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Abstract: Increased oxygenated hemoglobin concentration of the prefrontal cortex (PFC) has been
observed during linear walking, particularly when there is a high attention demand on the task, like
in dual-task (DT) paradigms. Despite the knowledge that cognitive and motor demands depend
on the complexity of the motor task, most studies have only focused on usual walking, while little
is known for more challenging tasks, such as curved paths. To explore the relationship between
cortical activation and gait biomechanics, 20 healthy young adults were asked to perform linear and
curvilinear walking trajectories in single-task and DT conditions. PFC activation was assessed using
functional near-infrared spectroscopy, while gait quality with four inertial measurement units. The
Figure-of-8-Walk-Test was adopted as the curvilinear trajectory, with the “Serial 7s” test as concurrent
cognitive task. Results show that walking along curvilinear trajectories in DT led to increased PFC
activation and decreased motor performance. Under DT walking, the neural correlates of executive
function and gait control tend to be modified in response to the cognitive resources imposed by the
motor task. Being more representative of real-life situations, this approach to curved walking has the
potential to reveal crucial information and to improve people” s balance, safety, and life’s quality.

Keywords: biomechanics; cortical activity; functional near-infrared spectroscopy; locomotion; curved
walking; gait performance; inertial sensors; acceleration; gait quality; wearable technology

1. Introduction

Functional near-infrared spectroscopy (fNIRS), a non-invasive vascular-based neu-
roimaging technique [1,2], has revolutionized the field of gait and posture [3,4]. This
measurement technique aims to assess cerebral blood flow that should be kept at an ade-
quate level to support brain activity and metabolic demand, and that is maintained through
the processes of neurovascular coupling. When a specific brain region is activated, cerebral
blood flow increases in a temporally and spatially coordinated manner tightly linked
to changes in neural activity through a complex sequence of events involving neurons,
arteries/arterioles, and signaling molecules. The fNIRS relies on this coupling to infer
changes in neural activity that are mirrored by the changes in the blood oxygenation in
the region of the activated cortical area. The fNIRS enables real-time detection of changes
in oxyhemoglobin (AO,Hb) and deoxyhemoglobin (AHHb) within cortical areas, while
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having low susceptibility to motion artifacts. Compared to the traditional brain imaging
technique (i.e., functional magnetic resonance imaging, fMRI), in which the evaluation
of dynamic tasks is limited due to the fixed lying position, wearable f{NIRS allows the
assessment of cortical function and a better understanding of motor-cognitive interactions
during real-life locomotion [1].

The ability to walk is critical for functional independence: an efficient motor control
relies on neuronal networks enclosing cortical brain structures [1,3], and continuous adjust-
ments of sensory and cognitive systems are necessary in order to perform safe locomotion,
adaptable to individual abilities and environmental burdens [4]. The prefrontal cortex
(PFC) is considered part of the executive locomotor pathway: PFC and related circuits are,
in fact, known to be involved in the cognitive control of walking, running, and balance in
healthy individuals [5-7], older adults [8], and people with neurological diseases [9,10].
The execution of a concurrent cognitive task while performing a motor task, the so-called
dual-task (DT) paradigm, further increases the cognitive demand and potentially results
in a decrease in one or both tasks’ performance compared to when tasks are performed
separately, as in single-task (ST) [11-14].

Nonetheless, cognitive and motor demands depend on the complexity of the motor
task [15]: compared to linear walking, which is considered an automatic task [16], curvi-
linear walking represents a challenge for the motor control system [17] and it is used to
replicate more of the complexity of walking in daily life than straight-path walking [18].
The Figure-of-8 Walk test (FSWT) has been commonly adopted to measure walking abilities
necessary for independence [18,19]: FSWT requires walking along both straight and curved
sections and involves steering the body in clockwise and counterclockwise directions. Fine
coordination of body segments” movements and body reorientation toward the new travel
direction are, therefore, necessary [17]. In addition, reduced dynamic balance and body
symmetry, as well as greater demands on balance control have been observed during
the FSWT compared with straight-path walking, particularly in the mediolateral direc-
tion [16,18]. The complexity of the FSWT has also been used to investigate the role of the
PFC [15]. Lower-limb amputees and healthy controls performed the FSWT in three different
conditions: a usual walking, carrying a load, and walking on uneven terrain, reporting
higher cortical activation during the most difficult walking modality [15]. However, almost
no information has been provided by the authors about people’s walking patterns, which
can provide a description of individuals’ gait quality: what happens when a concurrent
cognitive task is carried out during a challenging motor task such as the FSWT? Is there a
decrement in terms of temporal parameters and dynamic balance indices in the walking
performance?

