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Neural plasticity compensates for the loss of motor function after stroke. However,
whether neural plasticity occurs in the somatosensory pathways after stroke is unknown.
We investigated the left–right somatosensory interaction in two hemorrhagic patients
using a paired somatosensory evoked potentials (p-SEPs) recorded at CP3 and CP4,
which was defined as an amplitude difference between the SEPs of paired median
nerve stimulations to both sides and that of single stimulation to the affected side.
Patient 1 (61-year-old, left thalamic hemorrhage) has a moderate motor impairment,
severe sensory deficit, and complained of pain in the affected right upper limb. Patient
2 (72-year-old, right thalamic hemorrhage) had slight motor and sensory impairments
with no complaints of pain. Single SEPs (s-SEPs) were obtained by stimulation of the
right and left median nerves, respectively. For paired stimulations, 1 ms after the first
stimulation to the non-affected side, followed by a second stimulation to the affected
side. In patient 1, a s-SEP with stimulation to the non-affected side and a p-SEP
were observed in CP4. However, a s-SEP was not observed in either hemisphere with
stimulation to the affected side. On the other hand, in patient 2, a s-SEP in CP3 with
stimulation to the non-affected side and in CP4 with stimulation to the affected side
were observed; however, a p-SEP was not observed. In addition, to investigate the
mechanism by which ipsilateral median nerve stimulation enhances contralateral p-SEP
in patient 1, we compared the SEP averaged over the first 250 epochs with the SEP
averaged over the second 250 epochs (total number of epochs recorded: 500). The
results showed that in the patient 1, when the bilateral median nerve was stimulated
continuously, the habituation did not occur and the response was larger than that
of the s-SEP with unilateral median nerve stimulation. In the current case report, the
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damage to the thalamus may cause neuroplasticity in terms of the left–right interaction
(e.g., left and right S1). The somatosensory input from the affected side may interfere
with the habituation of the contralateral somatosensory system and conversely increase
the response.

Keywords: stroke, somatosensory evoked potentials, neural plasticity, paired somatosensory evoked potentials,
thalamic hemorrhage

INTRODUCTION

The human nervous system has acquired some adaptive
responses, defined as “hyper-adaptability,” that are activated with
significant changes in the internal environment (it does not
work under normal conditions). For example, neural plasticity
in the central nervous system plays an important role in the
recovery of motor paralysis caused by corticospinal tract damage.
Previous studies on spinal cord-lesioned monkeys showed that
the sprouting of midline-crossing axons in the corticospinal
tract occurs in the spinal cord rostral to the lesion, and the
sprouting was associated with improvement in hand function
and locomotion (Courtine et al., 2005; Rosenzweig et al.,
2010). In addition, the functional motor representation maps
around the damage and remote cortical regions change with
rehabilitative motor training after focal damage in the forelimb
movement area of the motor cortex (Nudo et al., 1996; Frost
et al., 2003; Ramanathan et al., 2006; Barbay et al., 2013).
These studies suggest that an unusual neural route is created,
which then controls the paretic limb (Murata et al., 2015; Isa,
2017; Yamamoto et al., 2019; Kato et al., 2020). Conversely, no
compensatory mechanism for sensory information processing
after damage to the somatosensory pathway has been identified.

Neurons in the unilateral S1 receive sensory information
from the contralateral brain through interhemispheric transfer
(Iwamura et al., 1994, 2001, 2002; Nihashi et al., 2005).
Recently, three previous studies, including our study, investigated
interactions between contralateral and ipsilateral activations
using a paired median nerve somatosensory evoked potential
(p-SEP) protocol in a healthy human (Ragert et al., 2011; Brodie
et al., 2014; Ishii et al., 2021). In this protocol, peripheral
stimulation of the unilateral median nerve preceded the
stimulation of the other median nerve with some interstimulus
intervals (ISIs). When left–right interaction is presented, the
SEP evoked by the stimulation to the unilateral median nerve
is modulated by interference of the stimulation to the median
nerve on the other side. Ragert et al. (2011) and Brodie et al.
(2014) showed that interhemispheric inhibitory interactions in
the S1 occur between two hemispheres via the corpus callosum
in a critical time interval of 20–25 or 15–35 ms after median
nerve stimulation. However, we recently investigated the effect
of ISIs (1–100 ms) on p-SEPs in more detail and concluded
that no interaction occurs between left and right somatosensory
pathways in healthy subjects with any ISI (Ishii et al., 2021).
We further demonstrated that no interaction occurs between
the bilateral somatosensory pathways of healthy subjects with
short ISI conditions (<5 ms), which indicates that there is also
no left–right transmission of a small number of synapses in

