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Aims: Therapy with kinesthetic illusion of segmental body part induced by visual
stimulation (KINVIS) may allow the treatment of severe upper limb motor deficits in
post-stroke patients. Herein, we investigated: (1) whether the effects of KINVIS therapy
with therapeutic exercise (TherEx) on motor functions were induced through improved
spasticity, (2) the relationship between resting-state functional connectivity (rs-FC) and
motor functions before therapy, and (3) the baseline characteristics of rs-FC in patients
with the possibility of improving their motor functions.

Methods: Using data from a previous clinical trial, three path analyses in structural
equation modeling were performed: (1) a mediation model in which the indirect effects
of the KINVIS therapy with TherEx on motor functions through spasticity were drawn,
(2) a multiple regression model with pre-test data in which spurious correlations between
rs-FC and motor functions were controlled, and (3) a multiple regression model with
motor function score improvements between pre- and post-test in which the pre-test
rs-FC associated with motor function improvements was explored.

Results: The mediation model illustrated that although KINVIS therapy with TherEx did
not directly improve motor function, it improved spasticity, which led to ameliorated
motor functions. The multiple regression model with pre-test data suggested that rs-FC

Abbreviations: aIPS, Inferior parietal sulcus in the affected hemisphere; ARAT, Action Research Arm Test; ARAT-F,
finger-related ARAT score; ARAT-FD, degree of ARAT-F score improvements from the pre-test to the post-test; ARAT-S,
shoulder-related ARAT score; ARAT-SD, degree of ARAT-S score improvements from the pre-test to the post-test;
aSMG, supramarginal gyrus in the affected hemisphere; FMA, Fugl-Meyer Assessment; FMA-D, degree of FMA score
improvements from the pre-test to the post-test; KINVIS, kinesthetic illusion of segmental body part induced by visual
stimulation; MAS, modified Ashworth Scale; rs-FC, resting-state functional connectivity; TherEx, therapeutic exercise;
ulPL, inferior parietal lobule in the unaffected hemisphere; ulPS, inferior parietal sulcus in the unaffected hemisphere;
uPMd, dorsal premotor cortex in the unaffected hemisphere.
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of bilateral parietal regions is associated with finger motor functions, and that rs-FC of
unaffected parietal and premotor areas is involved in shoulder/elbow motor functions.
Moreover, the multiple regression model with motor function score improvements
suggested that the weaker the rs-FC of bilateral parietal regions or that of the
supramarginal gyrus in an affected hemisphere and the cerebellar vermis, the greater
the improvement in finger motor function.

Conclusion: The effects of KINVIS therapy with TherEx on upper limb motor function
may be mediated by spasticity. The rs-FC, especially that of bilateral parietal regions,
might reflect potentials to improve post-stroke impairments in using KINVIS therapy with

TherEx.

Keywords: clinical trial, functional connectivity, kinesthetic illusion therapy, spasticity, stroke

INTRODUCTION

Spasticity is frequently represented as the main symptom of
motor deficits accompanied by paralysis, especially in the chronic
phase in patients after stroke. The disorganization of afferent
signals from peripheries or compensational signals from the
brain to the peripheries is thought to cause spasticity. Motor
deficits of the upper limb can impair patients’ daily lives after
stroke, and solving this problem is important in rehabilitation
medicine. We have encountered an event in which spasticity
masks potential motor functions as if the cause of spasticity
exists in a different system from motor paralysis. In fact, some
patients’ motor accuracies improve immediately after the target
muscle’s spasm is suppressed by therapy for spasticity, such
as reinforced stretching, for a muscle that can interfere with
accurate movement.

Spasticity disturbs the skilled and gross motor performance
of the upper limbs (Pundik et al, 2019). For these motor
deficits, studies have proposed some effective therapies, such
as constraint-induced movement therapy (Wolf et al., 2006),
mental practice (Page et al., 2007), or robot therapy (Klamroth-
Marganska et al., 2014), which can have moderate effects (Pollock
etal., 2014). However, these therapies require patients to perform
voluntary movements or motor imagery, and severe cases with
strong difficulties in such performances are often excluded.
Therefore, an effective therapy for severe cases is required, for
which a novel therapy utilizing kinesthetic illusion of segmental
body part induced by visual stimulation (KINVIS) was proposed
(Kaneko et al., 2016a, 2019; Aoyama et al., 2020; Okawada et al.,
2020).

KINVIS is defined as the psychological phenomenon in which
a resting person feels as if his/her own body part is moving
or feels the desire to move a body part while watching a
movie of that body part moving (Kaneko et al,, 2007). We
previously demonstrated that primary motor cortex excitability
is enhanced during/after KINVIS (Kaneko et al., 2007, 2016b;
Aoyama et al, 2012), as shown in the motor imagery of
hand or finger movements without performing a voluntary
movement (Kaneko et al., 2003, 2014; Yahagi et al, 1996).
Moreover, previous studies revealed that motor-related areas,
such as the premotor, superior, or inferior parietal cortex, were

activated when experiencing KINVIS more than observing a
similar movement (Kaneko et al., 2015; Shibata and Kaneko,
2019). These psychological experiences and neurological effects
may contribute to recovering post-stroke motor deficits. For
example, mirror therapy (Altschuler et al., 1999) that can induce
kinesthetic illusions such as KINVIS has a moderate effect
on motor deficits (Dohle et al., 2009; Pollock et al., 2014).
In terms of interhemispheric inhibition (Murase et al., 2004;
Nowak et al., 2009), it is noteworthy that KINVIS requires no
voluntary movements even in a non-paralyzed upper limb. Since
the KINVIS paradigm enables a person to passively experience
finger or hand movements as a kinesthetic illusion, it has the
potential to work as a treatment for severe cases.

