SD 1.8+1.2 1.3+17
(cm) median 14 0.8 <0.001
min—-max 0.5-6.9 0.4-9.8
mean =+ SD 68.6 + 41.5 382+ 134
(cm/s) median 60.0 34.7 <0.001
min—max 31.0-188.2 19.1-75.0
EOF
mean =+ SD 23+14 1.3+£04
(cm) median 2.0 1.2 <0.001
min-max 1.0-6.3 0.6-2.5
mean =+ SD 187.4 + 121.0 106.9 + 40.2
(cm/s) median 139.0 105.7 <0.001
min-max 84.0-662.1 55.6-209.2
ECF
mean =+ SD 62+4.0 36+14
(cm) median 4.7 3.5 <0.001
min—max 2.8-22.1 1.9-7.0

! Mann-Whitney test.

4. Discussion

After a stroke, one of the main goals of rehabilitation is to regain the ability to walk
independently. However, climbing stairs is also essential to everyday mobility and signifi-
cantly correlates with free physical activity in stroke survivors (stairs require additional
strength, coordination, and balance concerning walking on the ground) [25]. Therefore,
correct ranges of motion in both lower limb joints, muscle strength, coordination, and
balance are needed to perform the abovementioned basic daily activities independently
and safely. Many patients experience deficits in the above functionalities after a stroke, and
data from the literature indicate that such deficits occur not only in the paretic limb, which
is usually thoroughly assessed [2,3]. Therefore, there is a need to carefully investigate
deficits occurring in the non-paretic limb, as this may also impact the daily mobility of
stroke patients.

The lower limb joints” range of motion (ROM) may be limited in patients after a
stroke [26]. In our study, we focused on assessing the range of motion of the knee joints.
We noticed deficits in the passive and active range of flexion motion in the knee joints in
both limbs in stroke survivors compared to the control group. Many studies conducted
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among healthy volunteers have shown that, compared to walking on a level surface, a
greater range of knee flexion angles is required when climbing stairs [27-29]. Therefore,
regaining a normal range of motion for stroke survivors is essential for independent, safe,
and proper locomotion at home and in the community. Furthermore, limited ROM in
the hip, knee, and ankle joints not only makes walking or climbing stairs difficult, but
patients may also have difficulty with activities such as dressing, using the toilet, bathing,
picking up objects, squatting, tying shoelaces, and clipping nails [30]. Studies measuring
joint angles while walking, climbing stairs, and standing up in healthy individuals have
shown that hip flexion of 80°, knee flexion of up to 110°, and ankle dorsiflexion of 26° are
required to perform these activities. However, the results of Hyodo et al. [30] indicate that
other functional activities require more extreme joint angles than walking, climbing stairs,
or standing up. Their study showed that the mean maximum knee flexion angle in ADL
activities exceeded 110°. The average maximum knee flexion exceeded 140° during trunk
rotation while crouching and exiting the bath with the dominant foot. Therefore, these
movements require more knee flexion than is needed for walking, climbing the stairs, or
standing up. It is worth asking the following question: which limb of a stroke patient is
dominant? If the non-paretic lower limb is a dominant limb, insufficient range of motion in
this limb may affect the ability to perform the indicated activities. If the dominant limb
is paralyzed, the prognosis for regaining independence in walking may be significantly
worse. Rowe et al. [28] suggested that 110° of flexion would seem a suitable goal for the
rehabilitation of motion in the knee because gait and slopes require less than 90° of knee
flexion, stairs, and chairs require 90-120° of flexion, and a bath requires approximately 135°
of flexion. To summarize, limiting the range of motion in the lower limb joints may affect
the performance of everyday activities. In our study, we observed deficits in the range of
movement in both knee joints in stroke patients compared to the control group; therefore,
we suggest that the assessment of the range of motion and exercises to improve this should
concern not only the paretic lower limb but also the non-paretic lower limb, which is often
ignored during rehabilitation.

