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Abstract: This article proposes the evaluation of the passive movement of the affected elbow during
the pendulum test in people with stroke and its correlation with the main clinical scales (Modified
Ashworth Scale, Motor Activity Log, and Fulg Meyer). An inertial sensor was attached to the forearm
of seven subjects, who then passively flexed and extended the elbow. Joint angles and variables
that indicate viscoelastic properties, stiffness (K), damping (B), E1 amp, F1 amp, and relaxation
indices were collected. The results show that the FM scale is significantly correlated with the natural
frequency (p = 0.024). The MAL amount-of-use score correlates with the natural frequency (p = 0.024).
The variables E1 amp, F1 amp, RI, and ERI are not correlated with the clinical scales, but they correlate
with each other; the variable E1 amp correlates with F1 amp (p = 0.024) and RI (p = 0.024), while F1
amp correlates with ERI (p = 0.024). There was also a correlation between the natural frequency and
K (r=0.96, p = 0.003). Non-linear results were found for the properties of the elbow joint during the
pendulum test, which may be due to the presence of neural and non-neural factors. These results
may serve as a reference for future studies if alternative scales do not provide an accurate reflection.

Keywords: spasticity; stroke; stiffness; the pendulum test; inertial sensor; upper limb

1. Introduction

Neural function disorders caused by stroke are responsible for cognitive, motor, and
sensory dysfunctions and can result in clinical conditions of varying disabilities. Conse-
quently, post-stroke motor impairments related to neuromusculoskeletal movement are
characterized by muscle weakness and both reduced muscle activation and coactivation,
which decrease one’s ability to perform efficient movements [1]. In the chronic phase
of stroke (after 6 months), between 55 and 75% of individuals present significant and
permanent functional impairments following a period of spontaneous recovery, with less
severe impairments influenced by factors such as age, location, and the severity of the
impairment [2]. The life of post-stroke patients is challenging, considering the series of
situations to which the individual needs to adapt, such as work, interpersonal relationships,
finances, and dependence on support networks, thus impacting motor recovery [3]. The
functional relevance of the shoulder and elbow for activities of daily living is well described
in the literature. In addition, muscle weakness that compromises motor performance is
related to reduced speed, a greater tendency toward fatigue, reduced peak torque, and
muscle inactivation [4].

The interruption and inhibition of spinal reflexes add obstacles to the performance of
movements, generating muscle hyperactivity, which is related to an increase in muscle tone,

Sensors 2023, 23, 3487. https:/ /doi.org/10.3390/5s23073487

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s23073487
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0001-5268-8343
https://orcid.org/0000-0001-9858-9009
https://doi.org/10.3390/s23073487
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s23073487?type=check_update&version=1

Sensors 2023, 23, 3487

20f13

known as hypertonia. This occurs when the muscle loses its ability to stretch or perform
a sequence of rapid muscle contractions [5]. These mechanisms of hypertonia are related
to the stretch reflex, known more specifically as spasticity. Hypertonia, more broadly, is
related to passive displacements and is not influenced by the speed of movement, which,
because of muscle contracture, is sometimes classified as non-reflex hypertonia or intrinsic
hypertonia [6].

As part of evaluations performed in clinical routines, clinicians assess the issue of
muscle stiffness through passive stretching in subjects with stroke. At different speeds,
characteristics such as muscle contractures and increased stiffness are not able to be com-
pletely distinguished and may provide results that do not correspond to functionality [7,8].
The Modified Ashworth Scale (MAS) is the most commonly used scale in clinical practice
for measuring spasticity, the main clinical condition of stroke. The MAS is performed
by a clinician manually moving the affected extremity of the stroke victim [9,10]. This
scale presents reduced validity and reliability measures due to the lack of information on
factors that influence spasticity; considering movement as the total sum of activity and
non-neural mechanical characteristics, studies show that the scale is insufficient to assess
spasticity [11].

In regular clinical practice, performance tests may not match the performance of
patients outside of test situations. These behavioral measures focus primarily on functional
independence as opposed to the quality and extent to which the affected limb is being
used [9].

A valid and reliable method is needed to objectively measure and monitor the evo-
lution of a stroke patient’s daily activities. In this context, a prospective method could be
found in the use of inertial measurement units combined with the pendulum test. The
technology of inertial measurement units is accessible and portable, providing an increas-
ingly popular assessment method outside laboratory contexts [12]. Inertial sensors, devices
that use accelerometers and gyroscopes to measure changes in motion and orientation,
play an important role in the objective assessment of muscle tone and its alterations, such
as spasticity, yet there is currently a lack of studies that corroborate the clinical scales
in use and the measures of the combined results [13]. Inertial sensors are valuable, as
they provide values for monitoring and evaluating individuals during neurorehabilitation,
resulting in more objective data on physical progress and on how the upper limbs move in
space [12,14,15]. Advanced linear and complex models have the capability to track varying
trajectories over time, resulting in a diverse range of physiological outcomes [11,13,16].

The pendulum test measures the amount of swing or oscillation that occurs in the limb,
which provides information about the individual’s muscle tone and stiffness. This test
aids in the assessment of muscle tone during human performance, as there are skills and
movement characteristics that change over time and reflect the complexity of the movement
system through varying degrees of freedom of movement [10,14,17]. Many daily activities
require the use of the elbow, which plays a crucial role in guiding and positioning the hand
in space. The operating range of the elbow is typically between —30° of extension and
130° of flexion [18]. To understand muscle performance, we can compare its properties to
that of a spring, whose stiffness potential and muscle tension determine its elasticity. Thus,
specific calculations can demonstrate these parameters and their functionality [19].

