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Objective: To investigate changes in interhemispheric imbalance of cortical
excitability during motor recovery after stroke and to clarify the relationship
between motor function recovery and alterations in interhemispheric imbalance,
with the aim to establish more effective neuromodulation strategies.

Methods: Thirty-one patients underwent assessments of resting motor threshold
(RMT) using transcranial magnetic stimulation (TMS); the cortical activity of the
primary motor cortex (M1), premotor cortex (PMC), and supplementary motor
area (SMA) using functional near-infrared spectroscopy (fNIRS); as well as motor
function using upper extremity Fugl-Meyer (FMA-UE). The laterality index (LI) of
RMT and fNIRS were also calculated. All indicators were measured at baseline(T,)
and 1 month later(T,). Correlations between motor function outcome and TMS
and fNIRS metrics at baseline were analyzed using bivariate correlation.

Results: All the motor function (FMA-UE;, FMA-UE,, FMA-d,) and LI-RMT (LI-RMT,
and LI-RMT,) had a moderate negative correlation. The higher the corticospinal
excitability of the affected hemisphere, the better the motor outcome of the
upper extremity, especially in the distal upper extremity (r=-0.366, p =0.043;
r=-0.393, p=0.029). The greater the activation of the SMA of the unaffected
hemisphere, the better the motor outcome, especially in the distal upper extremity
(r=-0.356, p=0.049; r=-0.367, p=0.042). There was a significant moderate
positive correlation observed between LI-RMT, and LI-SMA, (r=0.422, p =0.018).
The improvement in motor function was most significant when both LI-RMT; and
LI-SMA; were lower. Besides, in patients dominated by unaffected hemisphere
corticospinal excitability during motor recovery, LI-(M1+SMA + PMC), exhibited
a significant moderate positive association with the proximal upper extremity
function 1 month later (r=0.642, p = 0.007).
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Conclusion: The combination of both TMS and fNIRS can infer the prognosis of
motor function to some extent. Which can infer the role of both hemispheres
in recovery and may contribute to the development of effective individualized
neuromodulation strategies.

stroke, transcranial magnetic stimulation, functional near-infrared spectroscopy,
laterality index, interhemispheric imbalance

1. Introduction

Stroke has a high incidence and high disability rate worldwide
(Bejot et al., 2016). More than half of strokes have impaired upper
limb motor function, which seriously affects the quality of life and
places a huge burden on families and society (Avan et al., 2019).
Currently, the recovery of upper limb motor function remains one of
the challenges of post-stroke rehabilitation (Bertani et al., 2017).

Recent years have seen the rapid development of non-invasive
brain stimulation technologies. Repetitive transcranial magnetic
stimulation (rTMS) is considered one of the effective methods to
improve upper limb motor function after stroke (van Lieshout et al.,
2019; Ni et al., 2022). At present, there are two theoretical models for
the clinical application of rTMS in motor rehabilitation for stroke.
They are the bilateral hemispheric competition model that advocates
inhibition in the unaffected hemisphere (UH) or excitation in the
affected hemisphere (AH) (Lefaucheur et al., 2020) and the vicariation
model that advocates excitation in residual brain area of the AH or the
UH (Di Pino et al., 2014). Given that these two theoretical models are
inconsistent in guiding rTMS therapy, there is no consensus on the
use of excitatory or inhibitory modulation in the UH (Long et al,,
2018). Understanding the progression of interhemispheric imbalance
in brain activation and its contribution to motor functional recovery
is important for the development of effective neuromodulation
strategies (Kinoshita et al., 2019). If we know which hemisphere plays
a dominant role in the process of motor function recovery, we can
adopt modulatory strategies to excite that hemisphere or inhibit the
contralateral hemisphere. Therefore, it is clinically important to
accurately determine the interhemispheric imbalance and to develop
individualized neuromodulation strategies based on it.