the pathways (Ishii et al., 2021). In stroke patients, in whom
large-scale changes in neural networks occur, the existence of a
left–right interaction of somatosensory pathways at a level other
than the corpus callosum has not been established. However, left–
right somatosensory interaction at a level other than the corpus
callosum might contribute to recovery from hypoesthesia. This
is because when the somatosensory pathways are damaged at the
subcortical level, such as in the thalamus, left–right interaction
through the corpus callosum may not contribute to the recovery
of hypoesthesia.

We hypothesized that the neural connectivity formed by
a small number of synapses in the left–right interaction of
the somatosensory pathway would be present in patients with
recovered sensory impairment. Therefore, we investigated the
interaction of the left–right of somatosensory pathways in two
patients with thalamic hemorrhage using the p-SEPs protocol
under short ISI (Ragert et al., 2011; Brodie et al., 2014;
Ishii et al., 2021).

CASE DESCRIPTION

This study was reviewed and approved by the Ibaraki Prefectural
University of Health Sciences Review Board (approval nos. 893
and e278). The patients provided their written informed consent
to participate in this study.

Timeline for Clinical and Laboratory
Findings
Table 1 shows the clinical episodes and evaluation results from
the onset of symptoms to the time of SEP recording.

Patient 1
A 61-year-old right-handed Japanese man was admitted to
the acute care hospital due to right upper and lower limb
paresis, facial paresis, and speech disturbance. On admission,
the Glasgow Coma Scale (GCS) for the eye-opening, verbal,
and motor responses was 3, 5, and 6 points, respectively. Head
computed tomography (CT) showed a high-density area in
the left thalamus (Figure 1A). On the second day post-onset,
acute rehabilitation (occupational, physical, and speech therapy)
was initiated. The physical examination revealed the following
findings: right upper and lower limb paresis (Brunnstrom stage
2 for arm, 2 for hand, and 2 for leg), and severe hypoesthesia
with deep (thumb-localizing test: 3) and superficial sensation.
The patient was subsequently transferred to a convalescent
rehabilitation hospital at 4 weeks post-onset. Evaluation at the
time of transfer showed a GCS of 15 points, paralysis of the
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right upper and lower limbs (Brunnstrom stage 3 for arm, 3–4
for hand, and 3–4 for foot), severe hypoesthesia with deep
sensation (thumb-localizing test: 2), and superficial sensation.
In addition, he complained of pain in the right upper limb
(affected side).

Patient 2
A 72-year-old right-handed Japanese man was admitted to the
acute care hospital due to left upper and lower limb paresis.
On admission, the GCS for the eye-opening, verbal, and motor
responses was 4, 5, and 6 points, respectively. Head CT showed
a high-density area in the right thalamus (Figure 1A). On
the day of onset, acute rehabilitation (occupational, physical,
and speech therapy) was initiated. The physical examination
revealed the following findings: left upper and lower limb paresis
(Brunnstrom stage 2 for arm, 3 for hand, and 2 for leg), and severe
hypoesthesia with deep and superficial sensations. The patient
was subsequently transferred to a convalescent rehabilitation
hospital at 20 days post-onset. Evaluation at the time of transfer
showed paralysis of the left upper and lower limbs (Brunnstrom
stage 3 for arm, 4 for hand, and 5 for foot), slight hypoesthesia
with deep and superficial sensations, and no complaints of pain
in the left upper limb (affected side).

Physical Examination at SEP Recording
On the 107th (patient 1) or 152th (patient 2) day of onset,
we performed a physical examination using the Brunnstrom
stage (for paresis), sense of passive movement and position
sense of thumb (for deep sensations), and Semmes–Weinstein
Monofilament (SWM) test (Sakai Medical, Tokyo) for superficial
sensation as previously described (Mima et al., 2004). The
SWM applies stimulation with constant pressure and evaluates
tactile thresholds using several levels of stimulus intensity (Bell-
Krotoski et al., 1995). Briefly, monofilaments of 20 different sizes
(1.65–2.83, 3.22–3.61, 3.84–4.31, 4.54–6.45, and 6.65 expressed as
the log of the bending force in mg) were applied to the index
finger (three points), mother finger (one point), middle finger
(three points), and palm (five points) (Figure 1B).