In the current study, we used the pendulum test on the elbow joint and formulated
parameters and essential quantification scales. Through research, therapists can gain insight
into specific functional muscle tone dynamics following stroke, making it possible to offer
patients personalized rehabilitation therapies. Thus, in the current article, we demonstrate
the potential for using the pendulum test combined with an inertial sensor for assessing
upper limb function. In addition to explaining the structure of the pendulum test and its
correlations with the Fugl Meyer (FM) assessment scale, the Motor Activity Log (MAL),
and the MAS, we cover subject-specific muscle tone dynamics.
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2. Materials and Methods
2.1. Participants

The Human Research Ethics Committee approved the project’s developmental data as
part of a prospective longitudinal study at the University of Brasilia, Brazil. Participants
were recruited from a stroke referral hospital. The inclusion criteria were individuals of
both sexes, aged over 18 years, with an episode of stroke classified as chronic; a middle
cerebral artery lesion identified via imaging (Computed Tomography or MRI) and con-
firmed by the medical team. The exclusion criteria were individuals using antidepressants,
antipsychotics, or benzodiazepines; advanced systemic disease; the previous presence of
any limiting pathology in the evaluated upper limb; intracranial hypertension or risk of
clinical evolution; the presence of a pacemaker or cardiac stent or any intracranial metallic
implant; prior brain surgery intervention; and severe, sensitive, or mixed motor aphasia.

Three individuals with Parkinson’s disease, ankylosing spondylitis, and Alzheimer’s
disease were excluded. Seven individuals who had previously had a stroke and were in
the chronic phase met the criteria and volunteered for this investigation, providing their
demographic information and written consent. The reported results were obtained from
these seven participants. The demographic information of the patients is summarized
in Table 1.

Table 1. Demographic information of the study participants.

Characteristics #1 #2 #3 #4 #5 #6 #7

Sex M M F F F F F

Age (years) 54 45 49 60 72 43 40
Height (m) 168 177 167 160 140 153 159
Weight (kg) 70 72 54 57 64 54 73

Time since stroke
(months /days) 12.6 6.4 7.2 124 5.4 12.6 6.3
Stroke location (right/left) L R L L L R L
Dominant side R L R R R R

(right/left)

Legend: M—male; F—female; L—left; R—right.

2.2. Clinical Assessments

The MAS, an assessment tool that is frequently used to measure the severity of spastic-
ity, was utilized to assess the compromised upper limb in the current study. The MAS is a
scale with a score that varies between 0 and 4, where 0 represents no increase in muscle
tone. The scale demonstrates gradual increases until reaching the maximum evaluation
score of 4, representing joint stiffness [16]. Additionally, the participants were assessed by
FM, which is a commonly used and recommended clinical scale to evaluate sensorimotor
impairments in subjects with stroke. This scale contains a possible total of 100 points for
normal motor function, where the maximum score for the upper extremity is 66 and for
the lower extremity is 34. For upper limbs, 0-15 was considered severe motor dysfunction,
16-34 was severe to moderate motor dysfunction, 35-53 was moderate to mild motor
dysfunction, and 54-66 was mild motor dysfunction [20].

The MAL assessment instrument is considered to provide more comprehensive infor-
mation, given that it is used outside the therapeutic environment. The instrument provides
information on how much and how well the affected arm is used in 30 daily living activities,
as well as provides a continuous picture of the quality of arm function [21]. The quantitative
domain involves scores ranging from zero (“does not use the most affected upper limb”)
to five (“uses the most affected upper limb the same way as before the stroke”). In the
qualitative domain, the variation in scores ranges from zero (“the most affected upper limb
is not used at all for the activity”) to five (“ability to use the most affected upper limb is as
good as it was before the stroke”) [22]. The total score of the scale is calculated by summing
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the averages for each of the subscale categories. Before the pendulum test, all scales were
applied by a trained team, following standardized procedures.

2.3. Experimental Setup

The pendulum test was performed in a sitting position, with the elbow at 90° flexion,
the shoulder at 0° flexion, and the forearm in supination. A sensor was placed on the
forearm close to the wrist, and the examiner positioned the participant’s limb as described
above. During the test, the participant was asked to relax the upper limb, as the test
depends on the limb being relaxed. The same evaluator performed all evaluations, starting
with the elbow being held stationary for calibration for a period of 3 s in the initial pose.
The inherent viscoelastic properties of the joint and surrounding tissues, along with the
mass of the arm and elbow motion, will eventually cause the arm to approach a vertical
position [23]. In cases of spasticity, the affected upper limb loses normal oscillation and
reverses the direction of movement (Figure 1).

Figure 1. Location of the inertial sensor. The sensor was attached to the lateral side of the forearm:
(1) starting position and (2) ending position.

Each subject completed two successful attempts for each condition, with a time interval
of 5 min between trials. Trials were successful when the participant allowed their arm to
swing freely, did not actively swing their arm, and did not produce movements, such as
moving the shoulder forward (Figure 1).

2.4. Data Collection

In this study, we used an off-the-shelf wearable device that incorporated a three-axis
accelerometer and a three-axis magnetometer (G-WALK, Sensor, BTS bioengineering, Milan,
Italy). The device with the inertial sensor was on the wrist of the affected upper limb during
the pendulum test and collected the kinematic parameters of movement and its impact
on the evaluated structure. BTS G-Studio software was used to process the data. The
pendulum test was performed to measure the level of spasticity and muscle tone of the
affected limb of the individual [24].