On the other hand, there is no uniform standard regarding the
target site of rTMS stimulation for stroke patients’ motor function
recovery. The most common site is the primary motor cortex (M1),
because M1 is the major motor output pathway in humans (Lam et al.,
2018; Lefaucheur et al., 2020). In addition, studies suggested that the
secondary motor cortical areas, including the premotor cortex (PMC)
and supplementary motor area (SMA), can also be used as modulatory
targets. The PMC has fiber connections to M1 in both the ipsilateral
and contralateral hemispheres. When the lesion is large over M1 area,
the PMC can function instead of M1 (Buetefisch, 2015; Plow et al.,
2015). Similarly, functional connections exist between SMA and M1
and SMA are also involved in corticospinal projections that may
facilitate motor recovery after stroke (Matsunaga et al., 2005; Diao
et al.,, 2017). Therefore, an in-depth understanding of the changes in
the motor cortex during function improvement facilitates us to
understand the mechanisms of functional recovery.
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As a neuromodulation technique, transcranial magnetic
stimulation (TMS) is not only a treatment therapy but also an
assessment tool (Groppa et al., 2012). Single-pulse TMS assessment
metrics such as resting motor threshold (RMT), and motor evoked
potential (MEP) can evaluate the excitability of corticospinal motor
neurons, and the functional integrity of the corticospinal tract (CST)
(Andrews et al., 2022). It has been demonstrated indicators by TMS
can be used as valid biomarkers to assess the recovery of neurological
function (Kelley et al., 2014). Besides, another study measured RMT
by TMS and calculated the laterality index (LI) of cortical excitability
to confirm asymmetric functional changes in the cerebral hemispheres
after stroke (Di Lazzaro et al., 2016). Studies have shown that the
success of motor recovery after stroke is significantly determined by
the direction and extent of cortical excitability changes in both
hemispheres (Stinear et al., 2015; Veldema et al., 2021). Understanding
the contribution of either cortical hemisphere to motor recovery may
facilitate the development of effective individualized rehabilitation
strategies (Kumar et al., 2016). So, the TMS assessment may identify
the altered interhemispheric imbalance and guide selection of
appropriate modulation protocol for stroke patients.

In addition to TMS, functional near-infrared spectroscopy
(fNIRS) is a neuroimaging method for assessing brain function
(Delorme et al., 2019). NIRS can detect activation patterns in the
cerebral motor cortex, reflecting changes in neural remodeling during
the recovery of motor function after stroke (Huo et al., 2019). It has
been shown that cerebral hemodynamic activity reflected by fNIRS
can be a reliable neurobiomarker for the assessment of limb motor
dysfunction in stroke patients (Wang et al., 2023). It is well known that
stroke-induced motor deficits are associated with an interhemispheric
imbalance of motor activation (Cunningham et al., 2015; Tang et al.,
2015; Kinoshita et al., 2019). As motor function is restored, the
balance of interhemispheric activation in the motor-related cortex
changes (Tang et al, 2015). Then, a study showed that assessing
cortical activation asymmetry by fNIRS can help predict the response
to rehabilitation treatment (Tamashiro et al., 2019). Thus, fNIRS also
promises to be a convenient technique for investigating the neural
mechanisms underlying the dysfunction, which will deepen our
understanding of stroke rehabilitation and potentially translate this
knowledge to improve the effectiveness of rehabilitation interventions.

Although TMS and fNIRS assessment techniques have been used
in clinical research, they also have certain limitations. fNIRS is able to
detect a wide range of cortical areas, but it is limited by spatial
resolution, which prevents it from detecting deep brain regions (Ni
etal., 2022). In contrast, TMS measures the corticospinal excitability
by evoking MEP in the primary motor cortical (M1). It only reflects
the functional integrity of the cortical downstream pathways
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emanating from M1, but compensates for the inability of fNIRS
assessment to access deep brain motor pathways. The combined use
of both methods will help us to gain insight into the changes in brain
function during motor recovery after stroke. Therefore, we conducted
a longitudinal, multimodal study using the clinical scale, TMS, and
fNIRS measures to find the relationship between motor function
recovery and interhemispheric imbalance changes.

2. Materials and methods
2.1. Participants

The present study was approved by the ethics committee at
Shanghai No.3 Rehabilitation Hospital (ethics No. SH3RH-
2021-EC-012), and was registered in the China Clinical Trial
Registration Center (registration No. ChiCTR2200057378). All
patients were informed about the nature of this study.