Somatosensory Evoked Potential
Recording
To investigate the interactions between contralateral and
ipsilateral activations, single SEP (s-SEP), and p-SEP were
recorded using a previously described protocol with minor
modifications (Ragert et al., 2011; Brodie et al., 2014; Ishii
et al., 2021). In the s-SEP paradigm, s-SEPs were obtained by
stimulation of the right and left median nerves at the wrist
(Figures 2, 3). In the p-SEP paradigm, peripheral stimulation to
the median nerve of the affected side (conditioning stimulus: CS)
was performed 1 ms after the stimulation to the non-affected side
(test stimulus: TS). A BrainAmp DC (Brain Products, Gilching,
Germany) and TMS-compatible EEG electrode caps were used
for SEP recordings. The ground electrode was placed on the skin
over the right biceps brachii. The impedance of each electrode
was set below 5 k�. EEG signals were recorded at a sampling
frequency of 5 kHz with 1 kHz low-pass analog filter.

A Neuropack X1 (Nihon Kohden, Tokyo, Japan) was used to
deliver electrical stimuli of 0.2 ms duration at a rate of 3 Hz
(Ishibashi et al., 2020). The stimulus intensity was set at three
times the perceptual threshold of the non-affected side (patient
1: 10.5 mA for bilateral median nerve; patient 2: 11.4 mA for
bilateral median nerve). During stimulation for s-SEP, TS (non-
affected side), and CS (affected side) were applied to the median
nerve. A total of 1,500 stimulus-related epochs were recorded
with 500 epochs for each condition [(TS + CS), TS only, and CS
only]. We asked the subjects to count the electrical stimuli during
the SEP recordings to counteract the attention effect.

Data Analysis
Epochs were digitally filtered using a bandpass Butterworth
filter (1–200 Hz) (Ragert et al., 2011; Brodie et al., 2014; Ishii
et al., 2021). We calculated and compared the average of the
SEP from 1 to 250 epochs with those from 251 to 500 epochs
(Figures 2, 3). Each SEP component was calculated using the
montages described below using MATLAB R2019a (MathWorks,
Natick, MA, United States) (Mauguiere et al., 1999; Cruccu
et al., 2008). The cortical components of short latency SEP (P14-
peak–N20-peak amplitude, N20-peak–P25-peak amplitude, and
P25-peak–N33-peak amplitude) from CP3 or CP4 (Fz reference)
were calculated.

To evaluate the effect of the CS (stimulation to the affected
side) on TS (stimulation to the non-affected side), the p-SEPs in
the contralateral and ipsilateral pathways (data at CP3 and CP4,
respectively) were calculated using the following equation (Ragert
et al., 2011; Brodie et al., 2014; Ishii et al., 2021):

p-SEP = (SEP of TS+ CS)−
(
SEP of CS only

)

RESULTS

Motor Paralysis and Sensory Impairment
at the Day of SEP Recording
Patient 1
Brunnstrom stages of the paretic limbs were 3 for arm, 4 for
hand, and 4 for leg, respectively. Hypoesthesia was severe in
deep (sense of passive movement and position sense of thumb)
and superficial sensations (Figure 1B). During the evaluation of
deep sensation, the patient remarked, “I can vaguely tell that it
is moving, but I cannot identify the direction or the finger that
is moving.” Moreover, numbness and pain in the upper limb on
the affected side increased since admission to the convalescent
rehabilitation hospital.

Patient 2
Brunnstrom stages of the paretic limbs were 5 for arm, 5 for
hand, and 4 for leg. Hypoesthesia was mild in deep and superficial
sensations (Figure 1B). At the time of the SEP recording,
the patient said, “I felt the sensation more strongly with (the
single than) the paired stimulation.” Moreover, he complained
of numbness in the ball of the left thumb and no pain in the
affected upper limb.
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TABLE 1 | Clinical and laboratory findings on patients 1 and 2.