Movement speed in stroke survivors is usually measured during gait tests and
is expressed as walking speed (usually without distinguishing between the speed of
movement of each limb) or during reaching movements [31,32]. Data from the literature
indicate a significant deterioration in walking speed in people after a stroke compared
to healthy controls. In our study, the methodology for assessing the speed of lower limb
movement was different and allowed for an independent assessment of the velocity of
motion of the non-paretic and paretic limbs. In the prone position, such as during ROM
testing, we measured the average and maximum velocity during the knee flexion and
extension movement (FROM). Interestingly, although the average speed of movement
in the non-paretic limb was significantly higher than in the paretic limb, it was still
significantly lower than in the control group. However, maximum speed did not differ in
the paretic and non-paretic limbs, but both results were significantly worse than those in
the control group. Both results again indicate the presence of deficits in the non-paretic
limb and the need for a thorough assessment of this limb when planning rehabilitation.
In hemiparetic patients, the control of the velocity of a single joint of the paretic limb may
be complicated by spasticity-related inappropriate muscle activity. However, it is worth
noting that many everyday activities, such as driving a car, stabilizing oneself while
riding a bus, and taking a step after tripping to avoid falling, require quick movements
of both lower limbs. As Hammerbeck et al. [33] indicated, the current clinical guidelines
do not emphasize the need to train patients at various movement speeds, and there are
limited studies investigating how movement speed during training affects learning after
stroke. On the other hand, Liang et al. [34] indicated that for successful social locomotion,
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the ability to modulate (increase and decrease) walking speed is more important than
continuous walking at a constant speed. Therefore, we believe that assessing the speed
of movement and the ability to perform movements at any and maximum speeds could
help determine rehabilitation goals and should also be applied to the non-paretic side of
the body.

The sensory-motor dysfunction in stroke patients includes muscle weakness, abnormal
muscle tone, and proprioception deficits. Proprioception plays an important role in main-
taining dynamic joint stability, inducing normal movements, and protecting joints from
external damage. Independent, safe walking requires adequate “proprioceptive efficiency”
in both lower limbs. As Yang et al. [35] suggested, if a stroke degrades proprioception, it
could also undermine muscle strength, normal muscle tone, posture control, protective
reflex ability, and joint motor ability. Safe walking and stair climbing are associated with
good proprioception. In studies assessing the range of motion needed to walk, climb, and
descend stairs, the results often vary depending, for example, on the walking phase and
height of the steps (on average, from 60 to 120°) [28-30]. Therefore, we decided to choose
the 80° knee flexion range to assess proprioception (joint position sense) deficits in stroke
survivors. Our observations show that proprioception deficits affect not only the paretic
side but also the non-paretic limb. Stroke patients achieved a greater error during the tests
performed in the lower non-paretic limb than the control group. The error for the paretic
limb was also higher than the error of the control group. In the study by Hwang et al. [36],
a significant proprioception deficit was observed not only in the paretic knees of both right
and left hemiplegia patients but also in the non-paretic knee of right hemiplegia patients.
However, these researchers evaluated the passive angle reproduction of 30° and 60° knee
flexions. Our previous work discussed this topic in more detail [19].

Adequate muscle strength in both lower limbs is essential for independent walking
and is associated with the ability to perform many activities of daily living (ADL) in stroke
patients [37]. Wang et al. [38] indicated that knee extensor strength of the non-paretic
leg is the most important determinant of exercise capacity in community-dwelling stroke
survivors. Therefore, loss in muscle strength is an important factor affecting recovery
after a stroke and is one of the barriers to reaching full independence [39,40]. According
to reports [21], the mechanisms of reduced muscle strength can be classified as primary
(resulting from muscle dysfunction) or secondary, resulting from a number of factors,
including spasticity and disuse. Our study assessed the isometric strength of the knee
flexor and extensor muscles in the subacute period after a stroke, showing that deficits
in muscle strength also occur in the non-paretic lower limb. The maximal and average
voluntary knee extensor contractions performed for the non-paretic limb were higher than
in the paretic limb but smaller than in the control group. In the flexor examination, the
non-paretic limb also had significantly lower AVG than the control group, while MVIC
did not differ significantly. A limitation of our study is that we only assessed the strength
of the knee flexors and extensors. Other authors who assessed other muscle groups in
stroke patients also indicated decreased muscle strength on the non-paretic side of the body
compared to healthy individuals [2,40-42]. Pandian and Arya [2] showed that all the muscle
groups, including knee flexors and extensors of the less-affected lower extremity, were
weaker than the controls. The researchers used Manual Muscle Testing (MMT) to assess
participants. Dorsch et al. [42] measured the maximum isometric strength of 12 muscle
groups using hand-held dynamometry. They concluded that the stroke participants’ intact
lower limbs (non-paretic) were significantly weaker than the control participants for all
muscle groups (for the extensors and flexors of the knee joint as well) except for the
ankle invertors. Dengiz et al. [40] showed that the muscle strength of stroke individuals’
unaffected side, including total muscle strength in the lower and upper extremities, grip
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strength, and trunk extensor muscle strength, decreased dramatically compared to the
healthy group. Our research, alongside that of others, indicates the need to use exercises
to strengthen the paretic and non-paretic limb muscles, which should affect functional
recovery after stroke.