In order to answer to these questions and further investigate the role of the PFC in the
locomotor pathway, the aim of this study was to measure PFC activation while performing
linear and curvilinear walking trajectories, in ST and DT conditions. A correlation analysis
was also performed to better understand the relationship between cortical activity and
gait quality parameters. The hypothesis was that curvilinear paths would have increased
PFC oxygenation more than linear trajectories, accompanied by a decrease in the walking
performance, and this increased activation would be more evident in the DT condition.

2. Materials and Methods

The study was approved by the Institutional Review Board of University of Rome
“Foro Italico” (approval number: CAR 57/2020). All participants provided their written,
informed consent for participating in the study.

2.1. Participants

Twenty healthy, young adults were enrolled in the study. Demographic and anthropo-
metric participant’s characteristics are reported in Table 1. This sample size complied with
the minimum number of participants recommended by a power analysis purposely per-
formed for non-parametric comparisons (effect size d = 0.7, power 1- = 0.82, « = 0.05) [20].
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To be eligible, subjects were required to (1) have an age between 18 and 44 years, limits
included; (2) not have suffered from an injury or anything that could influence gait, in the
3 months prior the testing session; (3) not have had any symptoms and/or not have been
tested positive for SARS-CoV-2 infection in the last 3 months; and (4) not have any motor
and/or visual deficits (that cannot be corrected with lenses) that might influence the motor
performance.

Table 1. Demographic and anthropometric participant’s characteristics. Mean and standard devia-
tions (in brackets) values are reported. Gender and hand-dominant side are expressed in percentage.

Participant’s Characteristics

Sex [female-male %] 50-50
Age [years] 284 (5.1)
Body Mass [kg] 73.5(12.1)
Height [cm] 174.9 (9.1)
Physical Activity [days/week] 29 (24)
Hand Dominant Side [right %] 87

2.2. Protocol

Each participant was asked to perform a total of six trials, three in the ST condition
(only motor task) and three in the DT condition (motor task + cognitive task) at their
preferred walking speed, while wearing comfortable shoes. Each trial lasted for 30 s.
Two motor tasks were administered to participants: a linear walking, which consisted
in walking back and forth along a 14-m flat path walkway, and a curvilinear walking,
represented by the FSWT, which consisted in walking along a 8-shape figure marked
on the floor with tape (circle diameter: 1.66 m), as previously proposed by [18], in both
clockwise and counterclockwise directions. The “Serial 7s” cognitive task (S7) consisted
in serially subtracting 7 from a three-digit given number (i.e., 170, 163, 158, 151 ... ) [5].
Counting backward performance was assessed by rate (enumerated numbers during the
30 s) and accuracy (percentage of correct answers). For each counting trial, a different
number was given to participants at the starting point. In the case of a wrong answer,
the right number was provided to the participant and the error was marked for further
considerations. No motor or cognitive task priority instructions (i.e., give equal priority to
both tasks or sequential execution of tasks) were given.

Each condition started and ended with 20 s of quiet standing, with the instruction to
refrain from talking and/or moving the head. After these initial 20 s, the instruction “start”
was given and participants were asked to walk (or walk + count, based on the instructions)
for 30 s, until the “stop” signal. The quiet standing of 20 s before each task was collected as
the baseline reference for PFC AO,Hb and AHHD, as described by [21,22]. The order in
which the six walking conditions were performed was randomized.