Patient 1 Patient 2

Days Clinical and laboratory findings Days Clinical and laboratory findings

0
(onset)

Admission to the acute care hospital due to right upper and
lower limb paresis, facial paresis, and speech disturbance.

0
(onset)

Admission to the acute care hospital due to left upper
and lower limb paresis.

2 Starting the acute rehabilitation (occupational, physical, and
speech therapy).
Brunnstrom stage: 2 (arm), 2 (hand), and 2 (leg)
Deep sensations: severe (thumb-localizing test: 3)
Superficial sensation: severe

Starting the acute rehabilitation (occupational, physical,
and speech therapy).
Brunnstrom stage: 2 (arm), 3 (hand), and 2 (leg)
Deep sensations: severe
Superficial sensation: severe

33 Transferred to a convalescent rehabilitation hospital.
Brunnstrom stage: 3 (arm), 3–4 (hand), and 3–4 (foot)
Deep sensations: severe (thumb-localizing test: 2)
Superficial sensation: severe
Pain: affected upper limb

20 Transferred to a convalescent rehabilitation hospital.
Brunnstrom stage: 3 (arm), 4 (hand), and 5 (foot)
Deep sensations: mild
Superficial sensation: mild

107
(SEP recording)

Brunnstrom stage: 3 (arm), 4 (hand), and 4 (foot)
Deep sensations: severe
Superficial sensation: severe
Pain: affected upper limb

152
(SEP
recording)

Brunnstrom stage: 5 (arm), 5 (hand), and 4 (foot)
Deep sensations: mild
Superficial sensation: mild

FIGURE 1 | Evaluation of lesioned site and tactile threshold. (A) Left panel: the computed tomography (CT) images of patient 1 at onset and 4 weeks post-onset
show a high-and low-density area in the left thalamus, respectively. Right panel: the CT image at onset and T1-weighted magnetic resonance image at 5 weeks
post-onset in patient 2 show a high-density area and a low signal-intensity area in the right thalamus, respectively. (B) Left panel showing tactile thresholds in patient
1. Right panel showing tactile thresholds in patient 2. The monofilaments of 20 different sizes (1.65–2.83, 3.22–3.61, 3.84–4.31, 4.54–6.45, and 6.65 expressed as
the log of the bending force in mg) were applied to the index finger (three points), mother finger (one point), middle finger (three points), and palm (five points).
Normal: 1.65–2.83; diminished light touch: 3.22–3.61; diminished protective sensation: 3.84–4.31; loss of protective sensation: 4.56–6.45; deep pressure sensation:
6.65; and unmeasurable: >6.65 (Bell-Krotoski and Tomancik, 1987; Jerosch-Herold, 2005).
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FIGURE 2 | Paired median nerve somatosensory evoked potential in patient 1. Left panels: to investigate the effect of the conditioning stimulus (CS) on the SEP
induced by the test stimulus (TS), the single median nerve SEPs (single SEP) (right-MN: CS alone), and the paired median nerve SEPs (p-SEP) were recorded at the
CP3 and CP4 electrodes (Ragert et al., 2011). In the p-SEP recording, the right-MN stimulus (CS) was performed 1 ms after the left-MN stimulus (TS). Right panels:
all SEP waveforms at CP3 and CP4 from patient 1. We compared the SEP averaged over the first 250 epochs with the SEP averaged over the second 250 epochs
(total number of epochs recorded: 500). Black line: the SEP averaged over the first 250 epochs. Red line: the SEP averaged over the second 250 epochs. Gray line:
the SEP averaged over all epochs (500 epochs) (TS alone condition). Green line: the SEP averaged over all epochs (500 epochs) [(TS + CS) − CS alone condition].
Dotted line: the time duration of stimulation. MN, median nerve.