It is reported that about 83% of stroke survivors may suffer from balance impair-
ment [43], which directly affects autonomy, a lower level of activity, participation, and
quality of life [44]. Many tests that assess balance and fall risk do not independently assess
the paretic and non-paretic limbs. Such tests include commonly used methods such as the
Tinetti scale, the Berg balance scale, the “get up and go” test, the functional reach test, the
dynamic gait index, the four-square step test, as well as many tests performed on balance
platforms. An interesting test that allows for the independent assessment of the paretic and
non-paretic limbs in the context of evaluating dynamic balance is the step test. Our study
assessed balance using a balance platform (static assessment) and a step test (dynamic
assessment). On the balance platform, we observed significantly worse results in people
after a stroke in than the control group in all tested conditions (eyes open and closed on a
firm and foam surface). In the EO test, all three sensory systems (i.e., proprioception, vision,
and vestibular system) were available for maintaining balance. In the second condition, the
eyes were closed, causing the temporary elimination of visual feedback, thus increasing the
dependence on the proprioceptive and vestibular systems. Since proprioception is used
more for maintaining balance than the vestibular system, it can be assumed that this condi-
tion largely measures the contribution of proprioception to balance. In the third condition,
when the visual and vestibular systems were available, and the proprioceptive system was
compromised by standing on foam, the difficulties in maintaining a stable posture related
to the visual system, given its preference over vestibular feedback for balance control. In
the fourth condition, the eyes were closed, and the person stood on the foam. Therefore, it
is assumed that the vestibular system plays the leading role in maintaining balance as the
primary source of sensory input [23,24]. In all tests, participants after a stroke had a longer
total path length and a higher average velocity, which indicates poorer balance control
compared to healthy controls. The results indicating balance deterioration in people after
a stroke are consistent with the observations of other authors. Awosika et al. [45] found
significantly greater postural instability across all conditions in chronic stroke survivors
compared to normative data. In addition, they found an increased reliance on visual and
somatosensory systems in chronic stroke survivors in conditions two and three of the
mCTSIB and higher sway velocity index values in condition four when both were absent or
perturbed [45]. Peurala et al. [46] measured static balance while standing on a force plate,
concluding that patients with right or left hemiparesis sway more than healthy subjects.
Wang et al. [47] also observed that stroke patients exhibited decreased postural stability
during quiet stances, especially under non-vision conditions. The second test that we used
to assess balance was the step test, originally developed as a dynamic standing balance
test after a stroke. As Mercer et al. [48] indicate, during the placement of individual steps
with the paretic foot, the paretic lower limb must move quickly in flexion and reverse the
direction of movement. When taking steps with the non-paretic foot, the paretic lower
limb must have a stable extension and support the entire body weight. However, as we
also noticed in the opposite situation, the non-paretic limb must be stable when the patient
performs a step with the paretic limb. In our study, the stroke group performed an average
of 11.4 £ 3.0 repetitions with the paretic limb, 12.0 £ 2.8 with the non-paretic limb, and the
healthy subject performed 19.8 £ 2.7 repetitions. Hong et al. [49] observed that the mean
ST scores were 8.1 + 4.1 and 11 + 4.2, respectively, with the paretic and non-paretic limbs,
but the participants in this study were recruited on average 5.9 years post-stroke and were
all community-dwelling and at least modestly ambulant. The average result for the right
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limb in the control group was 18.7 &= 4.0, and for the left limb was 18.6 & 4.0. In the study
by Thilarajah et al. [17], the median scores for paretic and non-paretic ST were eight and
nine repetitions, respectively, but the mean age of the subjects was higher, and the time
since stroke was shorter. These researchers observed that the non-paretic ST was better
associated with the balance variables compared with the paretic ST and concluded that
movement-induced perturbations may be greater when patients balance on their paretic
limb (during the non-paretic ST), which, in turn, may require greater balance to maintain
equilibrium. They indicated that individuals might also favor their non-paretic leg when
standing so that their static standing position is affected when their non-paretic leg is
compromised. They also indicated that both STs were associated with physical function,
gait speed, TUG scores, and future falls. However, the researchers did not compare the
results to those of a control group.