Based on these findings, the KINVIS therapy was proposed
and a clinical trial was conducted for 10 days (Kaneko et al,
2019). In this trial, 11 patients with a severe paretic upper limb in
the chronic phase underwent KINVIS therapy and conventional
therapeutic exercise (TherEx). The KINVIS therapy comprised
a combination of KINVIS and neuromuscular electrical
stimulation (NMES). Participants observed prerecorded finger
flexion and extension movements of a virtual upper limb
displayed on a monitor parallel to and above their own
actual limbs. When participants observed the movements,
electrical stimulations on the finger extensor muscles were
combined to provide proprioception matched with the visual
movements. This therapy was undertaken for 20 min, after
which TherEx was performed for 60 min. Before and after this
10-day intervention, upper limb motor functions, spasticity, and
resting-state brain functional connectivity (rs-FC) were assessed
(i.e., pre- and post-tests). This clinical trial produced two main
findings.

First, a previous study (Kaneko et al., 2019) had demonstrated
significant improvements in the Fugl-Meyer Assessment
(FMA), Action Research Arm Test (ARAT), and modified
Ashworth Scale (MAS) scores after the interventions (see
Supplementary Table 1). Interestingly, the improvement of
the MAS score reached a minimum of clinically important
differences (i.e., reduction of one or more; Barros Galvio
et al, 2014). Given that this trial included only patients in
the chronic phase, the natural recovery after stroke may not
sufficiently explain these improvements. Although this clinical
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trial was undertaken only for 10 days, other therapies, such
as mirror or robot therapy, require longer-term interventions
(e.g., >6 weeks; Page et al., 2007; Dohle et al., 2009; Klamroth-
Marganska et al., 2014). According to these facts, the effects of
the KINVIS therapy with TherEx might have been observed
by bringing out the masked potential functions of paretic
upper limbs rather than directly recovering their motor
deficits. Patients with severe motor deficits in the chronic
phase often have severe spasticity, which can disturb the
motor performance. In this trial, all patients had a MAS
score of >2 (i.e, severe spasticity; Kaneko et al, 2019).
Considering that significant improvements in the MAS scores
were observed in this trial, the improvements in motor
functions might have been induced through improvements in
spasticity.

As the other finding, the previous clinical trial demonstrated
significant correlations between rs-FC and FMA/ARAT scores
(Kaneko et al., 2019). These motor function scores were
correlated with the rs-FC between the inferior parietal sulcus
in the affected (aIPS) and unaffected (uIPS) hemispheres,
between the supramarginal gyrus in the affected hemisphere
(aSMG) and the cerebellar vermis, and between the inferior
parietal lobule in the unaffected hemisphere (uIPL) and
dorsal premotor cortex in the unaffected hemisphere (uPMd).
Although the causal relationships of these correlations remain
unclear, these rs-FC can help capture characteristics in severe
cases who participated in the previous trial (Kaneko et al.,
2019). However, the previous study analyzed these correlations
independently but did not consider spurious correlations.
Because some regions composed of these rs-FC were similar
to each other (ie., parietal regions), the influences of their
spurious correlations should be investigated. This investigation
may contribute to exploring the characteristics of patients with
the possibility of improved motor functions using KINVIS
therapy with TherEx.

Taken together, although the KINVIS therapy may allow us to
treat severe cases, further analyses of the data from the previous
clinical trial (Kaneko et al., 2019) can help unravel the effects
of its therapy. These analyses may lead to a hypothesis that
should be examined in large-scale future clinical trials. Before
proceeding to an ensuing trial, therefore, we sought to address
the unresolved issues by performing path analyses in structural
equation modeling with data from the previous clinical trial
(Kaneko etal., 2019), i.e., reuse of data. First, we conducted a path
analysis comprising the mediation model to investigate whether
the improvements in upper limb motor functions after KINVIS
therapy with TherEx were induced through improvements in
spasticity. Second, we performed a path analysis comprising the
multiple regression model to investigate the relationship among
the three rs-FC (i.e., aIlPS-uIPS, aSMG-Vermis, and ulPL-uPMd)
and motor functions before intervention and without spurious
correlations among them. Finally, we conducted a path analysis
comprising the multiple regression model to investigate the
baseline characteristics of rs-FC in patients with the possibility
of improving their motor functions. This study is expected
to help develop a novel treatment for patients with severe
motor deficits.