Thirty-one first-ever stroke patients (age 65.42+10.15years)
participated in this study. The participants with stroke in this study
were recruited from Shanghai No.3 Rehabilitation Hospital. The basic
information of participants was presented in Table 1. Criteria for
selecting the subjects were as follows: (1) first-ever stroke, (2) age of
30 and 80vyears, (3) clear consciousness and stable vital signs, (4) no
cognitive impairment (mini-mental state examination score>24
points). The exclusion criteria were: (1) contraindications to TMS
(Najib and Horvath, 2014), (2) having visual and hearing impairment
and cannot cooperate to complete the trials, (3) having severe heart,
liver, or other

kidney dysfunction or malignancy, (4)

neurological diseases.

2.2. Experimental design

In this study, patients underwent clinical, neurophysiological,
and neuroimaging assessments. The clinical assessment was
performed using FMA-UE. The neurophysiological assessment was
performed using RMT for corticospinal excitability. The
neuroimaging assessment was performed using fNIRS to assess
changes in motor cortical activation. The assessment metrics were
labeled as 1 at baseline and 2 in 1 month later, such as FMA-UE,
and FMA-UE,. All participants received conventional medical
treatments and rehabilitative therapies during participation. The
conventional rehabilitative therapies include physiotherapy and
occupational therapy.

2.3. Assessments and procedures

2.3.1. Clinical assessment

FMA-UE was used to quantify the initial deficit and to follow up
on the recovery of voluntary movements of the paralyzed limb after 1
month. All clinical assessments were performed by a blinded
specialized assessor at baseline and 1 month later. FMA-UE is a
measure of upper extremity motor function for stroke patients with a
total score of 66, which means that the lower the score, the more
severe the degree of impairment (Gladstone et al., 2002). The distal
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portion of the tested upper limb in FMA-UE was recorded as FMA-d,
while the proximal portion was recorded as FMA-p.

2.3.2. TMS assessment

All subjects were evaluated with TMS which was carried out by
M-100 Ultimate Pulsed magnetic Stimulation Device (Shenzhen
Yingchi Technology Co., Ltd., Shenzhen, China). The patients were
asked to sit in a relaxed position, and the skin on which the electrodes
were attached was defatted with 95% alcohol cotton balls. The
recording electrode was located in the muscle belly of the first dorsal
interosseous (FDI), the reference electrode was located in the tendon
of FDI, and the ground electrode was located in the forearm. Detection
was performed in a single-pulse stimulation mode. The evaluator held
a figure-of-eight-shaped coil with BY90A model to deliver TMS to the
motor cortex. The maximum magnetic field change rate on the coil
surface was 16.09KT/s, the peak stimulus intensity was 1T, the pulse
rise time was 62.0 ps, and the bidirectional wave unilateral pulse width
was 200 ps. The optimal location of the M1 was first found according
to the international 10/20 EEG positioning system, and then the coil
was moved in small steps in the hand region of M1 until the position
where maximal MEPs were consistently obtained was found. The coil
was placed on the scalp at this location with handles pointing
backward and rotated approximately 45° from the midline. TMS
intensity was expressed as a percentage of maximum stimulator
output (%MSO). The minimum TMS intensity with MEP which was
elicited in the contralateral FDI greater than 50 uV for at least 5 of 10
consecutive single-pulse stimuli was recorded as RMT. RMT was
measured on both hemispheres separately, inducing MEP in the
contralateral FDI (see Figure 1). For patients without evoked MEPs,
RMT in the AH was defined as 110 %MSO (Kemlin et al., 2019).

2.3.3. fNIRS assessment

The fNIRS data acquisition was performed using the NirSmart
system (Danyang Huichuang Medical Equipment Co., Ltd., China)
with a sampling rate of 11Hz. Optical signals of two different
wavelengths (730 nm and 850 nm) can be recorded in the continuous
waveform in this system. There are 14 light sources and 8 detectors on
the acquisition cap, with a total of 26 channels. The region covered by
the probe involves the sensorimotor areas of the bilateral cerebral
cortex. We predefined the regions of interest (ROIs), including M1,
SMA, and PMC (See Figure 2A).