Limitations

In this study, we propose a simple set of tests showing the differences between non-
paretic and paretic limbs and the results of a control group. We are aware that in everyday
physiotherapy practice, not everyone can routinely assess stroke patients using wireless
motion sensors, a balance platform, or measure isometric strength with the necessary
equipment. However, the parameters we examined can mostly be assessed using traditional
methods, such as a goniometer, MMT test, or functional tests.

5. Conclusions

Our research indicates that examined functionalities of “non-paretic” lower limbs,
such as knee range of motion, movement speed in the knee joint, knee joint position sense,
and knee extensors and flexors muscle strength, differ significantly from healthy limbs.
Determining the precise cause of these differences examined is still difficult. Deficits in
paretic limbs may contribute to the occurrence of limitations in the functioning of the non-
paretic limb, as we indicated by the step test results and static balance test on the balance
platform. A lack of stability, appropriate range of motion, or strength of the paretic limb
may also cause compensatory patterns to appear in the non-paretic limb during everyday
activities such as walking or climbing stairs.

Our results indicate the critical role of rehabilitation, including improving the knee
range of motion, muscle strength of the knee extensors and flexors, speed, and coordination
not only in the limbs directly affected by the stroke but also in the non-paretic limbs (non-
affected, non-involved, and ipsilateral). Additionally, during the assessment of stroke
patients, it is worth remembering that non-paretic limbs should not be used as a reference
point for the “normal” range of motion, proprioception, speed of movement, or strength of
the paretic side.

Author Contributions: A.W.-P. designed the testing method, recruited participants, carried out a
clinical assessment, interpreted the data, and prepared the first version of the manuscript. A.W.-P.
was responsible for statistics. P.L. reviewed and contributed substantive input to the final version of
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Bioethical Committee of the Poznan University of Medical Sciences
(Resolution No. 822/21).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.



Sensors 2025, 25, 1082 16 of 18

Data Availability Statement: The data analyzed during the current study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Pandian, S.; Arya, K.N.; Kumar, D. Does motor training of the nonparetic side influences balance and function in chronic stroke?
A pilot RCT. Sci. World . 2014, 2014, 769726. [CrossRef] [PubMed]

2. Pandian, S.; Arya, K.N. Motor impairment of the ipsilesional body side in poststroke subjects. J. Bodyw. Mov. Ther. 2013, 17,
495-503. [CrossRef] [PubMed]

3.  Chlebus, E.; Wareniczak, A.; Miedzyblocki, M.; Lisiniski, P. The usefulness of isometric protocol for foot flexors and extensors in
assessing the effects of 16-week rehabilitation regiment in poststroke patients. Biomed. Eng. Online 2019, 18, 57. [CrossRef]

4. Scano, A.; Guanziroli, E.; Mira, RM.; Brambilla, C.; Molinari Tosatti, L.; Molteni, F. Biomechanical assessment of the ipsilesional
upper limb in post-stroke patients during multi-joint reaching tasks: A quantitative study. Front. Rehabil. Sci. 2022, 3, 943397.
[CrossRef]