Evaluation of Somatosensory Pathway
After Stroke
Patient 1
In the TS alone condition (non-affected side) at CP4 (Figure 2),
the amplitude of N20/P25 averaged over the second half (251–
500 epochs; 9.5 µV) was smaller than that over the first half
(1–250 epochs; 11.2 µV), despite the other components showing
less difference between the first (P14/N20, 3.4 µV and P25/N33,
6.8 µV) and second halves (P14/N20, 3.7 µV and P25/N33,
7.0 µV). In the CS alone condition (affected side) at CP3, no
cortical components were recorded. After subtracting the CS
alone condition from the TS + CS condition for each half,
a small difference was observed between the first (P14/N20,
3.7 µV; N20/P25, 11.7 µV; and P25/N33, 7.9 µV) and second
halves (P14/N20, 3.1 µV; N20/P25, 11.7 µV; and P25/N33,
8.0 µV). However, in terms of the average over 1–500 epochs,
the amplitude of the N20/P25 (11.6 µV) and P25/N33 (7.8 µV)
for “(TS + CS) − CS alone” was larger than that for TS alone
(N20/P25, 10.4 µV and P25/N33, 6.9 µV). On the other hand,
there was less difference between the TS alone (3.6 µV) and
p-SEP (3.3 µV).

Patient 2
In the TS alone condition at CP3 (Figure 3), the amplitudes
of the second half (N20/P25, 7.1 µV and P25/N33, 2.4 µV)

were extremely smaller than those of the first half (N20/P25,
8.0 µV and P25/N33, 3.6 µV). On the other hand, in
the P14/N20 component, a small difference was observed
between the first (1.9 µV) and second half (2.1 µV). In the
“(TS + CS) − CS” conditions at CP3, the amplitudes of the
second half (N20/P25, 6.8 µV) were extremely smaller than those
of the first half (N20/P25, 9.1 µV). In the P14/N20 component,
few differences between the first (2.5 µV) and second half
(1.8 µV) were observed. N33 component of the second half
could not be identified due to uncertainty. These results of the
“(TS + CS) − CS” condition were different from that of patient
1. Consequently, in the average over 1–500 epochs, there were
few differences between the TS alone (P14/N20, 2.0 µV and
N20/P25, 7.6 µV) and “(TS + CS) − CS” (P14/N20, 2.2 µV
and N20/P25, 7.9 µV) conditions. In the CS alone condition at
CP4, the cortical components recorded in the first half (P14/N20,
0.7 µV; N20/P25, 2.3 µV; and P25/N33, 0.6 µV) disappeared in
the second half.

DISCUSSION

In this case report, we investigated the interaction between
contralateral and ipsilateral activations in the somatosensory
pathways in two patients with thalamic hemorrhage. When the
left and right somatosensory pathways are directly connected,
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FIGURE 3 | Paired median nerve somatosensory evoked potential in patient 2. Left panels: to investigate the effect of conditioning stimulus (CS) on the SEP induced
by the test stimulus (TS), the single median nerve SEPs (single SEP) (left-MN: CS alone), and the paired median nerve SEPs (p-SEP) were recorded at the CP3 and
CP4 electrodes (Ragert et al., 2011). In the p-SEP recording, the left-MN stimulus (CS) was performed 1 ms after the right-MN stimulus (TS). Right panels: all SEP
waveforms at CP3 and CP4 from patient 2. We compared the SEP averaged over the first 250 epochs with the SEP averaged over the second 250 epochs (total
number of epochs recorded: 500). Black line: the SEP averaged over the first 250 epochs. Red line: the SEP averaged over the second 250 epochs. Gray line: the
SEP averaged over all epochs (500 epochs) (TS alone condition). Green line: the SEP averaged over all epochs (500 epochs) [(TS + CS) − CS alone condition].
Dotted line: the time duration of stimulation. MN, median nerve.

the ipsilateral SEPs would be recorded (Noachtar et al., 1997).
Additionally, the amplitude of these ipsilateral SEPs evoked
by the second median nerve stimulus (affected side) would be
attenuated or eliminated (during the refractory period) by the
first median nerve stimulus (non-affected side) under short ISI
conditions (e.g., 1–5 ms). No cortical components had been
previously identified when the ISI of the paired stimulation to the
same median nerve was short (Hoshiyama and Kakigi, 2002). In
the present case report, no ipsilateral SEPs were recorded from
the two patients (Figures 2, 3).