In this study, fNIRS data in the task state were collected. All
patients were asked to sit quietly and relaxed. The assessor would
communicate the entire task flow with the patients in advance and ask
them not to speak during the task. The task paradigm was block-
designed, which consists of alternating 3 grasping tasks and 3 rests.
Each task block lasted 25s and each rest lasted 30s (See Figure 2B).
During the task period, patients grasped actively or passively (if the
patients were unable to grasp actively, the assessor helped the patients
to grasp passively) (Du et al., 2019).

2.4. Data analysis

2.4.1. TMS data processing and analyses

To evaluate the hemispheric asymmetry of motor cortex
excitability, we calculated the interhemispheric LI of the RMT. The LI
of RMT was calculated as Formula (1).
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TABLE 1 Demographic data and clinical history of the patients.

10.3389/fnins.2023.1231693

Patient Age (years) @ Stroke type Stroke
duration
(days)

1 F 59 Infarction L 95 90 17
2 M 47 Infarction L 26 90 54
3 M 69 Infarction L 178 25 6
4 M 66 Infarction L 47 45 10
5 M 66 Infarction L 81 45 12
6 M 77 Infarction L 441 55 41
7 M 66 Infarction L 165 40 4
8 F 72 Infarction L 32 45 37
9 M 38 Infarction L 10 95 64
10 F 76 Infarction L 209 75 10
11 M 66 Infarction R 62 40 25
12 M 66 Infarction R 96 40 27
13 M 66 Infarction R 80 45 32
14 F 66 Infarction R 35 40 0
15 M 57 Infarction R 16 40 0
16 M 48 Hemorrhage R 68 55 6
17 M 78 Infarction R 59 90 44
18 M 64 Infarction R 68 30 6
19 F 61 Infarction R 9 35 8
20 F 74 Infarction R 101 65 35
21 F 79 Infarction L 102 30 16
22 M 73 Infarction L 153 60 15
23 M 61 Infarction L 182 45 26
24 M 66 Infarction R 177 60 21
25 M 42 Hemorrhage L 29 45 0
26 M 73 Infarction L 32 60 19
27 F 72 Hemorrhage R 88 45 9
28 M 72 Infarction R 20 65 40
29 M 72 Hemorrhage R 224 55 40
30 F 65 Infarction R 51 70 22
31 M 71 Hemorrhage R 63 60 36

M, male; E, female; L, left; R, right; AH, affected hemisphere; BI, Barthel index; FMA-UE,, Fugl-Meyer assessment for the upper extremity score at baseline.

LI(RMT) = RMTyy —~RMTyg 1)
RMTAH + RMTUH

LI (RMT) represents the imbalance of corticospinal excitability in
both hemispheres. Thus, a positive value indicates higher corticospinal
excitability in the UH. The greater the difference from 0, the higher
the degree of imbalance between the cerebral hemispheres (Di Lazzaro
etal., 2016).

RMT was also expressed as a ratio (R=RMT,x/RMTyy) (Kemlin
et al., 2019). The value after 1 month (recorded as R2) minus the
baseline (recorded as R1) obtained the difference of R, i.e., d(R).
d(R) >0 indicates more changes in corticospinal excitability in the UH
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and d(R) <0 indicates more changes in corticospinal excitability in the
AH (Patel et al., 2020; de Freitas et al., 2022).

2.4.2. fNIRS data preprocessing and analyses

The fNIRS data were preprocessed using the Homer 2.0 toolkit
under the MatlabR2013a operating environment. Data pre-processing
includes conversion of the original signals, identification of artifacts
and noise, as follows: data conversion to convert the raw signal into
light intensity; identification of artifacts and correction; band-pass
filtering of noise in the range of 0.01-0.1 Hz to eliminate possible
respiratory and heart rate interference; conversion of the filtered light
intensity into oxyhemoglobin (HBO) level according to the modified
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FIGURE 1

A schematic representation of TMS assessment. RMT, resting motor
threshold; MEP, motor evoked potential; AH, affected hemisphere;
UH, unaffected hemisphere.
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FIGURE 2

Schematic representations of fNIRS assessment. (A) fNIRS channels
and region of interests (ROIls) map. SMA, supplementary motor area;
PMC, premotor cortex; M1, the primary motor cortex. (B) Block
design paradigm. Each task block lasted 25 s and each rest lasted
30s. The 10s pre-task period was used as the baseline.