2.5. Feature Extraction

The affected upper limb was classified according to spasticity severity and non-use.
After this pre-processing phase, these characteristics were computed. Two sets of features
were prepared to investigate the impacts of feature types on classification performance
and pendulum testing. The most common statistical features—for example, the median,
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standard deviation, and correlation—were extracted from the data sets. In addition, re-
sources were computed from the kinematic measurements of each pendulum test by using
the following variables: initial angle, corresponding to the elbow in a neutral position;
final angle, corresponding to the angle of repose at the end of the test with the upper
limb in extension; the angle of the first extension peak (E1); the angle of the first flexion
peak (F1), with an initial extension range (E1Amp = F1 — E1) and an initial flexion range
(F1Amp = Fl-initial angle); plateau amplitude (PA = measure between the final angle and
the initial angle); the relaxation index (RI = FIAmp/PA) and extension relaxation index
(ERI = E1Amp/PA), which represent the angle of the first normalized peak of extension and
the angle of the first normalized peak of flexion, respectively; and the duration from the
start angle to the end angle (D), according to the guidelines of Valle et al. [25]. We present
a list of the variables we used to obtain our outcome measures in Table 2. The variables
related to the measurement of stiffness were obtained from the following equations.

Table 2. Selection of parameters considered for analysis with the inertial sensor.

List of Parameters (Measures)

E1l First extension peak (o/s)
F1 First flexion peak (o/s)
E1Amp F1 — E1 (o)
FlAmp Fl-initial angle (o)
PA Measure between the final angle and the initial angle (o)
RI F1 Amp/PA (o)/relaxation index
ERI E1 Amp/PA (o)/extension relaxation index

D Duration from the start angle to the end angle (o)
w Natural frequency

B Damping coefficient

K Stiffness coefficient

C Damping ratio

The ratio of stiffness to mass provides the natural frequency (w), where T is the period

of one cycle [26]:
w=2mr/T 1)

With data from the first and second reversion angles at the end of flexion (F1 and F2),
we were able to calculate the damping coefficient (B), stiffness coefficient (K), and damping
ratio ({) variables as follows [27]:

(InD)?

472 + (InD)? @

The cycle peak angle for the next peak angle in the next cycle is the value of D:
B=2.Cw.l (©)]
The moment of inertia is given through the axis of rotation of the elbow.
K=Iw )

I and the mass characteristics (elbow and forearm segment) were calculated for each
subject according to Winter [26]. For example, for Subject 1,

T=316-214=1.02

w=2n/T=23.14/1.02=6.15%

Thus, we have w.
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For
InD = 1.65
we have
2 2
7= (InD) = (1.659813084) = 0.25
472 4+ (In D) 4.3.142 4 (1.65)
which is (.

For I, we can obtain
I = arm mass.(distance of the center of mass to elbow)2

I = arm mass.(arm length x 0.318)2
I = 1.54(0.245 x 0.318)% = 0.009 *

and thus,
B =2.(0.25). (6.1). (53.1) = 0.029%

Finally,
K = 0.009 x (6.15)* = 0.355 *

* Approximate values.

2.6. Statistical Analysis

Descriptive statistics were used to summarize the collected data. Quantitative data
are presented as the median and standard deviation. Spearman’s correlation was used to
analyze the associations between the variables. The level of significance was set at p < 0.05.
All analyses were performed using Graph Pad Prism version 8.4.1 for Windows (Graph
Pad Software, San Diego, CA, USA).

3. Results
3.1. Characteristics

Seven people after chronic stroke participated in this study (five females and two
males), with a mean age of 51.85 & 11.18 years (ranging from 43 to 72 years), a mean weight
of 63.42 £ 6.27 kg (ranging from 54 to 73 kg), and a mean height of 1.60 £ 0.11 m (ranging
from 1.40 to 1.77 m).

3.2. Variables Related to the Scales

In the assessment of elbow spasticity using the MAS, two individuals received a score
of 1, three received a score of 2, and two received a score of 0. The median score was
2.0 & 0.54. One participant was classified with mild motor dysfunction, four individuals
had moderate to mild motor dysfunction, and two participants had severe dysfunction
according to the classification of the FM scale, and the median of the scale was 35+ 14.02.
Regarding the use of the upper limb on the MAL, the data showed that the median of the
MAL amount-of-limb-use and MAL quality-of-use scores were 2.0 £ 0.91 and 1.0+ 0.60,
respectively. The information is summarized in Table 3.

3.3. Variables Related to the Inertial Sensor and Pendulum Test

The results of assessing extension and flexion movements by the pendulum test
according to segmentation techniques are reported in Table 4.
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Table 3. Results: the median and standard deviation of the clinical scales applied to individuals
(n = 7) with stroke.

Scales Subjects
# # 43 #4 #5 #6 47 Median  SD
MAS ] 2 ] 2 2 1 1 2.0 0.54
M 14 34 18 35 56 39 38 35 14.02
Motor Activity 0.0 15 0.5 2.0 2.0 25 2.0 2 091
Log—amount of limb use
Motor Activity 0.0 1.0 0.0 05 15 13 1.0 1.0 0.60

Log—quality of use

Table 4. Summary of the results concerning the onset angle, the amplitude of extension (E1 amp) and
amplitude of flexion (F1 amp), the relaxation index (RI), and the extension relaxation index (ERI)
during the pendulum test.

Variable Subjects
# #2 #3 #4 #5 #6 #7 Median SD
Onset angle (°) 89 86.2 74.4 79 81.8 80.4 75.7 80.40 528
El amp 172.6 101 1152 150.5 108.8 117.3 112.2 115.20 26.05
F1 amp 0.2 50.8 332 6.5 46.9 427 28.1 33.20 19.72
Plat Amp 66.3 62.6 50.9 68.8 542 70.8 53 62.60 8.16
RI 0.003 0.812 0.652 0.094 0.865 0.60 0.53 0.60 0.33
ERI 2.60 1.61 2.26 2.18 2.00 1.65 2.11 2.12 0.34
Nat‘gzg;;ggu)emy 6.15 6.75 145 14.27 9.6 13.65 11.62 9.66 459
K (Nm/rad) 0.355 0.448 0.013 1.78 0.61 1.10 0.79 0.67 0.58
B (Nm.s.rad) 0.029 0.025 0.003 0.047 0.024 0.025 0.030 0.03 0.013

Legend: RI—relaxation index; ERI—extension relaxation index; K—stiffness coefficient; B—damping coefficient.

