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Abstract 

Background  Sensory stimulation can play a fundamental role in the activation of the primary sensorimotor cor‑
tex (S1-M1), which can promote motor learning and M1 plasticity in stroke patients. However, studies have focused 
mainly on investigating the influence of brain lesion profiles on the activation patterns of S1-M1 during motor tasks 
instead of sensory tasks. Therefore, the objective of this study is to explore the lesion-specific activation patterns due 
to different brain lesion profiles and types during focal vibration (FV).

Methods  In total 52 subacute stroke patients were recruited in this clinical experiment, including patients with basal 
ganglia hemorrhage/ischemia, brainstem ischemia, other subcortical ischemia, cortical ischemia, and mixed cortical–
subcortical ischemia. Electroencephalograms (EEG) were recorded following a resting state lasting for 4 min and three 
sessions of FV. FV was applied over the muscle belly of the affected limb’s biceps for 3 min each session. Beta motor-
related EEG power desynchronization overlying S1-M1 was used to indicate the activation of S1-M1, while the lateral‑
ity coefficient (LC) of the activation of S1-M1 was used to assess the interhemispheric asymmetry of brain activation.

Results  (1) Regarding brain lesion profiles, FV could lead to the significant activation of bilateral S1-M1 in patients 
with basal ganglia ischemia and other subcortical ischemia. The activation of ipsilesional S1-M1 in patients with brain‑
stem ischemia was higher than that in patients with cortical ischemia. No activation of S1-M1 was observed 
in patients with lesions involving cortical regions. (2) Regarding brain lesion types, FV could induce the activation 
of bilateral S1-M1 in patients with basal ganglia hemorrhage, which was significantly higher than that in patients 
with basal ganglia ischemia. Additionally, LC showed no significant correlation with the modified Barthel index (MBI) 
in all patients, but a positive correlation with MBI in patients with basal ganglia lesions.

Conclusions  These results reveal that sensory stimulation can induce lesion-specific activation patterns of S1-M1. 
This indicates FV could be applied in a personalized manner based on the lesion-specific activation of S1-M1 in stroke 
patients with different lesion profiles and types. Our study may contribute to a better understanding of the underly‑
ing mechanisms of cortical reorganization.
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Introduction
Up to 85% of stroke survivors encounter motor deficits 
[1]. Despite the recovery, more than 50% of patients are 
left with a residual motor deficit [2]. This high percentage 
of stroke patients with a residual motor deficit following 
recovery can be ascribed to the following facts: (1) lack 
of new therapies that improve rehabilitation [3]; and (2) 
individual variability in stroke recovery [4]. The problem 
of individual variability can lead to difficulty to make the 
choice of treatment for clinicians. Despite this, clinical 
trials are often designed with a “one size fits all” point 
of view regardless of clinical profile, and finally, some 
patients cannot benefit from the designed clinical trial 
[5]. Besides, several studies have demonstrated that the 
recovery outcome can also be correlated with the clinical 
profile, such as lesion location and lesion type [6–8].

Regarding lesion locations, several studies have 
found that patients with subcortical stroke have greater 
improvement in motor recovery of upper extremities 
than patients with cortical stroke after repetitive tran-
scranial magnetic stimulation [9, 10] and patients with 
cortical–subcortical stroke after three rehabilitation 
training sessions [11]. Moreover, patients with lesions 
involving different cortical–subcortical areas showed 
different motor recovery outcomes. Specifically, injuries 
to the internal/external capsule, corpus callosum, and 
optical radiation are associated with good outcomes, in 
contrast to lesions of the corona radiata supraventricu-
lar [12]. Regarding lesion types, several studies have 
revealed that patients with hemorrhagic stroke showed 
greater functional improvement in the early phase of 
rehabilitation than those with ischemic stroke [13, 14]. 
However, the different results have also been reported. 
For example, in one study no significant difference in 
rehabilitation outcomes between patients with ischemic 
and hemorrhagic stroke was observed [15]. Similar 
functional improvements in gait and posture outcomes 
between ischemic and hemorrhagic stroke after conven-
tional physiotherapy combined with robotic-assisted gait 
therapy have been observed [7]. The differences in motor 
recovery outcomes can be linked to the lesion-specific 
reorganization patterns of the sensorimotor cortex, 
including the reorganization of the contralesional senso-
rimotor cortex [16, 17], the reorganization of the ipsile-
sional sensorimotor cortex [18], and the reorganization 
of the bilateral sensorimotor cortex [19].

The activation of the sensorimotor cortex may play 
an important role in the functional reorganization of 
the sensorimotor cortex. Some researchers have dem-
onstrated that the activation patterns (e.g., activation 
regions and activation magnitude) of the sensorimotor 
cortex in stroke patients can depend on the lesion profiles 
using functional magnetic resonance imaging (fMRI). For 

example, the activation of the contralesional sensorimo-
tor cortex for cortical stroke patients, as well as the acti-
vation of the bilateral sensorimotor cortex for subcortical 
stroke patients, occurred during paretic limb movement 
[20], whereas activation of the ipsilesional somatosensory 
association cortex was observed only in patients with 
subcortical stroke following touch discrimination train-
ing, but not in patients with lesions involving cortical 
regions [21]. Besides, the activation of the contralesional 
sensorimotor cortex in patients with subcortical stroke 
was higher than that in cortical stroke following repeti-
tive hand movements based on fMRI [22]. One elec-
troencephalography (EEG) study has also revealed that 
subcortical stroke patients had stronger activation of the 
sensorimotor cortex than cortex stroke patients during 
movement attempts and active movement [23]. There-
fore, patients with cortical stroke and subcortical stroke 
showed different activation patterns of the sensorimotor 
cortex. However, most studies have focused on the effect 
of lesion locations in chronic stroke patients on the acti-
vation of the sensorimotor cortex following motor tasks 
using fMRI. Few studies have reported on the effects of 
lesion profiles in subacute stroke patients on the activa-
tion of the sensorimotor cortex using EEG following sen-
sory stimulation.