5. Jankowska, E.; Edgley, S.A. How can corticospinal tract neurons contribute to ipsilateral movements? A question with implications
for recovery of motor functions. Neurosci. Rev. |. Bringing Neurobiol. Neurol. Psychiatry 2006, 12, 67-79. [CrossRef]

6.  Alagona, G.; Delvaux, V,; Gérard, P,; De Pasqua, V.; Pennisi, G.; Delwaide, PJ.; Nicoletti, F.; Maertens de Noordhout, A. Ipsilateral
Motor Responses to Focal Transcranial Magnetic Stimulation in Healthy Subjects and Acute-Stroke Patients. Stroke 2001, 32,
1304-1309. [CrossRef]

7. Bundy, D.T;; Leuthardt, E.C. The Cortical Physiology of Ipsilateral Limb Movements. Trends Neurosci. 2019, 42, 825-839. [CrossRef]

8.  Bagnato, S.; Boccagni, C.; Boniforti, F; Trinchera, A.; Guercio, G.; Letizia, G.; Galardi, G. Motor dysfunction of the “non-affected”
lower limb: A kinematic comparative study between hemiparetic stroke and total knee prosthesized patients. Neurol. Sci. Off. J.
Ital. Neurol. Soc. Ital. Soc. Clin. Neurophysiol. 2009, 30, 107-113. [CrossRef]

9.  Cramer, S.C. Stroke recovery. Lessons from functional MR imaging and other methods of human brain mapping. Phys. Med.
Rehabil. Clin. N. Am. 1999, 10, 875-886, ix. [CrossRef]

10. Liepert, J.; Dettmers, C.; Terborg, C.; Weiller, C. Inhibition of ipsilateral motor cortex during phasic generation of low force. Clin.
Neurophysiol. 2001, 112, 114-121. [CrossRef]

11.  Jeon, H.J.; Hwang, B.Y. Effect of bilateral lower limb strengthening exercise on balance and walking in hemiparetic patients after
stroke: A randomized controlled trial. J. Phys. Ther. Sci. 2018, 30, 277-281. [CrossRef] [PubMed]

12.  Kitsos, G.H.; Hubbard, 1].; Kitsos, A.R.; Parsons, M.W. The ipsilesional upper limb can be affected following stroke. Sci. Worid ].
2013, 2013, 684860. [CrossRef] [PubMed]

13. Raja, B.; Neptune, R.R.; Kautz, S.A. Coordination of the non-paretic leg during hemiparetic gait: Expected and novel compensatory
patterns. Clin. Biomech. 2012, 27, 1023-1030. [CrossRef] [PubMed]

14. Lee, P.Y.; Chen, C.H.; Tseng, H.Y,; Lin, S.I. Ipsilateral lower limb motor performance and its association with gait after stroke.
PLoS ONE 2024, 19, €0297074. [CrossRef]

15. Hsiao, H.Y,; Gray, V.L.; Borrelli, J.; Rogers, M.W. Biomechanical control of paretic lower limb during imposed weight transfer in
individuals post-stroke. J. Neuroeng. Rehabil. 2020, 17, 140. [CrossRef]

16. Higgins, M.].; Perrin, D.H. Comparison of Weight-Bearing and Non-Weight-Bearing Conditions on Knee Joint Reposition Sense. ].
Sport. Rehabil. 1997, 6, 327-334. [CrossRef]

17.  Thilarajah, S.; Bower, K.J.; Williams, G.; Clark, R.A.; Tan, D.; Pua, Y.H. Paretic and Nonparetic Step Tests Are Noninterchangeable
in Stroke: A Prospective Cohort Study. Phys. Ther. 2021, 101, pzab060. [CrossRef]

18. Nowak, ]J.K.; Walkowiak, J. Study designs in medical research and their key characteristics. J. Med. Sci. 2024, 92, €928.
[CrossRef]

19. Warericzak-Pawlicka, A.; Lisiniski, P. Can We Target Close Therapeutic Goals in the Gait Re-Education Algorithm for Stroke
Patients at the Beginning of the Rehabilitation Process? Sensors 2024, 24, 3416. [CrossRef]