METHODS

Previous Clinical Trial

Participants

We utilized the data from a previous clinical trial (Kaneko et al.,
2019) of KINVIS therapy with TherEx, because we aimed to
investigate improvements in motor functions and correlations
with rs-FC observed in this trial, with 11 patients registered
(seven men and four women; five right hemiparesis and six
left hemiparesis; mean age = 54.7 years, SD = 10.8). The
patients had a unilateral stroke without cortical involvement, the
ability to flex the paretic fingers voluntarily without extension,
time from stroke onset of >4 months, and the ability to
walk independently with or without assistance. Moreover,
the patients had not received other special rehabilitations or
treatments for paretic upper limbs, such as transcranial magnetic
stimulation, repetitive facilitative exercise, or botulinum toxin
injection within 3 months. In summary, the patients had severe
hemiparesis of the upper limbs in the chronic phase.

Interventions

The patients participated in the clinical trial, with assessments
undertaken before and after this 10-day intervention (pre-
and post-tests), comprising KINVIS therapy and conventional
TherEx. In KINVIS, patients underwent a combination therapy
of KINVIS and neuromuscular electrical stimulation (Figure 1).
Electrical stimulation was combined to provide proprioception
matched with visual finger movements and was applied
at an intensity higher than the finger extensor muscles’
motor threshold (motor threshold = 1.0-1.2 times higher;
frequency = 20 Hz; pulse width = 50 ps) when watching a finger-
extension phase movie. In one intervention (1 day), patients
underwent KINVIS therapy for 20 min and TherEx for 60 min
post KINVIS therapy.

MRI Data Acquisition and Preprocessing

All magnetic resonance imaging data (MRI) were obtained
using a 1.5-T MRI scanner with a head coil (Optima 450w,
GE Healthcare, Chicago, IL, USA). Resting-state functional
MRI (fMRI) was performed to measure rs-FC. For this
scanning session, a gradient-echo echo-planar sequence was
used (3.75 x 3.75 x 3.5 voxels; echo time = 40 ms; repetition
time = 2,500 ms, flip angle = 85), in order to collect BOLD
contrast data of 244 slices. Moreover, a T1-weighted MRI scan
was acquired. T1-weighted structural images were acquired as an
anatomical reference (0.4688 x 0.4688 x 1.4 mm voxels; echo
time = 3.076 ms; repetition time = 8.368 ms; flip angle = 12).
MRI data acquisition was performed before and after the
intervention.

All data preprocessing were carried out using CONN
toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012)
implemented on MATLAB (Mathworks Inc., Natick, MA,
USA). CONN is a conjunction in Statistical Parametric Mapping
12 (SPM12; Well-come Department of Imaging Neuroscience,
London, UK); therefore, the following preprocessing pipeline
is SPM12 compliant. Image preprocessing consisted of the
following: (1) reducing the signal for the first four slices for
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and above an actual limb.

FIGURE 1 | KINVIS therapy setup. When participants observed the movie of prerecorded finger flexion and extension movements, the electrical stimulation on the
finger extensor muscles was combined to provide proprioception matched with visual finger movements. The virtual upper limb on the monitor was set parallel to

magnetization equilibrium effects and adaptation of the subjects
to the circumstances; (2) flipping of all structural/functional
data of right-hand affected patients using non-rigid reflection
along the x-axis, in order to align the affected hemisphere
on the left side; (3) functional realignment and unwarping;
(4) slice-timing correction applied to the images; (5) creating
binary masks in gray matter, white matter, and cerebrospinal
fluid images using structural segmentation; (6) denoising using
outlier detection thresholded 97th percentile in normative
samples of framewise displacement; (7) normalization to the
EPI image template conforming to the Montreal Neurological
Institute (MNI) space (2 mm iso voxels); (8) spatial smoothing
with an isotropic Gaussian kernel of 7-mm full width at
half maximum; and (9) band-pass filtering with a setting of
0.01-0.08 Hz.

After the data preprocessing, regions of interest, which were
defined as spherical seed regions with a radius of 6 mm,
were created in the MNI space on the affected and unaffected
hemispheres (also see Kaneko et al., 2019 for more detailed
methods).

Outcome Measures

In the present study, we adopted the data of the FMA, ARAT,
MAS, and rs-FC (aIPS-ulPS, aSMG-Vermis, and ulPL-uPMd)
for analyses using the FMA and ARAT scores as the main
outcomes for upper limb motor function. The MAS score was
analyzed to investigate the influence of spasticity and consisted
of a total score of the 2nd to 5th fingers and wrist flexor muscles.
The MAS is an ordinal scale with scores of 0, 1, 1+, 2, 3, and
4. For analyses using the MAS score, scores of 1+, 2, 3, and
4 were transformed to 2, 3, 4, and 5, respectively (transformed
scores: 0, 1, 2, 3, 4, and 5). As the outcomes of brain activities,
we focused on z-scores of the alPS-ulPS, aSMG-Vermis, and
ulPL-uPMd rs-FC (see “Introduction” section). These z-scores
were calculated for each of the pre- and post-tests.