Sensory stimulation can contribute greatly to pro-
moting the plasticity of the motor cortex and enhancing 
motor learning [24, 25]. Focal vibration (FV) and elec-
tric stimulation are two of the commonly used sensory 
stimulations to improve the limb function of patients 
with neurological disorders. Different from electric 
stimulation, FV is a natural way of sensory stimulation 
[26] and can provide selective excitation of the pro-
prioceptive input to the central nervous system by pri-
marily targeting Ia-afferent. The ability to manipulate 
proprioceptive afferents can contribute to the recovery 
of altered proprioception in stroke patients, thus lead-
ing to  the improvement of the ability of planning and 
control during limb movement [27]. Generally, FV with 
a frequency of 50 to 120 Hz and an amplitude of 0.2 to 
4  mm can activate the spindle afferents preferentially 
by stretching muscle fibers and then traveling the pro-
prioceptive information along the upper body proprio-
ceptive pathway, up to the primary sensory cortex (S1), 
and the primary motor cortex (M1) [28]. Some stud-
ies have demonstrated that FV can have an effect on 
improving motor function in some patients with stroke, 
spinal cord injury, Parkinson, and multiple sclerosis by 
the reorganization of the sensorimotor cortex [29]. For 
example, FV can improve arm stability [30], improve 
gait performance [28], and alleviate upper limb spastic-
ity [31, 32]. The rehabilitation effect on the mitigation 
of spasticity and the improvement in motor function 
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was associated with the reshaping of corticospinal 
plasticity and the reorganization of the motor cortex 
[31, 32]. Besides, FV integrated with motor training 
can have a greater effect on the improvement of motor 
function and the reorganization of sensorimotor corti-
cal compared with motor training alone [32]. Therefore, 
it is very important to explore how the clinical profile of 
stroke patients affects the activation of the sensorimo-
tor cortex following FV, which can contribute to a bet-
ter understanding of mechanisms underlying cortical 
reorganization in heterogeneous stroke patients. How-
ever, current studies have focused mainly on exploring 
the activation of the sensorimotor cortex induced by 
FV using fMRI and EEG in both healthy subjects and 
stroke patients [33]. The variations of the FV-induced 
activation of the sensorimotor cortex depending on 
brain lesion locations and types have not been fully 
understood.

Actually, the combination of brain lesion size and loca-
tion, which was reflected in the concept of “brain lesion 
profile,” should be focused on, rather than size or loca-
tion individually [34]. Therefore, the effect of brain lesion 
profile on the activation of S1-M1 induced by FV in 
subacute stroke patients is explored in our study. In our 
study,  stroke patients with different brain lesion profiles 
included patients with basal ganglia ischemia, brainstem 
ischemia, other subcortical ischemia (only referring to 
subcortical lesion locations except for basal ganglia and 
brainstem), cortical ischemia, and mixed (referred to as 
cortical–subcortical) ischemia. Besides, the occurrence 
of hemorrhagic strokes (10.1%) was lower than that of 
ischemic strokes (89.9%) [35], while the most common 
sites of bleeding were the basal ganglia (50%). Obviously, 
hemorrhage in basal ganglia occurred more often than in 
other locations. Based on this, patients with hemorrhage/
ischemia only in the basal ganglia was taken as an exam-
ple to investigate the effects of brain lesion types on the 
activation of S1-M1 in subacute stroke patients induced 
by FV.  In summary, the objective of this study is to inves-
tigate the effects of brain lesion profiles and brain lesion 
types on the activation of S1-M1 in subacute stroke 
patients induced by FV, which can contribute to having a 
good knowledge of lesion-specific cortical activation fol-
lowing sensory stimulation. The following hypothesis is 
put forward: the activation patterns of S1-M1 induced by 
FV depended on brain lesion profiles and lesion types, in 
which the activation of S1-M1 in patients with other sub-
cortical strokes (basal ganglia, brainstem, other subcorti-
cal regions) induced by FV might be higher than that in 
patients with cortical stroke (pure cortical regions, mixed 
cortical–subcortical regions) and the activation of S1-M1 
in patients with basal ganglia hemorrhage induced by FV 

might be higher than that in patients with basal ganglia 
ischemia.

Material and methods
Subjects and experimental paradigm
In total 52 subacute stroke patients, including 9 patients 
with basal ganglia hemorrhage, 13 patients with basal 
ganglia ischemia, 8 patients with brainstem ischemia, 7 
patients with other subcortical ischemia, 9 patients with 
cortical stroke, and 6 patients with mixed ischemia, were 
recruited from Shenzhen Nanshan District People’s Hos-
pital, Beijing Tsinghua Changgung Hospital, and Beijing 
Rehabilitation Hospital Affiliated with Capital Medical 
University, respectively. The classification of stroke lesion 
location was based on structural MRI (e.g., T1-weighted) 
by expert neuroradiologists from the respective hospi-
tals (Fig.  1). The clinical characteristics of each type of 
stroke patient are shown in Table 1. The modified Barthel 
index (MBI), which is a commonly used scale to assess 
independence in activities of daily living of stroke sur-
vivors, was assessed by licensed occupational or physi-
cal therapists from the respective hospitals based on 
the standard training program provided by the KOSCO 
study. The MBI score ranges from 0 and 100, with higher 
MBI scores indicating greater independence. The inclu-
sion criteria were as follows: (1) age ranging from 18 to 
80  years; (2) less than 6  months after first-onset stroke; 
(3) no history of other neurological diseases, such as 
psychiatric disorders and traumatic brain injury; (4) the 
ability to understand the tester’s requests; (5) no abnor-
malities except for hemorrhagic or ischemic lesion based 
on conventional MRI. The exclusion criteria were as fol-
lows: (1) serious complications of the lung, heart, and 
kidney; (2) the severely restricted movement of joints due 
to pain, pronged joint immobilization, and a piece of torn 
cartilage. All patients provided written informed consent 
before participation. Experiments were conducted in 
accordance with the Declaration of Helsinki. This study 
was approved by the local ethics committee, including 
the Medical Ethics Committee of Shenzhen Nanshan 
District People’s Hospital (2018-0210-2), Beijing Tsin-
ghua Changgung Hospital (19075-0-01), and Beijing 
Rehabilitation Hospital Affiliated to Capital Medical Uni-
versity (209bkkj-028).