3.4. Graphs Related to Participants’ Tests during the Pendulum Test

To analyze and validate our statistics, we used individual graphs of each participant.
Figures 2 and 3 depict the elbow angles, and the blue dots represent peak flexion and
extension. Each interval lasted between 4 and 8 s, including a 3 s stationary calibration
period in the initial pose. The subjects performed the movements at a normal speed, as
used in daily life, keeping the rest of the body still and trying not to compensate with other
structures, such as the shoulder.

3.5. Correlations

The Fugl Meyer scale showed significant correlations with the MAL amount-of-use
score (r = 0.89, p = 0.01) and the MAL quality-of-use score (r = 0.93, p = 0.008). The MAL
amount-of-use score correlates with the MAL quality-of-use score (r = 0.93, p = 0.05) and
with the natural frequency (r = 0.85, p = 0.024). The variable E1 amp correlates with F1
AMP (r = —0.86, P = 0.024) and RI (r = —0.86, p = 0.024), while F1 amp correlates with ERI
(r=—0.86, p = 0.024). There was also a correlation between the natural frequency and K
(r=10.96, p = 0.003). There were no other correlations that could be considered significant,
as shown in Figure 4.
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Figure 2. Representation of the pendulum tests using the inertial sensor: Flexion and extension peaks
represented by the blue dots, according to the trajectory of angles (°) and time (s) for participants #1,
#2, and #3.
4 #5
100 100
80 80
) <
% 60 o 607
& &b
é 40 - é 40
207 20
0 T T T 1 0 T T T 1
0 2 4 6 8 0 1 2 3 4
Time (s) Time (s)

Figure 3. Cont.



Sensors 2023, 23, 3487 90f 13

#6 #7
100 807
80— 60
< 60 <
%’D 5 40
2 07 <
20
20
0 T T T 1 0 T T T 1
0 2 4 6 8 0 2 4 6 8
Time (s) Time (s)
Figure 3. Representation of the pendulum tests using the inertial sensor: Flexion and extension peaks
represented by the blue dots, according to the trajectory of angles (°) and time (s) for participants #4,
#5, #6, and #7.
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B [0.26/ 0 ]0.18/0.25|0.04(0.43}-0.64{0.32|-0.64]0.29 00
-10 -05 0 0.5 1.0

Figure 4. Correlation data of the clinical scales and the variables evaluated in the pendulum test with
the inertial sensor according to Spearman’s correlation. The results are represented by color value
gradients (the darker the color, the greater the correlation).

4. Discussion

The current study aimed to determine whether passive elbow movement in the pen-
dulum test combined with data from an inertial sensor correlates with elements of a series
of objective measures. This approach was motivated by the fact that the inertial sensor is
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a small, light, and practical device, which does not cause discomfort to the subjects. The
sensor provides qualitative and quantitative information related to muscle tone [28-31],
such as the regularity of movement balance, observation of the sinusoidal curve with
irregularities, and more frequent alterations in individuals with spasticity.

The feasibility of using sensor technology with the pendulum test to assess spasticity
in individuals is significant. Bohannon et al. demonstrated the validity of the pendulum
test with correlations > 0.57 in their measurements and concluded that the pendulum test
effectively detects the presence of spasticity [19]. Additionally, White et al. demonstrated
the high reliability of the test-retest variables, suggesting that the pendulum test provides
an objective and reliable method for assessing spasticity [20]. The study by Gohary et al.
evaluated kinematic models designed to control robotic arms with state-space models for
continuously estimating human shoulder and elbow angles using two wearable inertial
measurement units. The mean correlation coefficient in this study for all movement tasks
across all subjects was r > 0.95. It is thus suggested that the pendulum test presents
reliability, repeatability, and validity [21].

The properties of the elbow joint are complex, and, to date, assessment methods have
demonstrated significant limitations. For example, most scales are based on the rater’s
interpretation of items and predetermined ordinal values; therefore, the reliability and
objectivity of these scales are questionable. Considering that spasticity is generally easy to
recognize, yet not so easy to quantify, the perception of the improvement or worsening of
muscle tone may not be conceived or may contain errors [32].

In addition to neural aspects, changes in tissue properties lead to changes in movement
dynamics; physiologically, skeletal muscle is subjected to a wide variety of tensions, often
functioning with varying degrees of relaxation and stress. These changes in movement
dynamics are caused by more than neural aspects, such as changes in tissue properties;
physiologically, skeletal muscle is subjected to a wide variety of stresses and strain rates.
Thus, muscle fibers have a complex viscosity, which is dependent on the tension and rate
of tension [33]. These tissue phenomena usually result from reversible changes in the
microstructure. In individuals with stroke, rigidity makes it difficult to initiate movement
after a period of immobility due to the reduction in the number of actin-myosin cross-
bridges [34]. When the muscle subsequently becomes immobile, the attachments reform,
and the muscle becomes rigid again, which generates motor behaviors that are difficult to
predict and that inhibit voluntary movement [35].