Statistics

Since all participants had the same FMA scores in the wrist
(0 for all) and hand (1 for all) subscales, variances in the FMA
scores reflected the shoulder, elbow, and forearm gross motor
functions (scores of the shoulder/elbow/forearm subscales). We
analyzed three variables using the ARAT scores: total, finger-
related (ARAT-F), and shoulder-related (ARAT-S) scores. The
ARAT-F refers to the total score of the grasp, grip, and pinch
subscales, mainly reflecting the hand and finger skilled motor
functions. The ARAT-S score refers to the gross movement
subscale score, mainly reflecting the upper limb gross motor
functions (especially the shoulder). Using these variables, we
performed three main investigations. First, conducting a path
analysis comprising the mediation model, we investigated
the relationship between the effects of the KINVIS therapy
with TherEx on upper limb motor function and spasticity.
Second, performing a path analysis comprising the multiple
regression model, we investigated the relationship among the
three rs-FC (i.e., aIPS-ulPS, aSMG-Vermis, and ulPL-uPMd)
and motor function prior to intervention and without spurious
correlations among them. Finally, conducting path analysis
comprising the multiple regression model, we investigated
baseline characteristics of rs-FC in patients who can potentially
improve their motor functions.

Correlation Analyses and t-Tests

Before the main analyses, we explored the characteristics of
upper limb motor functions (FMA and ARAT scores). These
investigations contributed to constituting the mediation model,
wherein paths were provided to variables representing motor
function improvements after KINVIS therapy with TherEx.
Using paired t-tests, significant differences were previously
reported in the FMA and ARAT total scores between the pre-
and post-tests (Kaneko et al., 2019; Figures 2, 3). Based on
these results, we conducted correlation analyses to investigate
the relationship between the pre-test motor function scores and
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score improvements from the pre-test to the post-test (FMA-
D or ARAT-D). Regarding the ARAT-F or ARAT-S scores,
we conducted the same analyses as above (i.e., paired t-tests
and correlation analyses). The analyses were conducted using R
software (version 4.0.2).

Path Analysis Comprising the Mediation Model

After the above analyses, we conducted one of the main
investigations, investigating whether improvements in upper
limb motor functions after KINVIS therapy with TherEx
were induced through spasticity improved by therapy. A path
analysis (mediation model) in structural equation modeling
was conducted with KINVIS therapy (dummy variable: 0 or
1) as an independent variable; MAS as a mediation variable;
FMA, ARAT-F, and ARAT-S scores as dependent variables. This
analysis utilized the pre- and post-tests scores. Based on the
t-tests and correlation analysis results, we drew paths from the
KINVIS to the MAS, FMA, and ARAT-F and from the MAS
to the FMA, ARAT-F, and ARAT-S. We evaluated whether this
model fit the data by a chi-square test and other model fit
indices, such as the root mean square error of approximation
(RMSEA), comparative fit index (CFI), or Tucker-Lewis index
(TLI). If these indices showed a good fit, we accepted the model
and proceeded to interpret the path coefficients. Path coefficients
were estimated by the robust weighted least squares, suitable
for analyzing the model including an ordinal variable (Muthén,
1984). These analyses were conducted using M-plus (version 8.5).

Path Analyses Comprising the Multiple Regression
Models

Next, we investigated the relationship between the three rs-FC
(i.e., z-scores of the aIPS-ulPS, aSMG-Vermis, and ulPL-uPMd)
and upper limb motor functions. We analyzed the pre-test scores
of their variables to determine the characteristics of patients
with severe post-stroke impairments. Significant correlations
between their rs-FC and motor functions (i.e., FMA or ARAT)
have been previously reported (Kaneko et al., 2019). To control
the rs-FC influences other than the one of interest among
them, we conducted a path analysis (multiple regression model)
with z-scores of the pre-test aIPS-ulPS, aSMG-Vermis, and
ulPL-uPMd as independent variables and the pre-test FMA,
ARAT-F, and ARAT-S scores as dependent variables. We drew
paths from three independent variables (i.e., three rs-FC) for all
three dependent variables.

Finally, we investigated whether pre-test rs-FC scores were
associated with the degree of motor function improvements after
intervention (i.e., explored the improvement potential in terms
of rs-FC). We analyzed pre-test rs-FC scores as independent
variables and the difference in motor function scores between
pre- and post-tests as dependent variables. In this analysis,
variables with significant differences in motor function scores
between the pre- and post-tests were adopted as dependent
variables (i.e., FMA-D and ARAT-FD, see “Results” section). We
drew paths from three independent variables (three rs-FC) for all
dependent variables.

These models were saturated, which completely fit the
data. Path coefficients were estimated by the robust maximum

likelihood, which allowed an accurate estimation regardless of
multivariate normal distribution (Yuan and Bentler, 2000). These
analyses were conducted using M-plus (version 8.5).

RESULTS

Upper Limb Motor Function

Characteristics

Correlation analysis revealed no significant correlation between
FMA-D and pre-test FMA (r = 0.37, p = 0.27; Figure 2),
whereas a significant positive correlation was observed between
the ARAT-D and pre-test ARAT scores (r = 0.87, p < 0.001;
Figure 3). This result indicates that the higher the pre-test scores,
the greater the improvements after the interventions.

A paired t-test revealed a significant difference between the
pre- and post-test ARAT-F scores (t = 2.36, df = 10, p = 0.040,
Hedges’g (Hedges, 1981) = 0.52; Figure 4). Correlation analysis
revealed a significant positive correlation between the ARAT-FD
and pre-test ARAT-F scores (r = 0.88, p < 0.001), consistent
with those of the total ARAT scores. A paired t-test revealed
similar pre- and post-test ARAT-S scores (t = 1.61, df = 10,
p =0.14, g = 0.26; Figure 4). Correlation analysis revealed similar
ARAT-SD and pre-test ARAT-S scores (r = —0.094, p = 0.78).
These results are summarized in Supplementary Table 1.