Beer-Lamber law. We analyze the HBO level because it is reliable and
sensitive to changes in cerebral blood flow (Kinoshita et al., 2019).
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The preprocessed data are imported into NirSpark analysis
software. Firstly, the three segment blocks of each data were averaged
according to the mark to obtain accurate and stable data. The HBO
concentration within 5s before task onset was used as the baseline.
The average HBO concentration during task performance minus the
baseline concentration was the relative change in HBO concentration
(AHBO). The AHBO on the corresponding channel of the ROI on
each hemisphere was extracted and the LI was calculated to assess the
hemispheric imbalance to determine the relative hemispheric
dominance induced by the grasping task on the hemiplegic side
(Borrell et al., 2023). The LI of AHBO was calculated as Formula (2).
According to the following published literature in the previous
manuscript (Borrell et al., 2023), the absolute value (ABS) in the
denominator of the formula would prevent possible zero value.

AHBO sy — AHBOyy
ABS(AHBO A )+ ABS(AHBOyp ) )

LI(AHBO) =

LI (AHBO) value ranges from —1 to 1, and it reveals which
hemisphere experiences a larger change during the task. Negative LI
(AHBO) values indicate UH dominant activity, while positive LI
(AHBO) values indicate AH dominant activity (Borrell et al., 2023).
Thus, the LI (AHBO) value of “—1” indicates complete UH
dominance, and the LI (AHBO) value of “+1” indicates complete AH
dominance. In this study, we calculated the LI of M1, SMA, PMC, and
M1+SMA +PMC.

2.5. Statistics analysis

Statistical analyses were performed with SPSS V.24.0 software.
Behavioral data at baseline and 1 month later were tested using a
paired t-test if they conformed to a normal distribution, otherwise, a
nonparametric test was used. We evaluated the bivariate relation
between the neuroimaging metrics and TMS metrics. To identify
functionally relevant metrics, we calculated the correlation between
FMA-UE and TMS (LI-RMT) and neuroimaging metrics (LI-M1,
LI-SMA, LI-PMC). To explore the correlation between the indicators
in the case of recovery dominated by different cerebral hemispheres
(AH or UH), we additionally grouped the d(R) >0 and d(R) <0 groups
according to d(R) and performed correlation analyses. Pearson’s
correlation test was used if a normal distribution was consistent, and
nonparametric Spearman’s correlation test was used otherwise. Data
conforming to the normal distribution are denoted by mean+SD,
otherwise, M (P25, P75). All data used a two-sided calibration with a
test level of a=0.05. According to the previous study (Prion and
Haerling, 2014), the interpretation of correlation coeflicients are as
follows: 0 to £0.20 is negligible, 0.21 to £0.35 is weak, +0.36 to £0.67
is moderate, +0.68 to 0.90 is strong, and +0.91 to +£1.00 is considered
very strong.

3. Results

All 31 subjects completed two assessments at baseline and 1
month later. At the TMS assessment, a total of 20 subjects were
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unable to induce the MEP at baseline and 19 subjects were unable
to induce the MEP 1 month later. In addition, 23 subjects required
assistance to complete the grasping task at the fNIRS assessment.

3.1. Metrics of interhemispheric imbalance
and clinical assessment of motor function

3.1.1. Relationship between motor function and
hemispheric asymmetry of corticospinal
excitability

For all patients, motor function was significantly improved 1
month later compared to baseline (p <0.05).

There was a significant moderate negative correlation between
LI-RMT, and FMA-UE, as well as FMA-d, (r=-0.366, p=0.043;
r=—0.393, p=0.029), which means the higher the corticospinal
excitability of the AH, the better the motor outcome of the upper
extremity, especially in the distal upper extremity. Additionally, a
moderate negative correlation was observed between LI-RMT, and
FMA-UE, (r=-0.474, p=0.007) (see Figure 3).

3.1.2. Relationship between motor functional
recovery and interhemispheric imbalance in
motor cortical activity

For all patients, LI-SMA, exhibited a significant moderate negative
association with both FMA-UE, and FMA-d, (r=—-0.356, p=0.049;
r=—0.367, p=042), which means the greater the activation of the
SMA of the UH, the better the motor outcome, especially in the distal
upper extremity (see Figure 4).