We interpreted muscle tone measurements and their correlations with clinical mea-
surement scales. The correlations between pendulum variables, the FM scale, and the MAS
scale were not significant. A possible explanation may be demonstrated in the recent study
by Daily et al. [36], who observed that during the application of the FM scale in patients
with stroke, despite the presentation of satisfactory muscle strength, additional hours of
motor practice are necessary for individuals to obtain control of joint movement in isolation,
and this is performed with synergy and without abnormal co-contractions. Thus, difficulty
in muscle coordination was observed in our experiment while performing the test, which
may not be due to a lack of strength but due to a lack of coordination.

Another trend was shown in the study by Pudink et al., who demonstrate that vari-
ations in arm joint angles are altered by stiffness and damping. The relationship that
occurs is that the inequalities between agonists, which have high muscle tone, may lead to
insufficient activation, and the stiffness tends to increase in the shoulder-hand direction
and decrease in the orthogonal direction as the elbow is extended [37]. When applying the
FM scale, different classifications were observed regarding severity. Our results showed
heterogeneity even with individuals in the chronic phase, which may be attributed to
factors such as access to neurorehabilitation programs, the severity of the stroke, and the
possibility of finding several pathways for motor recovery [38]. The MAS only offers quali-
tative information, which requires reproducibility. The lack of correlation in all variables
seems to resemble the study by Huang et al. on differences in the degree of hypertonia,
bearing in mind that, in our sample, two individuals obtained a score of 0 on the MAS,
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indicating no increase in muscle tone, while the other five participants showed an increase
in tone [39]. Although the FM scale is not related to viscoelastic properties, the correlation
was significant with the MAS (r = 0.89, p = 0.012). Thus, the values found in our study cor-
roborate the literature, as well as correlate with the FM scale, in that using the less-affected
limb tends to predict low functionality performance [22,36].

This is the first study to correlate the amount of use of the affected upper limb, assessed
by the MAL scale, with the viscoelasticity scales; however, only the natural frequency seems
to be significant (r = 0.85, p = 0.024). Our natural frequency results corroborate previous
studies [40] in which joint stiffness increased as the movement frequency increased, and it
seems that, for this reason, there was also a correlation between the natural frequency and
K (r=0.96, p = 0.003).

The E1 amp and F1 amp parameters had lower correlations with the index that
represents stiffness (K), and the value of F1 amp presented a lower correlation with the
extension relaxation index (ERI). One possible inference from this result is that the capacity
to resist the movement of joint tissues during movement depends on the frictional force,
that is, on the viscosity of these tissues, stiffness increases in the distal region, and, perhaps,
the muscles have the greatest participation in the resistance produced.

Figures 2 and 3 present graphs of the range of motion in the pendulum test, demon-
strating oscillations in the flexion and extension of the elbow. It is important to note that
muscle activity was not evaluated, which would be fundamental to better mapping differ-
ences in activation patterns between agonists and antagonists. In addition, future studies
may complement the behavior of muscle strength during the test [41]. It was observed that
the affected upper limbs have difficulty starting the test in the appropriate range (~90°), and
that the decline performed cannot reach the end of the range of motion. According to the
study carried out by Lin et al. [24], constant stiffness values that were estimated in healthy
subjects in previous studies indicate that the 2.62 Nm/rad for men and 2.26 Nm/rad for
women in our study are below the published data in all cases, and for damping, our values
of 0.40 Nm/rad for men and 0.603 Nm/rad for women are lower than the values presented
in other studies [27]. Finally, near the end of the test, the trajectories did not reach the steady
state. One possible explanation for this phenomenon is that reflex or voluntary muscle
contractions are possible sources of inaccuracy, just as stiffness has passive components
related to tissues and is modulated through neural control, considering that factors such
as biomechanical distortions cause a quantifiable increase in stiffness, just as there is the
consideration that tonus is a factor of spasticity where elements such as contractures, joint
amplitude, and muscle spasms can manifest [40].

Ultimately, our work introduces a new quantitative assessment of upper limb function,
based on the pendulum test during neurorehabilitation, for individuals following a stroke.
As we collected movement data from only seven subjects and at only two time points,
the generalizable evaluation criterion cannot be established. However, this model can
serve as a method to predict alternative scales that are not an accurate reflection of the
conditions of the viscoelastic properties of the individuals. This will allow us to carry out
more experiments in the future.

5. Conclusions

This work not only successfully demonstrated how sensor technology with clinical
variables, allied to the simple pendulum test, can be used to generate a clinically meaningful
index in the future but also proposed a method that offers rehabilitation patients the
opportunity to monitor stiffness. We used inertial data to assess the severity of elbow
tone using the pendulum test. The parameters chosen in this work demonstrate stiffness
and correlate with the FM, Motor Activity Log, and MAS scales. The data obtained were
segmented using temporal and spatial processing methods. Due to the lack of standard
measures that can be compared between individuals, the pendulum test and processing
presented could be used as a way to compare affected and unaffected limbs.



Sensors 2023, 23, 3487 12 of 13

Author Contributions: Conceptualization, C.C.d.S.C.P; Methodology, C.C.d.S.C.P; Software; C.C.d.S.C.P;
Investigation, M.S.N.d.L. and C.C.d.S.C.P; Resources, M.S.N.d.L.; Writing—original draft, M.S.N.d.L.;
Writing—review & editing, M.S.N.d.L. and T.G.R.; Visualization, M.SN.d.L., T.G.R. and E.F.-M,;
Supervision, E.F.-M. All authors have read and agreed to the published version of the manuscript.