All the subjects were requested to sit with the upper 
limbs relaxed. FV (frequency: 75 Hz; amplitude: 1.2 mm), 
which was generated by a mechanical vibration device 
with a vibration head with a diameter of 17 mm (YS-889, 
Jialemei Health Care Co., Ltd., Taiwan, China, see Fig. 2), 
was applied over the biceps brachii’s muscle belly of the 
affected upper extremity of each patient. The experiment 
was carried out according to the following phases (Fig. 2): 
(1) baseline (S0), the resting-state EEG lasting for 4 min 
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was recorded; (2) the first FV stimulation phase (S1), 
EEG was recorded lasting for 3  min following the first 
FV stimulation; (3) the second FV stimulation phase (S2), 
the same as S1; (4) the third FV stimulation phase (S3), 
the same as S1. An interval of 5 min between phases was 
required. While EEG signals were recorded, all subjects 
were requested to keep their eyes closed. To reduce the 

interference with EEG signals from physiological signals, 
patients were asked to minimize movement of the head, 
eyes, body, and refrain from chewing.

EEG recordings and signal processing
EEG signals were recorded using the Waveguard sys-
tem with standard 32 Ag/AgCl electrodes EEG cap 

Fig. 1  The lesion locations of brain lesion profiles, including basal ganglia (A), other subcortical regions (e.g. lateral ventricle) (B), cortical region (C), 
brainstem (D), and mixed cortical–subcortical regions (E), were marked with a red ellipse

Table 1  The clinical characteristics of each type of stroke patients

F female, M male, SD standard deviation, MBI modified Barthel index

Group Sex Age (mean ± SD) Lesion type lesion location Months Since 
Stroke

MBI (mean ± SD)

1 4 F/5 M 57.8 ± 9.3 Hemorrhage Basal ganglia 1.6 ± 0.9 46.1 ± 24.9

2 2F/11 M 58.4 ± 7.4 Ischemia Basal ganglia 2.8 ± 1.5 66.8 ± 21.8

3 1 F/7 M 61.4 ± 7.8 Ischemia Brainstem 2.4 ± 1.9 49.9 ± 13.5

4 2 F/5 M 60.5 ± 21.0 Ischemia Other subcortical regions 2 ± 1.4 53 ± 33.2

5 1 F/8 M 50.9 ± 16.4 Ischemia Cortical regions 2.9 ± 1.5 41.7 ± 16.6

6 6 M 55.7 ± 8.2 Ischemia Mixed regions 1.9 ± 1.6 53.2 ± 26.0
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(ANT Neuro, Netherlands). In this system, the CPz 
electrode was chosen as the reference electrode and the 
ground reference laid between Fz and FPz electrodes. 
During EEG recording, the electrode impedances were 
set below 5 kΩ.

The filtering of EEG data was carried out using 
EEGLAB, in which the 0.5 Hz low-pass filter was applied 
first, and then the 45 Hz high-pass filter was applied. A 
common average reference was chosen. EEG data were 
divided into segments of 2  s. The EEG data with an 
amplitude exceeding ± 70  μV were removed by visual 
inspection. Physiological signals from the body itself, 
such as eye blinking, muscle activity, and the heartbeat, 
were removed by an independent component analysis 
method.

It is well known that beta (13–30 Hz) frequency-band 
oscillations (~ 13–30  Hz) are observed over the senso-
rimotor cortex and are more prominent during senso-
rimotor processes. Several studies have also shown that 
low-beta, mid-beta (18–21  Hz), and high-beta might 
reflect a widespread cortical activation of sensorimo-
tor systems, the activation of the motor cortex, and the 
activation of task-specific neural circuits with a more cir-
cumscribed cortical representation, respectively [36, 37]. 
Besides, based on two previous studies [38, 39], the sub-
beta frequencies, in which FV can induce motor-related 
power desynchronization (MRPD) in subacute stroke 
patients, were chosen in this study: beta1 (13–18  Hz), 
beta2 (18–21  Hz), and beta3 (21–30  Hz). In the power 
analysis, we calculated first the power spectral density 
of each segment using the Welch method (pWelch algo-
rithm, 0.5  Hz frequency resolution, an overlapping 1-s 
Hanning window, no phase shift) and summed up all the 
segments. Second, we averaged all the segments. Finally, 
the power was estimated as follows:

where RP(f1,f2) and PSD(f1,f2) were the relative power 
and the power spectral density in the frequency band [f1, 
f2], respectively. To determine whether the differences in 

RP(f 1, f 2) =

∫ f 2
f 1 PSD(f 1, f 2)df

∫ 45
0.5 PSD(0.5, 45)df

the activation of S1-M1 among different types of patients 
existed, beta MRPD overlying S1-M1, which reflected 
the activation of S1-M1, was used [38]. Beta MRPD was 
expressed by the negative results of the formula, reflect-
ing a percentage decrease in the beta power during the 
task when compared with the resting-state (baseline) 
condition. A greater magnitude of MRPD overlying the 
sensorimotor cortex meant a higher activation of the sen-
sorimotor cortex. MRPD induced by FV each time was 
estimated as follows:

In our study, the average MRPD induced by FV three 
times was calculated. Based on a previous study [40], 
the average laterality coefficient (LC) was computed as 
follows:

Statistical analysis
All statistical analyses were carried out in IBM SPSS Sta-
tistics 27. The Kruskal–Wallis H test (one-way non-para-
metric analysis of variance [ANOVA]) was carried out to 
determine whether age, time since stroke, and MBI were 
significantly different among stroke patients with differ-
ent brain lesion profile and lesion types. In the EEG sta-
tistical analysis, beta1, beta2, and beta3 were considered 
independent variables. To test whether FV led to a sig-
nificant activation of S1-M1 in stroke patients, a three-
way ANOVA for repeated measures (hereafter referred 
to as three-way ANOVA) was carried out as the main 
statistical procedure, in which time factors (baseline and 
during FV) and location factors (contralesional S1-M1 
and ipsilesional S1-M1) were considered within-subject 
factors, and group factors (basal ganglia hemorrhage/
ischemia, brainstem ischemia, subcortical ischemia, 
cortical ischemia, and mixed ischemia) were treated 
as between-subject factors. When the interaction was 

MRPD{S1,S2,S3} =
RP

{S1,S2,S3} − RP
Baseline

RPBaseline
× 100%

LC =

S3

S1

(MRPD
Ipsilesional S1 - M1
{S1,S2,S3} −MRPDContralesional S1 - M1

{S1,S2,S3} )

3

Fig. 2  The diagram of the experimental process. The inset is the mechanical vibratory device used in our study
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statistically significant, post hoc comparisons were car-
ried out.

To test the significance of differences in the acti-
vation of S1-M1 among stroke patients, one-
way non-parametric ANOVA (two independent 
samples:  Mann–Whitney U test;  multiple independ-
ent samples:  Kruskal–Wallis H test) was carried out 
as the main statistical procedure, in which location 
factors (contralesional S1-M1 and ipsilesional S1-M1) 
were considered within-subject factors, and group 
factors (lesion type group: basal ganglia hemorrhage/
ischemia; lesion location group: basal ganglia ischemia, 
brainstem ischemia, other subcortical ischemia, cor-
tical ischemia, and mixed ischemia) were treated as 
between-subject factors. If the main factors or their 
interactions showed significance, post hoc compari-
sons were carried out.

During ANOVA testing, the adjustment was made 
to the degrees of freedom if the assumption of sphe-
ricity checked by Mauchly’s test was of significance. 
Considering that the sample size was small and that 
basal ganglia stroke was more common compared 
with other regions’ strokes, Bayesian Pearson corre-
lation analysis was used to determine whether these 
indices, including the activation of ipsilesional S1-M1, 
the activation of contralesional S1-M1, and LC, had 
a correlation with MBI scores, only for all the stroke 
patients and patients with basal ganglia lesions. Due to 
the robustness of the ANOVA under the application of 
non-normally distributed data [41], the Shapiro–Wilk 

test was used to examine whether these metrics were 
normally distributed only for Bayesian Pearson corre-
lation analysis. In the post hoc comparisons, the false 
discovery rate was used in multiple hypothesis testing 
to correct for multiple comparisons. Significance was 
defined as p < 0.05.

Results
The Kruskal–Wallis H test indicated that age, time since 
stroke, and MBI of stroke patients with different lesion 
locations were not significantly different (p = 0.530, 0.547, 
0.611).

The changes of power in stroke patients with different 
brain lesion profiles and brain lesion types
In the beta1 band, three-way ANOVA illustrated that the 
main effect time [F(1, 46) = 23.964, p < 0.001, η2 = 0.343] 
and the group × time interaction [F(5, 46) = 2.925, 
p = 0.022, η2 = 0.241] had a significance; the main effect 
location and the group × location, location × time, and 
location × time × group interactions had no significance. 
The post hoc test revealed that FV led to a significant 
reduction of power overlying bilateral S1-M1 (ipsile-
sional S1-M1, p = 0.006, Cohen’d = 1.127; contralesional 
S1-M1, p < 0.0001, Cohen’d = 2.736) in patients with 
basal ganglia hemorrhage (Fig.  3A), a significant reduc-
tion of power overlying contralesional S1-M1 (p = 0.006, 
Cohen’d = 0.922) in patients with basal ganglia ischemia 
(Fig. 4A), and a significant reduction of power overlying 

Fig. 3  Comparison of relative power in the different bands overlying S1-M1 between baseline and during-FV (Focal vibration) in patients 
with basal ganglia hemorrhage. A shows the significant results of relative power overlying ipsilesional or contralesional S1-M1 during FV compared 
with the baseline phase in the beta1 band. B shows the significant results of relative power overlying ipsilesional or contralesional S1-M1 during FV 
compared with the baseline phase in the beta2 band. (Asterisks indicate significant differences; *0.01 ≤ P < 0.05, **P < 0.01)
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ipsilesional S1-M1 (p = 0.014, Cohen’d = 1.075) in patients 
with brainstem ischemia (Fig. 5A).