10.3389/fnins.2023.1231693

3.1.3. Relationship between motor function and
combined fNIRS and TMS metrics

We calculated the mean value of LI-SMA, + LI-RMT,. All patients
were grouped according to the obtained mean, with one group being <
mean (named g1) and the other group being > mean (named g2). There
was a significant difference between g2 and g1. Compared with the g2 at
the same time point, the function score of FMA-UE, and FMA-d,
increased faster in gl (p=0.023 and p=0.029, respectively), as shown in
Table 2 and Figure 5. Both of these imply that the two states of SMA and
M1 of the patient at baseline could predict future functional recovery.

3.2. Relationship between TMS and fNIRS
measure of interhemispheric balance

For all patients, there was a significant moderate positive
correlation observed between LI-RMT, and LI-SMA, (r=0.422,
p=0.018). Additionally, LI-RMT, exhibited a negative association
with LI-M1, (r=—0.383, p=0.034) (see Figure 6).

3.3. Correlation of motor outcome based
on interhemispheric asymmetry of
corticospinal excitability

In the d(R) >0 group, LI-PMC, exhibited a significant positive
association with FMA-UE, (r=0.575, p=0.020).
LI-(M1 + SMA + PMC), exhibited a positive association with FMA-p,
(r=0.642, p=0.007). There was a negative relation between LI-M1,
and LI-PMC, (r=—0.536, p=0.031) (see Figures 7A-C).
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FIGURE 3
Significant correlations of motor function with LI- RMT. (A) Negative correlation between FMA-UE at baseline and LI-RMT at 1 month later; (B) Negative
correlation between LI-RMT at baseline and FMA-UE at 1 month later; (C) Negative correlation between LI-RMT at baseline and FMA-d at 1 month later
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FIGURE 4
Significant correlations of motor function with LI of motor cortical activity. (A) Negative correlation between LI-SMA at baseline and FMA-UE at 1
month later; (B) Negative correlation between LI-SMA at baseline and FMA-d at 1 month later.

TABLE 2 Comparison between g1 and g2 with FMA-UE and FMA-d at
different times.

Group FMA-UE, FMA-UE, FMA-d, FMA-d,
M (P25,P75) | M (P25,P75) | M (P25,P75) | M (P25,P75)

gl (n=16) 24(11.3,40) | 36(155,458)  6.5(0,145)  12(3.0,15.8)

g2 (n=15) 12 (6,26) 12(8.0, 33.0) 0(0,7.0) 0(0,7.0)

z -1.622 -2.278 -1.707 -2.187

p 0.105 0.023* 0.088 0.029%

g1, the group of the value from LI-SMA, + LI-RMT, < mean; g2, the group of the value from
LI-SMA, + LI-RMT, > mean; *Significant median difference at p <0.05.

In the d(R)<0 group, FMA-d, had a negative relation with
LI-RMT, (r=—0.541, p=0.037). However, no significant associations
were found between fNIRS metrics and TMS metrics in the d(R) <0
(see Figure 7D).

4. Discussion

It is known that the anatomic structure of the left and the right
brain is generally symmetrical (Tang et al., 2015). A functional balance
exists between the two hemispheres of the healthy brain, regulated by
interhemispheric inhibition. This balance is disrupted after the onset
of stroke (Shen et al., 2022). However, the role of the motor cortex of
both hemispheres in the recovery of motor function remains
controversial, especially the UH (Ni et al., 2022). Some studies show
that activation of the UH increases interhemispheric inhibition in the
AH (Dionisio et al., 2018; Lefaucheur et al., 2020), while others
suggest that activation of the UH plays a compensatory role for the
inactivation of the AH (Bradnam et al., 2012; Bertolucci et al., 2018).
Therefore, predicting motor function outcomes based on the
asymmetry of cortical excitability and motor cortical activation is
important for developing rehabilitation programs.