Effects of KINVIS Therapy With TherEx
Mediated by Spasticity

Based on the above results, in structural equation modeling, we
drew paths from the KINVIS to the MAS, FMA, and ARAT-F,
but not to the ARAT-S (Figure 5); no significant improvement
in the ARAT-S score after KINVIS therapy with TherEx was
observed (Figure 4). To investigate spasticity influences, we drew
paths from the MAS to the FMA, ARAT-F, and ARAT-S. This
model fit the data very well; a chi-square test of model fit was
not significant (x2 = 1.03, df = 1, p = 0.31; other model fit
indices: RMSEA = 0.037, CFI = 0.99, TLI = 0.98). A path analysis
revealed significant standardized path coefficients (8) from the
KINVIS to the MAS (f = —0.52, p = 0.003) from the MAS to the
FMA, B = —0.45, p = 0.013, ARAT-S, § = —0.53, p < 0.001, and
ARAT-F, B = —0.52, p = 0.014, and non-significant standardized
coefficients from the KINVIS to the FMA, § = 0.092, p = 0.72,
and ARAT-F, B = —0.019, p = 0.95. Regarding the indirect
KINVIS effects on the FMA and ARAT-F (product of KINVIS
to the MAS and MAS to FMA/ARAT-F path coefficients), a
bootstrap method (resampling = 2000) revealed bias-corrected
95% confidence intervals in the FMA (0.045, 0.53) and ARAT-F
(0.029, 0.61). This model indicated that the KINVIS decreased
the MAS score, indirectly improving the FMA and ARAT scores.
Supplementary Table 2 presents details of these results.

Relationship Between the rs-FC and Motor
Function Before Intervention

Before a path analysis (multiple regression model), the variance
inflation factors of the independent variables within the standard
range (2.12, 1.02, and 2.11 in aIPS-uIPS, aSMG-Vermis, and
ulPL-uPMd, respectively) were confirmed. A path analysis was
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FIGURE 2 | FMA scores in the pre- and post-tests. FMA score improvements after the KINVIS therapy with TherEx reported by Kaneko et al. (2019) and their
individual differences (A). The relationship between the FMA-D (degree of the improvements from the pre- to post-tests) and pre-test scores (B).

B
*< .05
3
25 ; 10 °
. r=.87 e
20 s 8 : ;
- 3
[ — g ¢ ® 1
815 3 6 °
@ - 5 a e s
= ;
Mean = 8.1 -6 ® 6
:é(m - L, 'E(_: 4 > .
5| Mean=53 “//’V — -8 < ® 3
.9 2 ® 9
- 10 e o ® 10
0 - 11 01 ® » o 1
Pre-test Post-test 0 2 4 6 8 10 12 14 16

Pre-test

FIGURE 3 | ARAT scores in the pre- and post-tests. ARAT score improvements after the KINVIS therapy with TherEx reported by Kaneko et al. (2019) and their
individual differences (A). The relationship between the ARAT-D (degree of the improvements from the pre- to post-tests) and pre-test scores (B).

conducted with z-scores of the pre-test alPS-uIPS, aSMG- and from the aSMG-Vermis to the ARAT-FD, B = 0.38,
Vermis, and ulPL-uPMd as independent variables, and the p = 0.019 (Figure 7). Supplementary Table 4 lists the details of
pre-test FMA, ARAT-F, and ARAT-S scores as dependent these results.
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p < 0.001, and ARAT-S, B = —0.67, p = 0.006 (Figure 6).

Supplementary Table 3 lists the details of these results. We aimed to investigate the complex relationships among

KINVIS therapy with TherEx, spasticity, upper limb motor
. . functions, and rs-FC (i.e., aIPS-ulPS, aSMG-Vermis, or ulPL-
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variables, and the FMA-D and ARAT-FD scores (ie., score  whether the effects of KINVIS therapy with TherEx on
improvements between the pre-test to the post-test) as  motor function improvements were induced through improved
dependent variables; the ARAT-SD score was not used in  spasticity. Second, the relationships among the three rs-FC and
this analysis because no significant difference in score was  motor functions before the interventions were analyzed without
observed between the pre- and post-tests (Figure 4). This  spurious correlations between their variables. Consequently, we
analysis revealed significant standardized path coefficients ()  provide three main findings with a hypothesis for future, large-
from the aIPS-ulPS to the ARAT-FD, f = —0.50, p = 0.014,  scale, clinical trials.
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FIGURE 4 | ARAT-F and ARAT-S scores in the pre- and post-tests. ARAT-F score improvements after the KINVIS therapy with TherEx and their individual differences
(A). The relationship between the ARAT-FD (degree of the improvements from the pre- to post-tests) and ARAT-F pre-test scores (B). The changes of the ARAT-S
scores after the KINVIS therapy with TherEx in individuals (C). The relationship between the ARAT-SD (degree of the improvements from the pre- to post-tests) and
ARAT-S pre-test scores (D). The ARAT-F score referred to the total score of the grasp, grip, and pinch subscales. The ARAT-S score referred to the score of the
gross movement subscale.