In the beta2 band, three-way ANOVA showed that 
the main effect location [F(1, 46) = 19.318, p < 0.001, 
η2 = 0.296], the main effect time [F(1, 46) = 22.734, 
p < 0.001, η2 = 0.331], and the group × time interac-
tion [F(5, 46) = 2.546, p = 0.041, η2 = 0.217] had a sig-
nificance; the location × time, location × group, and 

group × location × time interactions had no significance. 
The post hoc test revealed that FV led to a significant 
reduction in power overlying bilateral S1-M1 (ipsile-
sional S1-M1, p = 0.008, Cohen’d = 1.167; contralesional 
S1-M1, p = 0.002, Cohen’d = 1.670) in patients with 
basal ganglia hemorrhage (Fig.  3B), a significant reduc-
tion in power overlying bilateral S1-M1 (ipsilesional 
S1-M1, p = 0.027, Cohen’d = 0.637; contralesional S1-M1, 

Fig. 4  Comparison of relative power in the different bands overlying S1-M1 between baseline and during-FV (Focal vibration) in patients 
with basal ganglia ischemia. A shows the significant results of relative power overlying contralesional S1-M1 during FV compared with the baseline 
phase in the beta1 band. B shows the significant results of relative power overlying ipsilesional or contralesional S1-M1 during FV compared 
with the baseline phase in the beta2 band. (Asterisks indicate significant differences; *0.01 ≤ P < 0.05, **P < 0.01)

Fig. 5  Comparison of relative power in the different bands overlying S1-M1 between baseline and during-FV (Focal vibration) in patients 
with brainstem ischemia. A shows the significant results of relative power overlying ipsilesional S1-M1 during FV compared with the baseline 
phase in the beta1 band. B shows the significant results of relative power overlying ipsilesional S1-M1 during FV compared with the baseline phase 
in the beta2 band. (Asterisks indicate significant differences; *0.01 ≤ P < 0.05, **P < 0.01)
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p = 0.008, Cohen’d = 0.921) in patients with basal ganglia 
ischemia (Fig. 4B), a significant reduction of power over-
lying ipsilesional S1-M1 (p < 0.0001, Cohen’d = 2.530) in 
patients with brainstem ischemia (Fig. 5B), and a signifi-
cant reduction in power overlying bilateral S1-M1 (ipsile-
sional S1-M1, p = 0.034, Cohen’d = 0.878; contralesional 
S1-M1, p = 0.027, Cohen’d = 1.003) in patients with other 
subcortical ischemia (Fig. 6B).

In the beta3 band, three-way ANOVA showed that 
the main effect location [F(1, 46) = 16.789, p = 0.002, 
η2 = 0.267], the main effect time [F(1, 46) = 17.654, 
p < 0.0001, η2 = 0.277], and the location × group interac-
tion [F(4, 46) = 2.460, p = 0.047, η2 = 0.211] had a sig-
nificance; the time × group [F(5, 46) = 2.105, p = 0.082, 
η2 = 0.185], location × time [F(1, 46) = 2.523, p = 0.119, 
η2 = 0.052], and location × time × group interactions [F(5, 
46) = 2.229, p = 0.067, η2 = 0.195] had no significance. 
Post hoc tests revealed that the power of ipsilesional 
S1-M1 was significantly lower than that of contralesional 
S1-M1 in the baseline phase in patients with basal ganglia 
hemorrhage (p = 0.034, Cohen’d = 0.914, Additional file 1: 
Fig. S1A), patients with basal ganglia ischemia (p = 0.034 
Cohen’d = 0.696, Additional file 1: Fig. S1B), patients with 
brainstem ischemia (p = 0.038, Cohen’d = 0.858,  Addi-
tional file 1: Fig. S1C), and patients with cortical ischemia 
(p = 0.036, Cohen’d = 0.841,  Additional file  1: Fig. S1D), 
while the power of ipsilesional S1-M1 was significantly 
lower than the power of contralesional S1-M1 in the 
FV phase in patients with cortical ischemia (p = 0.005, 
Cohen’d = 1.462, Additional file 1: Fig. S1D) and patients 

with mixed cortical–subcortical ischemia (p = 0.005, 
Cohen’d = 2.656, Additional file 1: Fig. S1E).

The differences in MRPD among stroke patients 
with different brain lesion profiles and brain lesion types
In the beta1 band, the Mann–Whitney U test revealed 
that MRPD of bilateral S1-M1 in patients with basal gan-
glia hemorrhage was lower than that in patients with 
basal ganglia ischemia (ipsilesional S1-M1, p = 0.021; 
contralesional S1-M1, p = 0.0056, Fig.  7A). In the beta2 
band, the Mann–Whitney U test revealed that MRPD 
of bilateral S1-M1 in patients with basal ganglia hemor-
rhage was lower than that in patients with basal ganglia 
ischemia (ipsilesional S1-M1, p = 0.002; contralesional 
S1-M1, p = 0.0001, Fig.  7B). In the beta3 band, the 
Mann–Whitney U test indicated that there was no sig-
nificant difference in MRPD of bilateral S1-M1 between 
patients with basal ganglia hemorrhage and basal ganglia 
ischemia.

In the beta2 band, the Kruskal–Wallis H test revealed 
that the main  factors group for MRPD of ipsilesional 
S1-M1 had a significance (p = 0.025). Post hoc com-
parisons revealed that MRPD of ipsilesional S1-M1 in 
patients with brainstem ischemia was lower than that in 
patients with cortical ischemia (p = 0.008) (Fig. 8). In the 
beta1 and beta3 bands, the Kruskal–Wallis H  test indi-
cated that the main factors group had no significance 
for MRPD of both contralesional S1-M1 and ipsilesional 
S1-M1.