Funding: The authors are grateful for the financial support provided by the Coordenagao de Aper-
feicoamento de Pessoal de Nivel Superior—Brasil (CAPES), No.76, de 14/04/2010, Decanato de
Pesquisa e Inovagao e de Pés-Graduacao (grant nos. DPI/DPG No. 23106.011913/2023-73) and
Fundagao de Apoio a Pesquisa do Distrito Federal No. 03/2016.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by The Human Research Ethics Committee part of a prospective
longitudinal study at the University of Brasilia, Brazil. Motor data were collected as part of a prospec-
tive longitudinal study of movement patterns in post-stroke subjects (57203716.0.3001.55.53), date
08/06/2016.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Laura Rodrigues for the illustration. Derrick Jason Mulder
and Robin Hambly for reviewing the English.

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

References

1. Jones, T.A.; Allred, R.P,; Jefferson, S.C.; Kerr, A.L.; Woodie, D.A.; Cheng, S.-Y.; Adkins, D.L. Motor System Plasticity in Stroke
Models: Intrinsically Use-Dependent, Unreliably Useful. Stroke 2013, 44, S104-5S106. [CrossRef] [PubMed]

2. Nakayma, H.; Jorgensen, H.S.; Raaschou, H.O.; Olsen, T.S. Compensation in Recovery of Upper Extremity Function after Stroke:
The Copenhagen Stroke Study. Arch. Phys. Med. Rehabil. 1994, 75, 852-857. [CrossRef] [PubMed]

3. Cramer, S.C.; Wolf, S.L.; Adams, H.P; Chen, D.; Dromerick, A.W.; Dunning, K.; Ellerbe, C.; Grande, A.; Janis, S.; Lansberg, M.G;
et al. Stroke Recovery and Rehabilitation Research. Stroke 2017, 48, 813-819. [CrossRef]

4. Rabelo, M.; Nunes, G.S.; da Costa Amante, N.M.; de Noronha, M.; Fachin-Martins, E. Reliability of Muscle Strength Assessment
in Chronic Post-Stroke Hemiparesis: A Systematic Review and Meta-Analysis. Top. Stroke Rehabil. 2016, 23, 26-35. [CrossRef]

5. Wieters, F.; Weiss Lucas, C.; Gruhn, M.,; Biischges, A.; Fink, G.R.; Aswendt, M. Introduction to Spasticity and Related Mouse
Models. Exp. Neurol. 2021, 335, 113491. [CrossRef] [PubMed]

6. Trompetto, C.; Marinelli, L.; Mori, L.; Pelosin, E.; Curra, A.; Molfetta, L.; Abbruzzese, G. Pathophysiology of Spasticity:
Implications for Neurorehabilitation. BioMed Res. Int. 2014, 2014, 354906. [CrossRef] [PubMed]

7. Li, S.; Francisco, G.E. New Insights into the Pathophysiology of Post-Stroke Spasticity. Front. Hum. Neurosci. 2015, 9, 192.
[CrossRef]

8.  Giurbiiz, M.; Bilgin, S.; Albayrak, Y.; Kizilay, F.; Uysal, H. Biceps Femoris Late Latency Responses and the “Notching Sign” in
Spasticity. . Neuroeng. Rehabil. 2015, 12, 93. [CrossRef]

9. Corbetta, D.; Sirtori, V.; Castellini, G.; Moja, L.; Gatti, R. Constraint-Induced Movement Therapy for Upper Extremities in People
with Stroke. Cochrane Database Syst. Rev. 2015, 2015, CD004433. [CrossRef]

10. Burton, E.; Farrier, K.; Lewin, G.; Pettigrew, S.; Hill, A.-M.; Airey, P.; Bainbridge, L.; Hill, K.D. Motivators and Barriers for Older
People Participating in Resistance Training: A Systematic Review. . Aging Phys. Act. 2017, 25, 311-324. [CrossRef]

11.  Fleuren, ].EM.; Voerman, G.E.; Erren-Wolters, C.V.; Snoek, G.J.; Rietman, ].S.; Hermens, H.J.; Nene, A.V. Stop Using the Ashworth
Scale for the Assessment of Spasticity. J. Neurol. Neurosurg. Psychiatry 2010, 81, 46-52. [CrossRef] [PubMed]

12.  Abdollahi, M.; Kuber, PM.; Shiraishi, M.; Soangra, R.; Rashedi, E. Kinematic Analysis of 360° Turning in Stroke Survivors Using
Wearable Motion Sensors. Sensors 2022, 22, 385. [CrossRef] [PubMed]

13. Stewart, J.C.; Cramer, S.C. Genetic Variation and Neuroplasticity: Role in Rehabilitation After Stroke. J. Neurol. Phys. Ther. 2017,
41, 517-523. [CrossRef] [PubMed]

14. Foroud, A.; Whishaw, 1.Q. Reaching-to-Eat in Humans Post-Stroke: Fluctuating Components within a Constant Pattern. Behav.
Neurosci. 2010, 124, 851-867. [CrossRef] [PubMed]

15.  Franklin, D.W.; Milner, T.E. Adaptive Control of Stiffness to Stabilize Hand Position with Large Loads. Exp. Brain Res. 2003, 152,
211-220. [CrossRef] [PubMed]

16. Ansari, N.N.; Naghdi, S.; Moammeri, H.; Jalaie, S. Ashworth Scales Are Unreliable for the Assessment of Muscle Spasticity.
Physiother. Theory Pract. 2006, 22, 119-125. [CrossRef] [PubMed]

17.  Ferreira, D.M.; Liang, H.; Wu, J. Knee Joint Kinematics of the Pendulum Test in Children with and without Down Syndrome. Gait
Posture 2020, 76, 311-317. [CrossRef] [PubMed]

18.  Gracitelli, M.E.C.; Guglielmetti, C.L.B.; Botelho, C.A.S.; Malavolta, E.A.; Assungao, ].H.; Ferreira Neto, A.A. Surgical Treatment of