20. Goslinska, J.; Warericzak, A.; Miedzyblocki, M.; Hejdysz, K.; Adamczyk, E.; Sip, P.; Chlebus, E.; Goslinski, J.; Owczarek, P;
Wozniak, A.; et al. Wireless Motion Sensors—Useful in Assessing the Effectiveness of Physiotherapeutic Methods Used in Patients
with Knee Osteoarthritis—Preliminary Report. Sensors 2020, 20, 2268. [CrossRef]

21. Newham, D.J.; Hsiao, S.F. Knee muscle isometric strength, voluntary activation and antagonist co-contraction in the first six
months after stroke. Disabil. Rehabil. 2001, 23, 379-386. [PubMed]

22.  Wareniczak, A.; Lisiniski, P. Body balance a few years after total hip replacement. Acta Bioeng. Biomech. 2020, 22, 87-96. [CrossRef]

[PubMed]


https://doi.org/10.1155/2014/769726
https://www.ncbi.nlm.nih.gov/pubmed/25506618
https://doi.org/10.1016/j.jbmt.2013.03.008
https://www.ncbi.nlm.nih.gov/pubmed/24139009
https://doi.org/10.1186/s12938-019-0678-6
https://doi.org/10.3389/fresc.2022.943397
https://doi.org/10.1177/1073858405283392
https://doi.org/10.1161/01.STR.32.6.1304
https://doi.org/10.1016/j.tins.2019.08.008
https://doi.org/10.1007/s10072-009-0031-0
https://doi.org/10.1016/S1047-9651(18)30168-2
https://doi.org/10.1016/S1388-2457(00)00503-4
https://doi.org/10.1589/jpts.30.277
https://www.ncbi.nlm.nih.gov/pubmed/29545693
https://doi.org/10.1155/2013/684860
https://www.ncbi.nlm.nih.gov/pubmed/24379748
https://doi.org/10.1016/j.clinbiomech.2012.08.005
https://www.ncbi.nlm.nih.gov/pubmed/22981679
https://doi.org/10.1371/journal.pone.0297074
https://doi.org/10.1186/s12984-020-00768-1
https://doi.org/10.1123/jsr.6.4.327
https://doi.org/10.1093/ptj/pzab060
https://doi.org/10.20883/medical.e928
https://doi.org/10.3390/s24113416
https://doi.org/10.3390/s20082268
https://www.ncbi.nlm.nih.gov/pubmed/11394588
https://doi.org/10.37190/ABB-01480-2019-02
https://www.ncbi.nlm.nih.gov/pubmed/32307451

Sensors 2025, 25, 1082 17 of 18

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.
42.

43.

44.

45.

46.

47.

Antoniadou, E.; Kalivioti, X.; Stolakis, K.; Koloniari, A.; Megas, P.; Tyllianakis, M.; Panagiotopoulos, E. Reliability and validity of
the mCTSIB dynamic platform test to assess balance in a population of older women living in the community. . Musculoskelet.
Neuronal Interact. 2020, 20, 185-193.

Goble, DJ.; Brar, H.; Brown, E.C.; Marks, C.R.; Baweja, H.S. Normative data for the Balance Tracking System modified Clinical
Test of Sensory Integration and Balance protocol. Med. Devices 2019, 12, 183-191. [CrossRef]

Morone, G.; Matamala-Gomez, M.; Sanchez-Vives, M.V.; Paolucci, S.; Iosa, M. Watch your step! Who can recover stair climbing
independence after stroke? Eur. J. Phys. Rehabil. Med. 2018, 54, 811-818. [CrossRef]

Sjattar, E.L.; Megawati, L.; Irwan, A.M.; Majid, S. Development of Supportive-Educative Range of Motion Exercise for Post-stroke
Patients: A Pilot Study. Home Health Care Manag. Pract. 2022, 34, 92-100. [CrossRef]

Protopapadaki, A.; Drechsler, W.I.; Cramp, M.C.; Coutts, EJ.; Scott, O.M. Hip, knee, ankle kinematics and kinetics during stair
ascent and descent in healthy young individuals. Clin. Biomech. 2007, 22, 203-210. [CrossRef]