Effects of KINVIS Therapy With TherEx

Mediated by Spasticity

In the present study, we demonstrated that KINVIS therapy
with TherEx decreased the MAS score that improved the FMA,
ARAT-F, and ARAT-S scores (indirect effect of the KINVIS
therapy with TherEx). Interestingly, in this mediation model,
no significant direct effects from KINVIS to FMA and ARAT-F
were observed, although the paired t-tests revealed significant
improvements in the FMA and ARAT scores. These results,
therefore, suggest that the effects of KINVIS therapy with TherEx
on upper limb motor functions were mediated by spasticity.
Considering that the patients underwent KINVIS therapy with
TherEx for just 10 days, these interventions induced their
potential spasticity-masked motor functions. In severe cases,
motor function recovery can be smaller than in moderate or mild
ones (Vliet et al., 2020). Besides, spasticity can disturb therapeutic
exercises for severe cases, e.g., by obscuring motor learning
(Subramanian et al.,, 2018). If the KINVIS therapy improved
spasticity, its therapy likely facilitated the effects of TherEx post
KINVIS. These combined effects may explain the improvements
in motor function in severe cases observed in the previous clinical
trial (Kaneko et al., 2019).

How did the KINVIS therapy with TherEx enable
improvement of spasticity? To dissect this mechanism,
evidence regarding mirror therapy, to treat paretic upper
limb in post-stroke patients (Pérez-Cruzado et al, 2017),
may help. Mirror therapy causes kinesthetic illusions such
as KINVIS; however, few studies have reported significant
improvements in spasticity after mirror therapy (Yavuzer
et al,, 2008; Samuelkamaleshkumar et al., 2014; Pérez-Cruzado
et al., 2017). This difference in the effect on spasticity may
be due to differences in neurological reactions or maneuvers
between the KINVIS and mirror therapies. A systematic review
on neuroimaging reported brain regions activated by mirror
therapy, such as the superior parietal and fusiform regions
(Deconinck et al., 2015). These two regions were consistent with
those activated in experiencing KINVIS (Kaneko et al., 2015)
and therefore possibly associated with kinesthetic illusions. The
KINVIS experiences can activate premotor regions including
the supplementary motor area and basal ganglia (Kaneko et al.,
2015), not seen in mirror therapy, with little evidence that its
therapy activates the mirror neuron system (Deconinck et al.,
2015), although KINVIS can be interpreted to be driven by
the contralateral hemispherical mirror neuron system. These
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FIGURE 5 | Mediation model in the KINVIS, MAS, FMA, ARAT-F, and ARAT-S. The KINVIS referred to the kinesthetic illusion therapy with TherEx, which was
transformed to the dummy variable in this model: before (0) and after (1) the interventions. The ARAT-F referred to the total score of the grasp, grip, and pinch
subscales. The ARAT-S referred to the score of the gross movement subscale. Solid lines show paths with significant standardized coefficients, and broken lines
show paths with nonsignificant standardized coefficients.

neurological differences in inducing kinesthetic illusions may be
related to the different effects of KINVIS and mirror therapies
on spasticity.

The activation of the premotor area, supplementary motor
area, and/or network between the association motor and parietal
areas may contribute to the effects of KINVIS therapy on
spasticity. However, since the previous clinical study (Kaneko
et al., 2019) did not measure brain activity during KINVIS,
this possibility should be investigated further. KINVIS requires
no voluntary movements, even in a non-paralyzed upper
limb. In mirror illusion, however, proprioceptive input from
non-paralyzed hand movements can affect the kinesthetic
illusion (Chancel et al., 2016). Although the non-paralyzed hand
movements may reinforce abnormal interhemispheric inhibition
(Murase et al., 2004; Nowak et al., 2009), this issue is excluded
in KINVIS. Whether these differences explain the mechanism
of the effect on spasticity remains unclear; however, these
may characterize the clinical effects of KINVIS. This clinical
effect is noteworthy and highlights the necessity to explore its
mechanism. Recent animal studies highlight the importance of
ipsilateral premotor/supplementary-cortico-reticulospinal tract
hyperexcitability from the unaffected motor cortex as a result
of disinhibition after stroke (Li et al., 2019). Li et al. (2019)
suggested a theoretical account that disinhibition after stroke
in the premotor area and the supplementary area may cause
spasticity and related movement impairments. The enhanced
excitability of motor associated areas in the affected hemisphere

and lower activity in the unaffected side are possibly remarkable
points in managing spasticity. Further study to approach this
pathophysiological account may be needed.

Our results also exhibited significant correlations among the
FMA and ARAT residual variances, indicating other factors
related to variances in the FMA and ARAT scores unexplained by
the variables included in this model. This is unsurprising because
upper limb motor functions are affected not only by spasticity but
also by many factors, such as lesion sites. Regarding the changes
in their scores, the present study suggests the importance of
considering the pre-intervention motor function scores (at least
the ARAT), since a significant correlation between the degree of
improvement and pre-test ARAT score was observed. Although
the results revealed no significant correlation in the FMA, such
correlation could emerge by including patients with moderate
or mild motor deficits (Figure 2). Brain activities, including rs-
FC, may be associated with KINVIS therapy effects (Kaneko
et al,, 2015), although our patient sample size was too small to
analyze a complex model including their variables. The indirect
effect observed in our study, however, can contribute to future
model construction, allowing us to explore the KINVIS effect
mechanisms.