2.3. The fNIRS Data Acquisition and Processing

PFC AO,Hb and AHHb were measured with the Brite24 fNIRS system (Artinis Medical
Systems B.V.,, Elst, the Netherlands). The system uses near-infrared light, transmitted
at two wavelengths: 760 and 850 nm. Data were sampled with a frequency of 10 Hz
and transmitted via Bluetooth to a laptop for further analyses. The probe consisted of
20 measurement points (source-detector distance about 3.5 cm) mounted on a soft neoprene
head cap, which covers the frontal cortex based on the 10-20 EEG map [23]. Based on
different absorption spectra, concentration changes of PFC O,Hb and HHb were calculated
from the changes in detected light intensity using the modified Lambert—Beer law, assuming
constant scattering [24]. Oxysoft software (version 3.2.70) was used to obtain the signal
and calculate the differential pathlength factor according to the participants” age. Pre-
processing of the fNIRS signal was completed with custom-written code (MATLAB® 2015b,
The MathWorks, Inc., Natick, MA, USA). A lowpass filter of 0.1 Hz was used to reduce
physiological noise, such as heart beat and drift of the signal. To remove motion artifacts,
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a wavelet filter was used [25,26] as well as a principal component analysis (PCA) filter with
the recommended value of 80% of explained variance to eliminate motion artifacts [26].
Finally, the filtered optical density signals were transformed into concentration changes
of O,Hb and HHb. After the pre-processing, HRF of each channel was averaged into two
regions of interest, left and right PFC. The first 5 s of the task were eliminated to take into
account the delay in the hemodynamic reaction to a stimulus, while the remaining 25 s were
normalized by subtracting the median value of the pre-stimulus baseline from the signal
in order to remove the intraindividual variance of the starting value. As also reported in
previous studies, AO,Hb seems to be a more reliable parameter for measuring mobility-
dependent changes in cortical oxygenation than AHHD [3,6,14]: Therefore, AO,Hb is here
reported as primary outcome for PFC activation.

2.4. IMUs Data Acquisition and Processing

A set of four automatically synchronized wearable inertial sensors (Opal, APDM,
Portland, OR, USA, 128 Hz) was used. Each unit embedded three-axial accelerometers
and gyroscopes (+6 g with g = 9.81 m/s?, +1500° /s of full-range scale, respectively) and
provided the quantities with respect to a unit-embedded frame. IMUs were placed at the
center of the sternum, at the pelvis (L4-L5 level), and at both shins’ level, slightly above lat-
eral malleoli. To guarantee a repeatable reference system for the IMUs located on the upper
body, each unit was aligned with the corresponding anatomical axes (antero-posterior: AP,
medio-lateral: ML, and cranio-caudal: CC) following the procedure proposed by [27]. All
data processing was performed using Matlab®. Only steady-state strides were analyzed,
excluding the first and the last two strides for each walking trial. Temporal parameters and,
more specifically, average stride duration (SD = time to complete the test/ total number of
strides) and average stride frequency (SF = total number of strides/time to complete the
test) were obtained through a peak detection algorithm applied to the ML angular velocity
signals measured by the two IMUs on the shanks. Average walking speed (WS) was ob-
tained using a stopwatch and considering a straight 10-m path (10 m/time to complete the
test) and an 8-shape path (8-shape/time to complete the test). The following gait quality
indices related to dynamic stability of gait were estimated from upper body IMUs:

e Normalized Root Mean Square (nRMS), a measure of acceleration dispersion and
computed as follows:

2111171 aj
N

where aj is the acceleration measured at pelvis and trunk level. To account for the influence
of the walking speed on this parameter, RMS values were normalized according to [28].

RMS =

e  Attenuation Coefficients (AC) between pelvis (P) and sternum (S) for each acceleration
component (j) [29], defined as:

RMS;j S

ACPSj = 1- pues

2.5. Statistical Analysis

Inferential statistical analysis was performed using the IBM SPSS Statistics software
(v23, IBM Corp., Armonk, NY, USA; alpha level of significance = 0.05). The normal distri-
bution of each parameter was verified using the Shapiro-Wilk test. Since the parameters
were mostly not normally distributed, a Friedman Test was performed. For the post hoc
analysis, the Wilcoxon Signed Rank test was used, and Holm-Bonferroni correction was
adopted, to prevent type I error inflation due to multiple comparisons. Spearman correla-
tion coefficient (Rho) was computed for assessing correlations between cortical and gait
quality parameters.



Sensors 2021, 21, 6159

50f 10

3. Results

Temporal and gait quality parameters in FSWT in both clockwise and counterclockwise
directions were averaged to improve readability since no statistically significant differences
were found either in ST or in DT (p > 0.05). Therefore, comparisons were made among
linear ST, linear DT, FSWT ST, and FSWT DT.