Rowe, P].; Myles, C.M.; Walker, C.; Nutton, R. Knee joint kinematics in gait and other functional activities measured using flexible
electrogoniometry: How much knee motion is sufficient for normal daily life? Gait Posture 2000, 12, 143-155. [CrossRef]
Pfeiffer, ].L.; Zhang, S.; Milner, C.E. Knee biomechanics during popular recreational and daily activities in older men. Knee 2014,
2,683-687. [CrossRef]

Hyodo, K.; Masuda, T.; Aizawa, J.; Jinno, T.; Morita, S. Hip, knee, and ankle kinematics during activities of daily living: A
cross-sectional study. Braz. J. Phys. Ther. 2017, 21, 159-166. [CrossRef]

Mandon, L.; Boudarham, J.; Robertson, J.; Bensmail, D.; Roche, N.; Roby-Brami, A. Faster Reaching in Chronic Spastic Stroke
Patients Comes at the Expense of Arm-Trunk Coordination. Neurorehabil. Neural Repair. 2016, 30, 209-220. [CrossRef] [PubMed]
DeJong, S.L.; Schaefer, S.Y.; Lang, C.E. Need for speed: Better movement quality during faster task performance after stroke.
Neurorehabil. Neural Repair 2012, 26, 362-373. [CrossRef] [PubMed]

Hammerbeck, U.; Yousif, N.; Hoad, D.; Greenwood, R.; Diedrichsen, J.; Rothwell, ].C. Chronic Stroke Survivors Improve Reaching
Accuracy by Reducing Movement Variability at the Trained Movement Speed. Neurorehabil. Neural Repair 2017, 31, 499-508.
[CrossRef] [PubMed]

Liang, ].N.; Ho, K.Y.; Lee, Y.J.; Ackley, C.; Aki, K,; Arias, J.; Trinh, J. Slow Walking in Individuals with Chronic Post-Stroke
Hemiparesis: Speed Mediated Effects of Gait Kinetics and Ankle Kinematics. Brain Sci. 2021, 11, 365. [CrossRef]

Yang, ].M.; Kim, S.Y. Correlation of knee proprioception with muscle strength and spasticity in stroke patients. J. Phys. Ther. Sci.
2015, 27, 2705-2708. [CrossRef]

Hwang, J.S.; Lee, D.S; Cho, Y.J.; Han, N.M.; Kim, H.D. Measurement of Proprioception of the Knee in Hemiplegic Patients Using
an Isokinetic Dynamometer. J. Korean Acad. Rehabil. Med. 2010, 34, 27-33.

Irisawa, H.; Mizushima, T. Assessment of changes in muscle mass, strength, and quality and activities of daily living in elderly
stroke patients. Int. |. Rehabil. Res. Int. Zeitschrift fur Rehabil. Rev. Int. Rech. Readapt. 2022, 45, 161-167. [CrossRef]

Wang, W.T.; Huang, L.T.; Chou, Y.H.; Wei, T.S,; Lin, C.C. Nonparetic knee extensor strength is the determinant of exercise capacity
of community-dwelling stroke survivors. Sci. World |. 2014, 2014, 769875. [CrossRef]

Bohannon, R.W. Muscle strength and muscle training after stroke. J. Rehabil. Med. 2007, 39, 14-20. [CrossRef]

Dengiz, A.; Baskan, E. Does muscle strength decrease on the unaffected side in stroke patients? The unaffected side in stroke
patients. Ann. Clin. Anal. Med. 2021, 12, 1011-1015. [CrossRef]

Kim, S.H.; Pohl, PS. Ipsilateral Impairments in the Lower Extremity After Stroke. Phys. Ther. Rev. 2000, 5, 171-174. [CrossRef]
Dorsch, S.; Ada, L.; Canning, C.G. Lower Limb Strength Is Significantly Impaired in All Muscle Groups in Ambulatory People
with Chronic Stroke: A Cross-Sectional Study. Arch. Phys. Med. Rehabil. 2016, 97, 522-527. [CrossRef] [PubMed]

Li, J.; Zhong, D.; Ye, J.; He, M.; Liu, X.; Zheng, H.; Jin, R.; Zhang, S.L. Rehabilitation for balance impairment in patients after
stroke: A protocol of a systematic review and network meta-analysis. BM] Open 2019, 9, e026844. [CrossRef]