Fig. 6  Comparison of relative power in the different bands overlying S1-M1 between baseline and during-FV (Focal vibration) in patients 
with other subcortical ischemia. A shows no significant results of relative power overlying ipsilesional or contralesional S1-M1 during FV compared 
with the baseline phase in the beta1 band. B shows the significant results of relative power overlying ipsilesional or contralesional S1-M1 during FV 
compared with the baseline phase in the beta2 band. (Asterisks indicate significant differences; *0.01 ≤ P < 0.05, **P < 0.01)
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The association between LC and MBI score
The Shapiro–Wilk test showed that LC in all the sub-
beta bands, as well as MBI, was normally distributed. 
When all the stroke patients were  not classified accord-
ing to the location and the type of damage, Bayesian 

Pearson correlation analysis showed that there was 
no evidence for the correlation between LC and MBI 
in all the sub-beta bands for all the stroke patients. 
When all the stroke patients were classified according 
to the location of damage, Bayesian Pearson correlation 

Fig. 7  Comparison of MRPD (Motor-related power desynchronization) in the different bands induced by FV (Focal vibration) overlying 
S1-M1 in the stroke patients with between basal ganglia hemorrhage and basal ganglia ischemia. A shows the significant difference in MRPD 
of contralesional or ipsilesional S1-M1 between stroke patients with basal ganglia hemorrhage and that with basal ganglia ischemia in the beta1 
band. B shows the significant difference in MRPD of contralesional or ipsilesional S1-M1 between stroke patients with basal ganglia hemorrhage 
and that with basal ganglia ischemia in the beta2 band. (Asterisks indicate significant differences; *0.01 ≤ P < 0.05, **P < 0.01)

Fig. 8  Comparison of MRPD (Motor-related power desynchronization) in the beta2 band induced by FV (Focal vibration) overlying ipsilesional 
or contralesional S1-M1 in the stroke patients with among basal ganglia ischemia, brainstem ischemia, cortical  ischemia, subcortical  ischemia, 
and mixed ischemia. (Asterisks indicate significant differences; *0.01 ≤ P < 0.05, **P < 0.01)
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analysis showed that there was anecdotal evidence for 
the correlation between LC with MBI in the beta1 band 
(r = 0.473, Bayes factor = 0.527, Additional file  1: Fig. 
S2A) and strong evidence for the correlation between 
LC and MBI in the beta2 band (r = 0.590, Bayes fac-
tor = 0.098, Additional file 1: Fig. S2B) in patients with 
the injuries to the basal ganglia. When all the stroke 
patients with injuries to the basal ganglia were classi-
fied according to the type of damage, in patients with 
basal ganglia ischemia, Bayesian Pearson correlation 
analysis showed that there was moderate evidence for 
the correlation between LC and MBI in the beta1 band 
(r = 0.643, Bayes factor = 0.294, Fig.  9A), strong evi-
dence for the correlation between LC and MBI in the 
beta2 band (r = 0.783, Bayes factor = 0.034, Fig. 9B), and 
anecdotal evidence for the correlation between LC and 
MBI in the beta3 band (r = 0.562, Bayes factor = 0.654, 
Additional file  1: Fig. S3). There was no evidence for 
the correlation between the activation of ipsilesional 
S1-M1 and MBI, as well as between the activation of 
contralesional S1-M1 and MBI.

Discussion
The desynchronized power overlying C3/C4 in the beta 
band, especially around 20 Hz, can reflect the activation 
of S1-M1 [32, 36, 37]. Based on this, this study shows the 
following results: (1) FV may lead to activation of bilat-
eral S1-M1 in patients with basal ganglia hemorrhage/
ischemia and other subcortical ischemia, activation of 
ipsilesional S1-M1 in patients with brainstem ischemia, 
and no activation of S1-M1 on either side in patients 
with cortical and mixed ischemia. (2) The activation of 

ipsilesional/contralesional S1-M1 in patients with sub-
cortical ischemia tends to be higher than that in patients 
with lesions involving cortical regions. Especially in 
patients with brainstem ischemia, the activation of ipsile-
sional S1-M1 could be significantly higher than that in 
patients with cortical ischemia, while the activation of 
bilateral S1-M1 in patients with basal ganglia hemor-
rhage could be higher than that in patients with basal 
ganglia ischemia. (3) No significant correlation between 
LC and MBI was observed for all the stroke patients, but 
a significant correlation between LC and MBI could be 
observed in patients with basal ganglia lesions.

The lesion‑specific activation patterns of S1‑M1 in stroke 
patients following FV stimulation

(1)	The lesion-specific activation patterns of S1-M1 
among stroke patients with different brain lesion pro-
files

To the best of our knowledge, this is the first study to 
explore lesion-specific cortical activation following strong 
sensory stimulation in patients with subacute stroke. The 
application of FV at low amplitude (100 μm–2 mm) and 
high frequency (50–120  Hz) over specific muscles can 
offer strong proprioceptive inputs by stretching mus-
cle fiber to induce the firing of primary spindle endings 
[29, 32]. The strong proprioceptive inputs can activate 
proprioceptive pathways from the muscle spindle, which 
decussates in the caudal medulla through the posterior 
column-medial lemniscus pathway, up to S1-M1 [31, 32]. 
In our study, the frequency of FV (75 Hz) is within this 
frequency range that can activate the firing of primary 