3.1. Rate and Accuracy of Counting Performance

Counting backward performance was assessed through rate (enumerated numbers
during the 30 s) and accuracy (percentage of correct answers). Results are reported in
Figure 1. No statistically significant differences were found during the S7 test (p > 0.05)
between the different tasks either for rate (p = 0.291) or accuracy (p = 0.121).

Rate and accuracy

10 83% 81%
E Linear DT

8 B FSWT DT
6_

Provided answers [number]

Figure 1. Whiskers’ plots: Enumerated numbers during the 30s of each task are reported; percentage
at the top describes the accuracy of the given answers. DT = dual task; FSWT = Figure-of-8 Walk test.

3.2. The fNIRS Results

Figure 2 reports AO,Hb values for right and left hemispheres. No statistically sig-
nificant differences were observed when comparing the two hemispheres (p > 0.05). In-
terestingly, FSWT DT presented statistically significant differences both right and left
hemispheres in the comparisons with the other three conditions: linear ST (p = 0.001 and
Z = —3.659; p =0.002 and Z = —3.173), linear DT (p = 0.001 and, Z = —3.248; p = 0.003 and
Z=-2917),and FSWT ST (p = 0.001 and Z = —3.211; p = 0.001 and Z = —3.654), respectively
for right and left hemispheres.

Right Hemisphere Left Hemisphere
al * ] * [ Linear ST
= 14 - 1  _ B Linear DT
%_ + ? [J F8WTST
2
2 14 -1
-2 I 1 1 1 -2 I I I 1

Figure 2. Median and interquartile AO;Hb values are reported. Horizontal lines and asterisks
indicate significant statistical differences. ST = single task; DT = dual task; FSWT = Figure-of-8 Walk
test * =p < 0.05.

3.3. IMUs’ Results
3.3.1. Temporal Parameters

Table 2 reports the temporal parameters’ results. Statistically significant differences
were found when considering the walking speed parameters in the comparisons between
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linear ST and FSWT ST (p = 0.003 and Z = —2.917) and linear ST and FSWT DT (p = 0.001
and Z = —3.211).

Table 2. Median and interquartile ranges of temporal parameters are reported. WS = walking speed;
SF = stride frequency; SD = stride duration; FSWT = Figure-of-8 Walk test; ST = single task; DT = dual
task; * = statistically significant difference between linear ST and FSWT DT; § = statistically significant
difference between linear ST and FSWT ST.

Linear ST Linear DT FSWT ST FSWT DT
WS 1.31 + 0.02 *§ 1.27 £0.31 119 +£ 028§ 1.17 £ 0.08 *
[m/s]
[strisdl:e/s] 0.73 = 0.09 0.71 4+ 0.09 0.70 = 0.13 0.70 £ 0.08
SD 1.32 +0.15 1.31 +0.11 1.31 +£0.11 1.36 = 0.14

[s]

3.3.2. Gait Quality indices

Normalized Root Mean Square and Attenuation Coefficients results are shown in
Figure 3. Statistically significant differences were found when considering the nRMS ML at
pelvis level for the comparison between linear ST and FSWT DT (p = 0.007 and Z = —2.688);
the nRMS trunk ML for the comparisons between linear ST and FSWT DT (p = 0.002 and
Z = —3.173), linear DT and FSWT DT (p = 0.001 and z = —3.211), and FSWT ST and FSWT
DT (p = 0.002 and Z = —3.061); the ACPS AP for the comparisons between linear ST and
linear DT (p = 0.009 and Z = —2.614), linear ST and FSWT ST (p = 0.007 and Z = —2.688),
linear ST and FSWT DT (p = 0.012 and Z = —2.502), and linear DT and FSWT ST (p = 0.004
and Z = —2. 563); the ACPS ML for the comparisons between linear ST and FSWT ST
(p=0.003 and Z = —2.917) and linear DT and FSWT ST (p = 0.010 and Z = —2.567).

a) nRMS AP Pelvis b) nRMS ML Pelvis c¢) nRMS AP Trunk d) nRMS ML Trunk

1.0

0.8

0.6

0.4+

[dimless]

0.24

0.0

SRR ECTET AT

*
1.0

0.4
0.2+ 0.2 0.2+
T 0.0 T T T T 0.0 T T T J L T T ! !
ACPS AP f)  ACPSML g) AcPSCC B3 Linear ST
20+ 204 E Linear DT
[ F8WTST

10

;EP'I'%?