Post-Traumatic Elbow Stiffness by Wide Posterior Approach. Rev. Bras. Ortop. 2020, 55, 570-578. [CrossRef]


http://doi.org/10.1161/STROKEAHA.111.000037
http://www.ncbi.nlm.nih.gov/pubmed/23709698
http://doi.org/10.1016/0003-9993(94)90108-2
http://www.ncbi.nlm.nih.gov/pubmed/8053790
http://doi.org/10.1161/STROKEAHA.116.015501
http://doi.org/10.1179/1945511915Y.0000000008
http://doi.org/10.1016/j.expneurol.2020.113491
http://www.ncbi.nlm.nih.gov/pubmed/33007294
http://doi.org/10.1155/2014/354906
http://www.ncbi.nlm.nih.gov/pubmed/25530960
http://doi.org/10.3389/fnhum.2015.00192
http://doi.org/10.1186/s12984-015-0084-7
http://doi.org/10.1002/14651858.CD004433.pub3
http://doi.org/10.1123/japa.2015-0289
http://doi.org/10.1136/jnnp.2009.177071
http://www.ncbi.nlm.nih.gov/pubmed/19770162
http://doi.org/10.3390/s22010385
http://www.ncbi.nlm.nih.gov/pubmed/35009931
http://doi.org/10.1097/NPT.0000000000000180
http://www.ncbi.nlm.nih.gov/pubmed/28628592
http://doi.org/10.1037/a0021112
http://www.ncbi.nlm.nih.gov/pubmed/21133536
http://doi.org/10.1007/s00221-003-1540-3
http://www.ncbi.nlm.nih.gov/pubmed/12845511
http://doi.org/10.1080/09593980600724188
http://www.ncbi.nlm.nih.gov/pubmed/16848350
http://doi.org/10.1016/j.gaitpost.2019.12.025
http://www.ncbi.nlm.nih.gov/pubmed/31887704
http://doi.org/10.1055/s-0039-1700827

Sensors 2023, 23, 3487 13 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Hu, X.; Suresh, N.L.; Chardon, M.K.; Rymer, W.Z. Contributions of Motoneuron Hyperexcitability to Clinical Spasticity in
Hemispheric Stroke Survivors. Clin. Neurophysiol. 2015, 126, 1599-1606. [CrossRef]

Woytowicz, E.J.; Rietschel, ].C.; Goodman, R.N.; Conroy, S.S.; Sorkin, J.D.; Whitall, J.; McCombe Waller, S. Determining Levels of
Upper Extremity Movement Impairment by Applying a Cluster Analysis to the Fugl-Meyer Assessment of the Upper Extremity
in Chronic Stroke. Arch. Phys. Med. Rehabil. 2017, 98, 456-462. [CrossRef]

Saliba, V.A.; de Castro Magalhaes, L.; de Morais Faria, C.D.C.; Laurentino, G.E.C.; Cassiano, J.G.; Teixeira-Salmela, L.F. Adaptacao
Transcultural e Analise Das Propriedades Psicométricas Da Versao Brasileira Do Instrumento Motor Activity Log. Rev. Panam.
Salud Piiblica 2011, 30, 262-271. [CrossRef] [PubMed]

Chen, P; Liu, T.-W.; Tse, M.M.Y,; Lai, C.K.Y;; Tsoh, J.; Ng, S.5.M. The Predictive Role of Hand Section of Fugl-Meyer Assessment
and Motor Activity Log in Action Research Arm Test in People With Stroke. Front. Neurol. 2022, 13, 926130. [CrossRef] [PubMed]
Kim, K.S.; Seo, ].H.; Song, C.G. Portable Measurement System for the Objective Evaluation of the Spasticity of Hemiplegic Patients
Based on the Tonic Stretch Reflex Threshold. Med. Eng. Phys. 2011, 33, 62-69. [CrossRef] [PubMed]

Huang, H.-W.; Ju, M.-S.; Wang, W.-C; Lin, C.-C.K. Muscle Tone of Upper Limbs Evaluated by Quantitative Pendulum Test in
Patients with Acute Cerebellar Stroke. Acta Neurol. Taiwan 2009, 18, 250-254. [CrossRef] [PubMed]

Valle, M.S.; Casabona, A.; Sgarlata, R.; Garozzo, R.; Vinci, M.; Cioni, M. The Pendulum Test as a Tool to Evaluate Passive Knee
Stiffness and Viscosity of Patients with Rheumatoid Arthritis. BMIC Musculoskelet. Disord. 2006, 7, 89. [CrossRef]

Fee, ].W.; Miller, FE. The Leg Drop Pendulum Test Performed under General Anesthesia in Spastic Cerebral Palsy. Dev. Med. Child
Neurol. 2007, 46, 273-281. [CrossRef]

Lin, C.CK;; Ju, M.S,; Huang, HW. Gender and Age Effects on Elbow Joint Stiffness in Healthy Subjects. Arch. Phys. Med. Rehabil.
2005, 86, 82-85. [CrossRef]

Sokal, B.; Uswatte, G.; Barman, ]J.; Brewer, M.; Byrom, E.; Latten, J.; Joseph, J.; Serafim, C.; Ghaffari, T.; Sarkar, N. Network of
Movement and Proximity Sensors for Monitoring Upper-Extremity Motor Activity after Stroke: Proof of Principle. Arch. Phys.
Med. Rehabil. 2014, 95, 499-505. [CrossRef]

Sterpi, I.; Caroli, A.; Meazza, E.; Maggioni, G.; Pistarini, C.; Colombo, R. Lower Limb Spasticity Assessment Using an Inertial
Sensor: A Reliability Study. Physiol. Meas. 2013, 34, 1423-1434. [CrossRef]