Fig. 9  The relationship between MBI (modified Barthel Index) and LC (laterality coefficient) in patients with basal ganglia ischemia in the different 
bands. A shows the correlation between MBI and LC in the beta1 band. B shows the correlation between MBI and LC in the beta2 band. Each 
rectangle represents one stroke subject
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spindle endings. The amplitude of FV (1.2  mm) above 
the firing threshold of muscle spindle primary end-
ings (100  μm) can induce the firing of muscle spindle 
primary endings [42] and cannot induce the spread of 
vibration and withdrawal reactions (above 2  mm) [43]. 
The amplitude of FV is also beyond the amplitude range 
(0.2–0.5 mm) which can induce kinesthetic illusions [44]. 
Obviously, FV (frequency: 75 Hz; amplitude: 1.2 mm) is 
very appropriate to activate muscle spindles. Generally, 
the limb’s movement can also offer proprioceptive inputs 
by stretching muscle fibers and activating muscle spin-
dle afferents. Therefore, the activation patterns of S1-M1 
induced by FV can be similar to those induced by the 
movement of limbs. For example, the activation of bilat-
eral S1-M1 in patients with other subcortical ischemia 
has been confirmed during a single brief handgrip with 
the affected hand [45], and during hand grasp–release 
movements [46]. The activation of ipsilesional S1-M1 in 
patients with brainstem lesions, which has a correlation 
with the improvement of motor function during motor 
recovery over 6 months [47], occurred during movement 
of the affected hand based on fMRI [48]. The activation of 
ipsilesional S1-M1 can be attributed to the fact that the 
regeneration and reorganization of the ipsilesional corti-
cospinal tract were detected during recovery in patients 
with brainstem ischemia [49]. The injuries involving the 
cortex, including cortical ischemia and mixed ischemia, 
entail weak activation of ipsilesional or contralesional 
S1-M1 during a motor task [23, 50], which may be partly 
explained by the fact that cortical stroke may directly 
affect S1-M1 regions by inducing extensive and variable 
locations of lesions [21]. Therefore, compared with tradi-
tional motor training alone, additional sensory stimula-
tion, such as FV stimulation, can further promote higher 
activation of S1-M1, which can induce the plasticity of 
S1-M1 to a larger extent and finally accelerate motor 
recovery [51].

In the present study, FV could lead to the different acti-
vation patterns of S1-M1 among patients involving inju-
ries to subcortical regions. For example, patients with 
basal ganglia ischemia show a greater trend than patients 
with brainstem ischemia in the activation of contrale-
sional S1-M1, which is the opposite in the activation of 
ipsilesional S1-M1. The difference may be associated with 
the integrity of the corticospinal tract. Brainstem stroke 
was associated with significantly lower fractional anisot-
ropy in the contralesional corticospinal tract than capsu-
lar stroke [52], which was divided into the basal ganglia 
[53]. Therefore, the integrity of contralesional corti-
cospinal tract for basal ganglia stroke better than that for 
brainstem stroke might lead to the difference in the acti-
vation of S1-M1 between basal ganglia stroke and brain-
stem stroke. Moreover, lower fractional anisotropy in the 

ipsilesional corticospinal tract for capsular stroke than 
that for pontine stroke might be detected, and hence the 
activation of contralesional S1-M1 in patients with basal 
ganglia ischemia may be higher than that in patients with 
brainstem ischemia [54]. Besides, FV-induced activation 
of bilateral S1-M1 may be observed in patients with other 
subcortical ischemia, but not in patients with brainstem 
ischemia. The abovementioned differences can be attrib-
uted to brainstem regions as the common sites in stroke 
patients involving the motor pathway compared with 
other subcortical regions [55].

In the present study, the activation of contralesional 
S1-M1 in patients with basal ganglia ischemia tends to 
be greater than that in patients with cortical and mixed 
ischemia, while the activation of ipsilesional S1-M1 in 
patients with brainstem ischemia is significantly higher 
than that in patients with cortical ischemia. These 
results are similar to those of previous studies show-
ing that the activation of S1-M1 in patients with sub-
cortical stroke was higher than that in patients with 
mixed stroke during paretic movement [22, 56], as well 
as patients with cortical stroke during different motor 
tasks [56] or touch discrimination training [21]. The 
motor recovery can be associated with the activation 
of S1-M1. Therefore, a poorer motor or somatosensory 
recovery for cortical stroke than subcortical stroke [9, 
57] can support our result. Besides, cortical stroke did 
not lead to the activation of the motor cortex secondary 
to critical tissue loss compared with subcortical stroke 
[20], which can also induce a difference in the activa-
tion of S1-M1 between patients with cortical and sub-
cortical stroke.

(2)	The lesion-specific activation patterns of S1-M1 
between stroke patients with different brain lesion 
types

FV may induce the activation of bilateral S1-M1 
in patients with basal ganglia lesions, which was also 
observed during the affected hand motion task [53] 
and during motor recovery 6 months after basal ganglia 
stroke [58]. However, the effect of brain lesion types on 
the activation of S1-M1 in the two studies mentioned 
above has been not explored. Our present study has fur-
ther demonstrated the activation of bilateral S1-M1 in 
patients with both basal ganglia hemorrhage and basal 
ganglia ischemia, where the activation of bilateral S1-M1 
in patients with basal ganglia hemorrhage was signifi-
cantly higher than that in patients with basal ganglia 
ischemia. Generally, the impairment of motor function in 
patients with basal ganglia hemorrhage was more serious 
than that in patients with basal ganglia ischemia [14], but 
motor improvement in the early stage of rehabilitation 
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in patients with basal ganglia hemorrhage with serious 
impairment is obviously better than that for patients 
with basal ganglia ischemia with less impairment [59]. 
Therefore, patients with basal ganglia hemorrhage may 
need to raise more neural resources to induce the recov-
ery of motor function compared with patients with basal 
ganglia ischemia with less severe damage [60]. The acti-
vation of bilateral S1-M1 for severely paralyzed stroke 
patients has been associated with good motor function 
in the early phase of motor recovery [61], which has also 
supported our results. Based on our studies, it can be 
speculated that the activation of S1-M1 in patients with 
hemorrhage in other brain regions could be higher than 
that in patients with ischemia in the corresponding brain 
regions.