-20

-20

Figure 3. Median and interquartile values are displayed. Horizontal lines and asterisks indicate significant statistical
differences. FSWT = Figure-of-8 Walk test; ST = single task; DT = dual task; nRMS = normalized root mean square;
ACPS = attenuation coefficient pelvis-sternum; AP = antero-posterior; ML = medio-lateral; CC = cranio-caudal.; * p < 0.05.

3.4. Correlation Analysis Results

The results of the correlation analysis between PFC AO,Hb and gait quality parameters
are reported in Figure 4.
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Linear ST Linear DT F8WT ST F8SWT DT
ST nRMS ACPS ST nRMS ACPS ST nRMS ACPS 5T nRMS ACPS
- v T " — P T P 1 i P T N - R— )
SO SE ] apapapmi|  APME AP ML AP ML i DI APMLAPML| AP ML SD: S APMLAPML| AP ML
¢ | linearST -55* 59 67" 165 -475*
5
2
o .2 | linear DT | 58" A 52¢ pis 74
T £
OX | F8WTST 47 478
o
Z | FSWT DT 52¢
o | linear ST -50% A44% -46* 657 -55% _51*
5
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O | pwrsT 56* -52¢ -48 A7 a7
3
FSWT DT 47 46+

Figure 4. O,Hb = oxygenated hemoglobin; SF = stride frequency; SD = stride duration; FSWT = Figure-of-8 Walk test;
ST = single task; DT = dual task; P = pelvis; T = trunk; S-T = spatio-temporals; nRMS = normalized root mean square;
ACPS = attenuation coefficient pelvis-sternum; AP = antero-posterior; ML = medio-lateral; * = p < 0.05; ** = p < 0.01.

4. Discussion

The aim of the study was to measure PFC activation while performing linear and
curvilinear walking modalities, in ST and DT conditions. PFC cortical activation was
assessed through an fINIRS device, while a wearable sensor-based protocol was adopted
in order to obtain information about gait patterns. Results showed that (1) walking along
curvilinear trajectories while performing a concurrent cognitive task led to increased PFC
activation and decreased motor performance and (2) AO,Hb values in both right and
left hemispheres were strongly correlated with several spatio-temporal and gait quality
parameters in all performed conditions.

The cognitive task performance (Figure 1) was not affected by the type of walking
trajectory: The number of subtractions completed was similar during linear and curvilinear
walking, with an analogous number of mistakes. This result was also reported in a
previous study [22], in which rate and accuracy of given answers in a S7 task were similar
during walking and standing motor assessments. Conversely, our results contradict the
findings in [30], in which young subjects were able to maintain appropriate attention to
both calculation and stepping. However, the calculating/stepping DT used in the above-
mentioned study was probably not sufficiently challenging, as opposed to the FSWT, where
a cognitive demand is already embedded in the task. These results seem to suggest that
healthy young adults may turn their attention to the execution of the calculation task at the
expense of the motor task when this latter is particularly demanding.

According to our initial hypothesis, findings related to O,Hb suggest that there is an
increased requirement for PFC activity during walking along a curvilinear trajectory, and
that this demand further increases in presence of a concurrent cognitive task. Consistently
with previous studies [13,14,22,31], a DT activity imposes a greater cognitive load: The
increased O,Hb concentration in the FSWT during the serial subtraction seems to reflect
the cognitive demands required by the DT itself. As observed in [22], O,Hb was gradually
increased from normal walking, to walking while counting forward, to walking while
serially subtracting 7. Additionally, [15] found an increase in the O,Hb while walking on
uneven terrain compared to usual walking and walking while carrying a tray with two
cups filled with water. Our results seem to confirm that the complexity of the motor task
influences the PFC activity, and this is even more evident when young adults are also asked
to perform a concurrent cognitive task.