Hugues, A.; Di Marco, J.; Ribault, S.; Ardaillon, H.; Janiaud, P.; Xue, Y.; Zhu, J.; Pires, J.; Khademi, H.; Rubio, L.; et al. Limited
evidence of physical therapy on balance after stroke: A systematic review and meta-analysis. PLoS ONE 2019, 14, e0221700.
[CrossRef] [PubMed]

Awosika, O.0,; Garver, A.; Drury, C.; Sucharew, H.J.; Boyne, P.; Schwab, S.M.; Wasik, E.; Earnest, M.; Dunning, K.; Bhattacharya,
A.; et al. Insufficiencies in sensory systems reweighting is associated with walking impairment severity in chronic stroke: An
observational cohort study. Front. Neurol. 2023, 14, 1244657. [CrossRef]

Peurala, S.H.; Kénonen, P; Pitkdnen, K.; Sivenius, J.; Tarkka, .M. Postural instability in patients with chronic stroke. Restor.
Neurol. Neurosci. 2007, 25, 101-108. [CrossRef]

Wang, W.; Li, K.,; Wei, N; Yin, C.; Yue, S. Evaluation of postural instability in stroke patient during quiet standing. In Proceedings
of the 2017 39th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Jeju, Republic
of Korea, 11-15 July 2017; Volume 2017, pp. 2522-2525.


https://doi.org/10.2147/MDER.S206530
https://doi.org/10.23736/S1973-9087.18.04809-8
https://doi.org/10.1177/10848223211035713
https://doi.org/10.1016/j.clinbiomech.2006.09.010
https://doi.org/10.1016/S0966-6362(00)00060-6
https://doi.org/10.1016/j.knee.2014.02.025
https://doi.org/10.1016/j.bjpt.2017.03.012
https://doi.org/10.1177/1545968315591704
https://www.ncbi.nlm.nih.gov/pubmed/26089311
https://doi.org/10.1177/1545968311425926
https://www.ncbi.nlm.nih.gov/pubmed/22140198
https://doi.org/10.1177/1545968317693112
https://www.ncbi.nlm.nih.gov/pubmed/28506150
https://doi.org/10.3390/brainsci11030365
https://doi.org/10.1589/jpts.27.2705
https://doi.org/10.1097/MRR.0000000000000523
https://doi.org/10.1155/2014/769875
https://doi.org/10.2340/16501977-0018
https://doi.org/10.4328/ACAM.20559
https://doi.org/10.1179/ptr.2000.5.3.171
https://doi.org/10.1016/j.apmr.2015.10.106
https://www.ncbi.nlm.nih.gov/pubmed/26615792
https://doi.org/10.1136/bmjopen-2018-026844
https://doi.org/10.1371/journal.pone.0221700
https://www.ncbi.nlm.nih.gov/pubmed/31465462
https://doi.org/10.3389/fneur.2023.1244657
https://doi.org/10.3233/RNN-2007-00372

Sensors 2025, 25, 1082 18 of 18

48. Mercer, V.S.; Freburger, ] K.; Chang, S.H.; Purser, ].L. Step test scores are related to measures of activity and participation in the
first 6 months after stroke. Phys. Ther. 2009, 89, 1061-1071. [CrossRef]

49. Hong, SJ.; Goh, E.Y,; Chua, S.Y.; Ng, S.S. Reliability and validity of step test scores in subjects with chronic stroke. Arch. Phys.
Med. Rehabil. 2012, 93, 1065-1071. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2522/ptj.20080368
https://doi.org/10.1016/j.apmr.2011.12.022

	Introduction 
	Materials and Methods 
	Participants 
	Testing Procedures 
	Assessment Using Wireless Motion Sensors 
	Force Measurement 
	Balance Assessment 

	Statistical Analysis 

	Results 
	Assessment Using Wireless Sensors 
	Force Measurement 
	Extensors 
	Flexors 

	Balance Assessment 
	The Step Test (ST) 
	Static Balance Assessment 


	Discussion 
	Conclusions 
	References