Relationship Between the rs-FC and Motor

Functions Before the Intervention
We demonstrated significant coefficients from the aIPS-ulPS
to the ARAT-F and from the ulPL-uPMd to the FMA and
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FIGURE 6 | Multiple regression model in pre-test rs-FC and upper limb
motor functions. The ARAT-F referred to the total score of the grasp, grip, and
pinch subscales. The ARAT-S referred to the score of the gross movement
subscale. Solid lines show paths with significant standardized coefficients,
and broken lines show nonsignificant paths. Only significant coefficients were
shown for clarity (Supplementary Table 3 shows all path coefficients).
alPS-ulPL: rs-FC between the inferior parietal sulcus in the affected and
unaffected hemispheres. aSMG-Vermis: rs-FC between the supramarginal
gyrus in the affected hemisphere and the cerebellar vermis. ulPL-uPMd:
rs-FC between the inferior parietal lobule in the unaffected hemisphere and
dorsal premotor cortex in the unaffected hemisphere.

ARAT-S. The former indicates that the rs-FC of aIPS-uIPS
may be associated with skilled motor functions of the
hands and fingers. Some studies reported that the motor
imagery of hand or finger movements activated the parietal
areas (Parsons et al, 1995; Stephan et al, 1995). Other
evidence indicated that their activities during the motor
imagery were similar to those just before performing finger
movements, suggesting that their activities are involved in
motor preparations (Hanakawa et al.,, 2003, 2008). According
to these findings, the functional connectivity between aIPS
and ulPS might play an important role in performing hand
and finger movements. In fact, patients with damage in
these regions can have difficulties in performing hand and
finger movements and recognizing self-body and movements,
even though the lesions do not extend to the corticospinal
tract (apraxia; Appenzeller and Hanson, 1966). However, the
present study illustrated that the stronger the rs-FC of aIPS-
ulPS, the weaker the finger motor functions (i.e., negative
correlation). This might be due to the strong rs-FC between
parietal regions related to motor performances (when motor
imageries and preparations are unnecessary) and/or that parietal
regions should interact with ipsilateral occipital or frontal
regions, but the connectivity in our study did not do so
(connectivity between contralateral IPSs). If so, our results

alPS-
ulPS

~.498 FMA-D 1—'\.850

aSMG-
Vermis

e~ 439

WIPL- |/ .-
uPMd

FIGURE 7 | Multiple regression model in pre-test rs-FC and score
improvements of upper limb motor function between the pre- and post-test.
The FMA-D referred to the degree of improvement between the pre- and
post-test in the FMA score. The ARAT-FD referred to the degree of
improvement between the pre- and post-test regarding the total score for
grasp, grip, and pinch subscales. Solid lines show paths with significant
standardized coefficients, and broken lines show nonsignificant paths. Only
significant coefficients are shown for clarity (Supplementary Table 4 shows
all path coefficients). alPS-ulPL: rs-FC between the inferior parietal sulcus in
the affected and unaffected hemispheres. aSMG-Vermis: rs-FC between the
supramarginal gyrus in the affected hemisphere and the cerebellar vermis.
ulPL-uPMd: rs-FC between the inferior parietal lobule in the unaffected

hemisphere and dorsal premotor cortex in the unaffected hemisphere.

suggest a deviation of this functional connectivity from a normal
one. This deviation could disturb the hand and finger motor
performances.

The other significant coefficients (i.e., from the uIPL-uPMd
to the FMA and ARAT-S) indicate that the rs-FC of ulPL-uPMd
may be associated with the gross motor functions of the shoulders
and elbows. In their gross movements, such as reaching, the
motor intentions can arise from the projection through the
superior longitudinal fasciculus II and III from the inferior
parietal to premotor cortices (Graziano et al.,, 1994; Rizzolatti
et al., 1998). Moreover, gross movements require proximal or
trunk muscles to be controlled. Some studies have suggested
that the premotor region has bilateral projections to the
reticular formation (i.e., cortico-reticular pathway; Matsuyama
and Drew, 1997; Kably and Drew, 1998; Yeo et al., 2012).
These pathways might bilaterally project to proximal or trunk
muscles and may be involved in the posture control required
prior to limb movements (Matsuyama and Drew, 1997; Kably
and Drew, 1998). It should be noted that the premotor
cortex may also have an ipsilateral projection to proximal
or trunk muscles. Our study revealed negative correlations

Frontiers in Systems Neuroscience | www.frontiersin.org

January 2022 | Volume 15 | Article 804263


https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Miyawaki et al.

Model-Based Analyses for KINVIS Therapy

between rs-FC of ulPL-uPMd (i.e., uninvolved hemisphere)
and motor functions of the paretic upper limb. Given that
patients often compensate for motor functions on paretic limbs
by the brain functions in the uninvolved hemisphere post
stroke, these correlations might reflect compensatory brain
activities due to severe motor deficits. Considering that the
motor impairments of the patients were within a chronic
phase, the rs-FC, aIPS-ulPS or ulPL-uPMd, may represent
one of the post-stroke adaptations in the brain. To further
investigate this possibility, a longitudinal study would be
required.