The RMT measured by TMS is a standard measure of corticospinal
excitability, and the AHBO measured by fNIRS is used to assess brain
activation (Lee et al,, 2019; Badran et al., 2020). To date, no
combination of the two assessment methods to assess the imbalance
in brain asymmetry has been reported. Our study is the first to
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combine TMS and fNIRS for investigating motor function outcome
after stroke. We calculated the LI of RMT and AHBO, which reflects
the asymmetry between the cerebral hemispheres, and investigated its
relationship with motor function recovery. Exploring the underlying
neural mechanisms of functional recovery after stroke will help us to
develop new rehabilitation interventions.

In the current study, the patients had recovery of hemiplegic
upper limb motor function after one month. It may have been a
spontaneous neurological recovery or benefited from conventional
rehabilitation. In these patients, those who initially had better motor
function subsequently also had corticospinal excitability lateralized to
the AH. Similarly, the more corticospinal excitability was lateralized
to the AH at baseline, the better motor outcome after a month of
recovery time. The result is consistent with the common pattern of
motor function recovery. The lateralization of corticospinal excitability
reflected by LI-RMT to the AH indicates that the functional integrity
of the affected CST is not completely disrupted. The CST in the AH
plays an important role in motor function recovery in the hemiplegic
limb. It has been shown that the surviving neurons on the AH
contribute to axonal remodeling of the CST, which promotes motor
recovery after stroke (Okabe et al., 2017). Our result suggests that
functional integrity of the CST measured by TMS-induced MEP helps
predict motor function outcomes, which is consistent with previous
studies suggesting that MEP deficits in the AH are associated with
poorer motor recovery after stroke (Chen et al., 2023).

However, TMS assessment is obtained by evoking MEP in M1. It
can only reflect the excitability of the corticospinal pathway emanating
from M1. Compared to TMS, fNIRS can measure the activation of the
entire motor cortex. Our study suggests that combining fNIRS with
TMS provides complementary information superior to that of imaging
methods in isolation. We found that the patients with SMA activation
lateralized to the UH at baseline had better motor outcomes.

The SMA is a secondary motor area that plays a pivotal role in
complex hand movements (Shirota et al., 2012). SMA and M1 both
have a direct influence on force production during fine manual motor
tasks (Entakli et al., 2014). A previous study using fMRI also found a
correlation between task-related brain activation patterns and final
motor status. They found that greater brain activation in the SMA at
baseline was associated with better motor outcomes after stroke (Du
et al., 2018). This may be specific recruitment of SMA to provide
motor control in order to produce motion output during the motor
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task. Previous studies found that better motor outcomes were
associated with higher baseline activation in bilateral SMA (Du et al.,
2018; Xu et al., 2021), whereas we found that it was SMA activation
lateralized to the UH that led to better motor outcomes, especially in
distal upper extremity motor function. Our data support the critical
role of SMA activation lateralized to the UH in stroke recovery.
Furthermore, the relationship between the lateralization of
corticospinal excitability in TMS and the lateralization of motor
cortical activation in fNIRS was analyzed. At baseline, if M1 activation
was lateralized to the AH, the improvement in motor function was
accompanied by lateralization of corticospinal excitability to the
AH. It is consistent with the model that motor functional recovery
after stroke is dominated by M1 neural remodeling in the AH
(Buetefisch, 2015; Yang et al., 2021). If SMA activation was lateralized
to the UH, recovery of motor function was accompanied by
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FIGURE 5
The frequency of FMA-UE, and FMA-d, in different groups. (A) The
frequency distribution map as FMA-UE at 1 month later; (B) The
frequency distribution map as FMA-d at 1 month later.
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lateralization of corticospinal excitability to the AH. A previous study
has shown that improved motor function after stroke might be highly
correlated with the functional connectivity of the ipsilesional M1 to
the contralateral SMA (Chen et al., 2021). In this case, the SMA in the
AH may play a compensatory role.