The association between LC and functional scores
In this study, LC shows no significant correlation with 
MBI for all stroke patients, but LC shows a significantly 
positive correlation with MBI in patients with basal gan-
glia lesions. In patients with basal ganglia lesions, the 
better the performance in activities of daily living gains, 
the higher the lateralization of contralesional S1-M1. 
The result is consistent with the previous finding that 
higher contralesional lateralization is correlated with bet-
ter motor performance in the subacute phase [53]. One 
study revealed  that sensory stimulation led to the  lower 
activation of ipsilesional S1-M1 in stroke patients with 
less touch impairment or motor impairment, who can 
have a good performance in activities of daily living [62]. 
The lower activation of ipsilesional S1-M1 can lead to 
higher contralesional lateralization. Therefore, it can be 
speculated based on this study that patients with good 
performance in MBI have great contralesional later-
alization. Some studies have also demonstrated that the 
activation of contralesional S1-M1 played an important 
role in the recovery of motor function [16, 63]. The acti-
vation of contralesional S1-M1 could be correlated with 
the reduction of GABAergic inhibition [64], which can 
lead to long-term potentiation and cortical plasticity and 
finally induce the recovery of motor function [65]. Obvi-
ously, FV can lead to lesion-specific activation patterns, 
which can induce lesion-specific mechanisms of cortical 
reorganization to explain the effect of FV on the recovery 
of motor function based on the results from those studies 
[18, 19]. Especially in patients with basal ganglia lesions, 
optimal activation of bilateral S1-M1 can be achieved by 
modulation of the FV parameters, including frequency 
and amplitude. In this way, optimal rehabilitation strate-
gies based on the optimal activation of S1-M1, which is 
consistent with this EEG-TMS study, can be developed 
for strong sensory stimulation [66].

Limitations
The one limitation of this study is that the sample size 
of stroke patients with different brain lesion profiles 
is small. Because  Fugl–Meyer assessment (FMA) and 
FMA of upper extremity (FMU) data for some stroke 
patients  were missing, we only investigated the associa-
tion between LC and MBI. Actually, Bayesian Pearson 
correlation showed that LC in patients with basal gan-
glia lesions showed a strong correlation with FMU in 
the beta2 band when stroke patients without FMU were 
excluded (r = 0.714, Bayes factor = 0.084, Additional 
file  1: Fig. S4). Bayesian Pearson correlation showed 
strong evidence for the correlation between MBI and 
FMA (r = 0.778, Bayes factor < 0.001, Additional file  1: 
Fig. S5A) and between MBI and FMU (r = 0.713, Bayes 
factor < 0.001, Additional file  1: Fig. S5B)  when stroke 
patients without FMU and FMA were excluded. One 
study has shown that MBI has a positive correlation with 
FMU or FMA [67], which means  that  MBI may also be 
directly used to reflect upper extremity function. Motor 
functional scores (such as FMU, the Wolf Motor Func-
tion Test) and sensory functional scores (such as the 
revised Nottingham  Sensory Assessment scale) can be 
used to explore the relationship between LC and func-
tional scores in the future. In the current study, we focus 
mainly on the effect of different brain lesion profiles 
(including lesion locations and lesion sizes) on the activa-
tion of S1-M1, rather than lesion size individually. Fur-
ther study can focus on investigating the effect of lesion 
size on the activation of S1-M1 during FV for stroke 
patients with injuries to the same locations. Besides, 
broad categorization of stroke types is conducted, which 
leads to the fact that the sample size of each stroke type 
is small. Although the current study has demonstrated 
that the activation patterns of the sensorimotor cortex 
induced by FV may be related to the brain lesion pro-
files and lesion types, the relationship between the acti-
vation of the sensorimotor cortex and motor functional 
scores for patients with brainstem ischemia, subcorti-
cal ischemia, and other subcortical ischemia, has not 
been established. The necessity of attempting to discern 
the relative contributions of stroke lesions to S1 and M1 
output may still need to further be explored. Therefore, 
more patients for each stroke type will be recruited in 
further studies. Another limitation of this study is that we 
only compare the activation of the sensorimotor cortex 
in stroke patients with basal ganglia ischemia and basal 
ganglia hemorrhage. It is necessary to compare the acti-
vation of the sensorimotor cortex in stroke patients with   
ischemia/hemorrhage  in other locations. However, it is 
very difficult to recruit more hemorrhagic strokes with 
different lesion locations in the clinical trials. Therefore, 
in a further study, we should recruit hemorrhagic strokes 
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with different lesion locations (e.g., brainstem) to explore 
the effects of brain lesion types on the activation of the 
sensorimotor cortex in subacute stroke patients induced 
by FV in-depth.

Conclusions
This study  has showed that the activation patterns of 
S1-M1 induced by FV depended on brain lesion profiles 
and lesion types. To be specific, the activation of S1-M1 
in patients with pure subcortical strokes induced by 
FV might be higher than that in patients with cortical 
stroke, while the activation of S1-M1 in patients with 
basal ganglia hemorrhage induced by FV might be 
higher than that in patients with basal ganglia ischemia. 
In addition, better performance in ADL might be found 
to be associated with a higher lateralization of contral-
esional S1-M1 in patients with basal ganglia lesions, 
but not in all stroke patients. This indicates that FV 
could be applied in a personalized manner based on the 
lesion-specific activation of S1-M1 in stroke patients 
with different lesion profiles and types, which may con-
tribute to a better understanding of mechanisms under-
lying cortical reorganization for heterogeneous stroke 
patients.
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sional S1-M1 significantly higher than that of contralesional S1-M1 in the 
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of ipsilesional S1-M1 significantly lower than that of contralesional S1-M1 
in the baseline and during-FV (Focal vibration) phase in with cortical 
ischemia. E shows the power of ipsilesional S1-M1 significantly lower than 
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LC in the beta1 band. B shows the correlation between MBI and LC in 
the beta2 band. Each rectangle represents one stroke subject. Fig. S3. 
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