Relationship Between the rs-FC and Motor

Function Improvements

In terms of rs-FC, we explored the baseline characteristics
of patients with the potential to improve their motor
functions. Regarding the relationship between the pre-test
rs-FC and motor function improvements, significant negative
coefficients from the aIPS-ulPS to the ARAT-FD and positive
coefficients from the aSMG-Vermis to the ARAT-FD were
observed. The former indicates that the weaker rs-FC of
aIPS-ulPS before the intervention, the greater the finger
motor function improvements, suggesting that the patients
with weak rs-FC of aIPS-uIPS have the potential to improve
their motor functions. This result is consistent with the
pre-test data analysis (see Figure 6), suggesting that the
strength of this rs-FC may indicate a deviation from a
normal one.

For the latter (positive coefficients from the aSMG-Vermis
to the ARAT-FD), it should be noted that rs-FC of the
aSMG-Vermis was negative (i.e., the aSMG was negatively
correlated with the vermis) although rs-FC of aIPS-ulPS
and ulPL-uPMd were positive (Kaneko et al, 2019).
Therefore, the positive coefficients from the aSMG-Vermis
to the ARAT-FD indicate that the weaker negative rs-FC
of aSMG-Vermis before the interventions, the greater
the finger motor function improvements. The vermis is
known to receive somatosensory inputs from the spinal
cord and is related to controlling the anti-gravity muscles
of the trunk and legs (Lisberger and Thach, 2013). On
the other hand, parietal regions including the SMG can
be associated with finger motor functions through motor
awareness (Desmurget et al., 2009) or multisensory integration
(Quinn et al, 2014). Considering the negative functional
connectivity between these regions, the activity of the vermis
in a resting state could inhibit that of the SMG, thereby
disturbing voluntary finger movements. If so, it is likely
that the decline of this negative functional connectivity can
contribute to improvements of finger motor functions, as
shown by the positive coefficients from the aSMG-Vermis to
the ARAT-FD. This may also be a topic of interest for future
investigation.

Limitations

Since we utilized the sample data of a previous clinical trial
(Kaneko et al., 2019), our study had similar limitations to
that of the previous trial. For example, the previous study

had no control group and therefore could not determine
which of the two treatments (the KINVIS therapy and TherEx)
was effective in reducing spasticity (also see Discussion in
Kaneko et al., 2019). Moreover, since KINVIS therapy is
composed of KINVIS and NMES, there is a possibility
that the reduction of spasticity observed in the previous
clinical trial (Kaneko et al., 2019) resulted from NMES
itself. However, a meta-analysis on the effects of NMES
indicated that NMES combined with other interventions can
provide a significant effect on spasticity but not NMES alone,
suggesting that combining NMES with other interventions
can be a treatment option that provides improvements in
spasticity (Stein et al., 2015). Moreover, this study showed
that the use of NMES for 30 min five times per week
for 3-4 weeks was effective, whereas KINVIS therapy was
undertaken for 20 min per day for 10 days. Considering these
findings, it seems that the reduction of spasticity observed
in the previous clinical trial (Kaneko et al, 2019) resulted
in NMES and KINVIS with TherEx. The improvement of
motor functions through reducing spasticity may have been
caused by the effect of this combination. This possibility
should be further investigated by future clinical trials with a
control group.

Conversely, the previous sample allowed us to benefit from
its clinical characteristics; this sample consisted of patients
with severe motor deficits in the chronic phase. For example,
our study indicates that in such cases, the fact that the
pre-test FMA and ARAT-S scores (gross motor functions of
shoulders and elbows) did not predict their improvements,
but rather spasticity, might be critica. We acknowledge the
importance of using new samples. However, it is also true
that conducting a clinical trial is very costly, especially in
severe cases. For new studies, the use of previous sample
data can be reasonable in some cases (e.g., clinical trials or
meta-analysis studies).

Second, the models investigated in this study did not
comprehensively include variables due to the small sample
size. A complex and comprehensive model including
latent variables needs a large sample size for its analysis
(Bentler and Chou, 1987). Therefore, we adopted simple
models and focused on path coefficients. To identify the
relationship among KINVIS therapy, motor functions,
and rs-FC, a further study comparing multiple models
from the perspective of model fit indices and theory is
needed.

CONCLUSIONS

In summary, our study provides three main findings. First,
the effects of KINVIS therapy with TherEx on upper limb
motor function can be mediated by spasticity. Second, the
results suggest that rs-FC of aIPS-ulPS is associated with
the skilled motor functions of the hands and fingers, and
that rs-FC of ulPL-uPMd is involved in the gross motor
functions of the shoulders and elbows. Finally, weaker rs-FC
of aIPS-ulPS or aSMG-Vermis might reflect potentials to
improve post-stroke impairments in using KINVIS therapy

Frontiers in Systems Neuroscience | www.frontiersin.org

January 2022 | Volume 15 | Article 804263


https://www.frontiersin.org/journals/systems-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/systems-neuroscience#articles

Miyawaki et al.

Model-Based Analyses for KINVIS Therapy

with TherEx. These findings help construct hypothetical models
examined in large-scale future clinical trials and underscore
the necessity to examine the integrated model in which brain
activities account for the indirect effect of KINVIS therapy with
TherEx.
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