Our study shows that a multimodal model combining fNIRS,
TMS, and clinical assessment predicts motor outcomes after stroke. It
may have important clinical implications in guiding neuromodulation
rehabilitation strategies. Previous studies have shown that inhibitory
or facilitative rehabilitation techniques can be used based on the
imbalance in interhemispheric cortical excitability (Du et al., 2019;
Veldema et al., 2021). It is well known that M1 is the major motor
output pathway for motor control (Lam et al., 2018) and is also the
most commonly used stimulation target for neuromodulation (Hallett
etal., 2017; Lefaucheur et al., 2020). However, our results show that
activation of SMA lateralized to the UH is also associated with good
motor outcome. Besides, the improvement in motor function was
most significant when both the corticospinal excitability
predominantly in the AH (LI-RMT,) and SMA activation
predominantly in the UH (LI-SMA,) conditions were met at baseline
(Figure 3). Thus, it is reasonable to assume that the best motor
outcome may be obtained when stimulating the M1 of the AH is
added with excitatory stimulation of the SMA of the
UH. We hypothesize that the SMA of the UH may play a compensatory
role in motor recovery, especially in the distal limb motor. So, the
SMA may also be a suitable target for rTMS stimulation to develop
specific rehabilitation methods. However, the underlying mechanism
needs further clinical study.

In addition, we calculated R-values using the RMT measured by
TMS, which reflects the interhemispheric imbalance of corticospinal
excitability. According to the difference in R-values before and after
one month, the patients were divided into two groups. In the d(R) <0
group, corticospinal excitability changes were dominated by AH,
while in the d(R) >0 group, corticospinal excitability changes were
dominated by UH. In the group dominated by the AH, motor outcome
of the distal upper limb was positively correlated with altered AH
corticospinal excitability. In other words, good motor function of the
distal upper limb depended on the degree of recovery of CST function
emanating from the AH.

Notably, in the group dominated by UH corticospinal excitability,
motor outcomes in the upper limb as well as in the proximal were
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month later.

Correlation analysis of motor outcome in different groups based on hemispheric asymmetry of corticospinal function. In the d(R) >0 group, (A) Positive
correlation between LI of PMC and FMA-UE at 1 month later; (B) Positive correlation between LI of M1+ SMA + PMC and FMA-p at 1 month later;
(C) Negative correlation between LI-M1 and LI-PMC at 1 month later. In the d(R) <0 group, (D) Negative correlation between FMA-d and LI-RMT at 1

associated with AH-dominated PMC activation. We hypothesize that
the CST emanating from AH is severely impaired in this group, and
therefore the corticospinal excitability emanating from UH is
dominant. This also implies that the anterior CST emanating from the
UH has enhanced conduction signals, which can innervate the
ipsilateral hemiplegic limb. Moreover, this compensatory neural
pathway innervates more proximal muscles than distal muscles (Wang
et al., 2019). On the other hand, it has been demonstrated that PMC
has fiber connections to M1 in both the ipsilateral and contralateral
hemispheres and that PMC in AH can function instead of M1 (Dum
and Strick, 1991; Kantak et al., 2012). Meanwhile, our results show
that AH-dominant PMC activation is positively correlated with
UH-dominant M1, suggesting that recovery in the motor may
be accompanied by enhanced functional connectivity between these
two brain areas. It also plausibly explains the positive correlation
between motor outcome and AH-dominated PMC activation
observed in the proximal of the upper limb in this group.
We demonstrate from the interhemispheric imbalance of corticospinal
excitability combined with the lateralization of cortical activation that
multiple mechanisms may be involved in the process of motor
function recovery. These may include the compensation of the PMC
within the AH and the compensating effect of the UH.

The structure of the brain is complex, and the connections
between brain regions are also variable. Our study suggests that
combining fNIRS with TMS provides complementary information
superior to that of imaging methods in isolation. It helps to deepen
our understanding of brain diseases and provides valuable information
for further exploration of neural mechanisms.

However, due to the limited sample size in our study, stratified
analysis could not be performed. It is the limitation of our present
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study. Future studies will need to enroll more post-stroke patients to
conduct stratified analysis by disease duration, disease severity, and
disease type.

5. Conclusion

In conclusion, the present study provided evidence that the
interhemispheric imbalance between corticospinal excitability and
motor cortex activation can be a biomarker for predicting motor
recovery. The combined assessment of TMS and fNIRS can infer the
role of both hemispheres in recovery and contribute to the
development of effective individualized neuromodulation strategies.
Further studies should include more participants with stroke to obtain
a reliable relationship between these features and motor function state.
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