Lemmens, R.J.M.; Janssen-Potten, Y.J.M.; Timmermans, A.A.A.; Smeets, R.J.E.M.; Seelen, H.A.M. Recognizing Complex Upper
Extremity Activities Using Body Worn Sensors. PLoS ONE 2015, 10, e0118642. [CrossRef]

Rahimi, E; Eyvazpour, R.; Salahshour, N.; Azghani, M.R. Objective Assessment of Spasticity by Pendulum Test: A Systematic
Review on Methods of Implementation and Outcome Measures. Biomed. Eng. Online 2020, 19, 82. [CrossRef] [PubMed]
Bhimani, R.; Anderson, L. Clinical Understanding of Spasticity: Implications for Practice. Rehabil. Res. Pract. 2014, 2014, 279175.
[CrossRef] [PubMed]

Altman, D.; Minozzo, F.C.; Rassier, D.E. Thixotropy and Rheopexy of Muscle Fibers Probed Using Sinusoidal Oscillations. PLoS
ONE 2015, 10, e0121726. [CrossRef] [PubMed]

Campbell, K.S. Muscle Biophysics; Rassier, D.E., Ed.; Advances in Experimental Medicine and Biology; Springer: New York, NY,
USA, 2010; Volume 682, ISBN 978-1-4419-6365-9.

Lakie, M.; Vernooij, C.A.; Osborne, T.M.; Reynolds, R.F. The Resonant Component of Human Physiological Hand Tremor Is
Altered by Slow Voluntary Movements. J. Physiol. 2012, 590, 2471-2483. [CrossRef] [PubMed]

Daly, J.J.; McCabe, J.P.; Holcomb, J.; Monkiewicz, M.; Gansen, J.; Pundik, S. Long-Dose Intensive Therapy Is Necessary for Strong,
Clinically Significant, Upper Limb Functional Gains and Retained Gains in Severe/Moderate Chronic Stroke. Neurorehabil. Neural
Repair 2019, 33, 523-537. [CrossRef]

Pundik, S.; McCabe, J.; Skelly, M.; Tatsuoka, C.; Daly, J.J. Association of Spasticity and Motor Dysfunction in Chronic Stroke. Ann.
Phys. Rehabil. Med. 2019, 62, 397-402. [CrossRef] [PubMed]

Mirbagheri, M.M.; Rymer, W.Z. Time-Course of Changes in Arm Impairment after Stroke: Variables Predicting Motor Recovery
over 12 Months. Arch. Phys. Med. Rehabil. 2008, 89, 1507-1513. [CrossRef] [PubMed]

Huang, H-W,; Ju, M.-S,; Lin, C.-C K. Flexor and Extensor Muscle Tone Evaluated Using the Quantitative Pendulum Test in Stroke
and Parkinsonian Patients. . Clin. Neurosci. 2016, 27, 48-52. [CrossRef]

Abe, M.O.; Yamada, N. Modulation of Elbow Joint Stiffness in a Vertical Plane during Cyclic Movement at Lower or Higher
Frequencies than Natural Frequency. Exp. Brain Res. 2003, 153, 394-399. [CrossRef]

Hou, J.; Sun, Y.; Sun, L,; Pan, B.; Huang, Z.; Wu, J.; Zhang, Z. A Pilot Study of Individual Muscle Force Prediction during Elbow
Flexion and Extension in the Neurorehabilitation Field. Sensors 2016, 16, 2018. [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.


http://doi.org/10.1016/j.clinph.2014.11.005
http://doi.org/10.1016/j.apmr.2016.06.023
http://doi.org/10.1590/S1020-49892011000900011
http://www.ncbi.nlm.nih.gov/pubmed/22069074
http://doi.org/10.3389/fneur.2022.926130
http://www.ncbi.nlm.nih.gov/pubmed/35873769
http://doi.org/10.1016/j.medengphy.2010.09.002
http://www.ncbi.nlm.nih.gov/pubmed/20932794
http://doi.org/10.29819/ANT.200912.0004
http://www.ncbi.nlm.nih.gov/pubmed/20329592
http://doi.org/10.1186/1471-2474-7-89
http://doi.org/10.1111/j.1469-8749.2004.tb00482.x
http://doi.org/10.1016/j.apmr.2003.12.027
http://doi.org/10.1016/j.apmr.2013.09.013
http://doi.org/10.1088/0967-3334/34/11/1423
http://doi.org/10.1371/journal.pone.0118642
http://doi.org/10.1186/s12938-020-00826-8
http://www.ncbi.nlm.nih.gov/pubmed/33168030
http://doi.org/10.1155/2014/279175
http://www.ncbi.nlm.nih.gov/pubmed/25276432
http://doi.org/10.1371/journal.pone.0121726
http://www.ncbi.nlm.nih.gov/pubmed/25880774
http://doi.org/10.1113/jphysiol.2011.226449
http://www.ncbi.nlm.nih.gov/pubmed/22431335
http://doi.org/10.1177/1545968319846120
http://doi.org/10.1016/j.rehab.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30099149
http://doi.org/10.1016/j.apmr.2008.02.017
http://www.ncbi.nlm.nih.gov/pubmed/18586221
http://doi.org/10.1016/j.jocn.2015.07.031
http://doi.org/10.1007/s00221-003-1583-5
http://doi.org/10.3390/s16122018

	Introduction 
	Materials and Methods 
	Participants 
	Clinical Assessments 
	Experimental Setup 
	Data Collection 
	Feature Extraction 
	Statistical Analysis 

	Results 
	Characteristics 
	Variables Related to the Scales 
	Variables Related to the Inertial Sensor and Pendulum Test 
	Graphs Related to Participants’ Tests during the Pendulum Test 
	Correlations 

	Discussion 
	Conclusions 
	References