For what concerns the motor assessment, results not only highlight the difficulty in
performing a curvilinear task with respect to a linear task, but also that there is a further
decrement in the gait performance in the DT condition (Figure 3d-g). Several studies have
shown a strong relationship between poor executive functioning and slower gait speed,
especially during dual tasks that involve a challenging locomotor component [21,23,32].
In our study, curved walking challenged motor control mechanisms more than straight
walking [18]: Along curvilinear trajectories, in fact, healthy young adults reduced their



Sensors 2021, 21, 6159

8 of 10

walking speed (Table 2), confirming that human subjects adapt their velocity to the radius
of the curvature that they are following, with the velocity that tends to decrease when the
trajectory becomes more curved [18,33].

Concerning gait quality indices, the ML direction seems to be the most affected by the
curvilinear trajectory: Higher nRMS values were found at both pelvis and sternum levels
(Figure 3b—d, respectively) when performing the FSWT compared to the linear walking.
The increased sternum accelerations during curved walking caused a significant decrease of
the attenuation coefficient (AC) from the pelvis to the sternum in the AP and ML directions
(Figure 3e—f). Increased body accelerations, reflected by higher nRMS and reduced ACPS,
have been frequently linked to decreased gait stability [29,34-36]: As also previously
observed, walking along a curvilinear trajectory generated medio-lateral torques necessary
to counteract the centrifugal acceleration, provoking a shifting of the body center of mass
toward the inner part of the curve [18,37]. The different motor strategies adopted by our
participants during the two motor tasks highlighted that several adaptations are needed
in order to steer a curved path in a safe way. The concurrent execution of a DT further
decreased the gait performance: This phenomenon can be explained by the cognitive
interference caused by competing demands for limited attentional resources [38]. The
performance of a motor task, in fact, can be negatively influenced by a concurrent cognitive
task: Brain resources need to be shared between motor and cognitive tasks, but since
parallel processing is not possible, the two different tasks compete for the same processing
resources, and increased demands by one task reduce the number of available resources
for the other task [38,39]. Consistently with the findings in [40], healthy subjects seem to
prioritize the cognitive task with a consequent detriment of the motor performance.

Furthermore, several correlations were identified between cortical activity and gait
performance parameters in both the right and left hemispheres (Figure 4). In particular,
AO,Hb was strongly correlated with temporal and dynamic balance-related parameters:
Increased O,Hb was positively correlated with the stride duration and the nRMS val-
ues, while negatively correlated with the stride frequency and the ACPS values. One
explanation is that, despite the higher PFC activation that especially occurs when the task
becomes more challenging, as along the curved-trajectory and in DT conditions, there is an
inefficiency in the use of cognitive resources that is reflected in the reduced motor perfor-
mance [23]. Since turning-related neural systems may be more vulnerable to functional
impairments associated with neurological diseases [41], further investigations should be
performed in order to observe possibly different cortical activations due to the neurological
impairment.

Some limitations should be acknowledged: This study did not involve a comprehen-
sive cognitive battery that could have been useful to uncover further cognitive relationships
with cortical activity. In addition, we did not perform a baseline condition consisting in
only performing the cognitive task. However, this study provided evidence that under DT
walking the neural correlates of executive function and gait control tend to be modified in
response to the cognitive resources imposed by the motor task, supporting evidence of a
connection between motor and cognitive function during walking in complex situations.

5. Conclusions

In conclusion, healthy young adults showed an increased PFC activation while per-
forming curvilinear motor tasks. This activation was even higher if a concurrent cognitive
task was executed. Since the cognitive task performance was not affected, we can speculate
that participants turned their attention to the execution of the cognitive task at the expense
of the motor task. This is reflected in a decrement of the motor performance, as highlighted
by temporal and dynamic balance parameters. Being more representative of real-life sit-
uations, this approach to curved walking should be further investigated in populations
with neurological deficits: Slight deviations from normal walking, which are not easily
detectable with the traditional clinical scales or straight walking motor tasks, can be, in
fact, detected with the FSWT, as previously reported in the literature and confirmed by our
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results. In addition, curvilinear walking could be adopted for the early-stage detection of a
disease through the sensor-based identification of subtle signs or symptoms. Nonetheless,
a more complex task is a challenge for the musculoskeletal system that has the potential to
reveal crucial information and to improve people’s balance, safety, and quality of life.
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