In patient 1, the amplitude of N20/P25 of the p-SEP with
bilateral median nerve stimulation was larger than that of the
s-SEP with unilateral median nerve stimulation. On the other
hand, in patient 2, the amplitudes of N20/P25 of the p-SEP and
s-SEP were of the same degree. These results suggest that left
and right somatosensory pathway may have formed a connection
in patient 1. Moreover, to investigate this phenomenon in more
detail, we calculated and compared the average of the SEP from
1 to 250 epochs with the average of the SEP from 251 to 500
epochs (Figures 2, 3). As a results, in patients 1 and 2, the
amplitude of N20/P25 with continuous stimulation to the non-
affected side was smaller in the second half than in the first
half. In addition, in patent 2, after subtracting the CS alone
condition (left median nerve stimulation) from the TS + CS
condition (p-SEP), the amplitude of N20/P25 was smaller in
the second half than in the first half. On the other hand, in

patient 1, the amplitude of the p-SEP “(TS + CS) − CS” in
the first and second half were same level. We have previously
reported that continuous electrical stimulation of the median
nerve decreases the amplitude of N20/P25 of the SEPs (Ishibashi
et al., 2021a). This may be caused by habituation to continuous
electrical stimulation, resulting in an attenuated central nervous
system response to electrical stimulation. In current case report
and our previous study, the patient 1 had left–right interaction
after thalamic hemorrhage, and somatosensory input from the
affected side interfered with the habituation of the contralateral
somatosensory system, and conversely increases the response.

In mild cases of thalamus injury, the amplitude of N20/P25
of the SEP induced by the stimulation of the affected side
was attenuated when the non-affected side was stimulated by
vibration in the early stage (Staines et al., 2002). This indicates
that patients with thalamocortical stroke have reduced ability to
gate competing sensory information from the non-affected side
when sensory stimulation is applied to both affected and non-
affected sides. In addition, the decrease in SEPs is normalized
with recovery of symptoms. Patient 1 in our case report was a
severe case, and it is possible that the abnormalities in the gating
mechanisms of left and right somatosensory pathway persist.

The difference between patients 1 and 2 was that patient 2
had better recovery of sensory deficits than patient 1. As for
other symptoms, patient 1 had pain in the affected upper limb,
but patient 2 did not complain of pain. Chronic pain caused by
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the thalamic nucleus after stroke is the maladaptive plasticity
of the central nervous system that constitutes a pain-related
network (Willoch et al., 2004; Seghier et al., 2005; Kumar et al.,
2009; Casey et al., 2012; Ohn et al., 2012; Krause et al., 2016;
Nagasaka et al., 2021). Based on this information and the SEP
results, it is possible that interactions between the left and right
somatosensory pathways observed in a patient with thalamic
hemorrhage are related to pain rather than recovery. However,
the details are still unclear because other factors have not been
thoroughly investigated.

This case report has several limitations. First, we were unable
to identify the factors causing the interaction between the left
and right somatosensory pathway in patient 1 because patients
1 and 2 had different degrees of recovery and symptoms (e.g.,
presence of pain) as well as different hemispheres of injury.
A large body of evidence from studies on healthy individuals and
patients with brain injury shows that structural and functional
asymmetry exists between the left and right hemispheres of
the human brain (Kinsbourne, 1977; Corbetta et al., 1993;
Thiebaut de Schotten et al., 2011; Duecker and Sack, 2015;
Ishii et al., 2019; Ishibashi et al., 2021b). In addition, 5 months
had passed since the onset of symptoms in patient 2, and
about 3 months had passed since the onset of symptoms in
patient 1. Future studies involving a large number of patients
are necessary to establish the presence or absence of the
left–right interaction of somatosensory pathways after stroke.
Second, we have not been able to identify the site where the
left and right somatosensory pathways were connected. The
current case report indicates that damage to the thalamus
may cause neuroplasticity in the left–right interaction (e.g.,
left and right S1). The somatosensory input from the affected
side may interfere with the habituation of the contralateral
somatosensory system and conversely increase the response.
Third, the blindness of evaluators of SEPs was incomplete.
Finally, only patients with thalamic hemorrhage were included in
this study. Further validation is needed, which can be achieved by

applying the results of this study to patients with central nervous
system injury.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

This study was reviewed and approved by the Ibaraki Prefectural
University of Health Sciences Review Board (approval nos.
893 and e278). The patients/participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication of
any potentially identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

DI, KI, KT, HY, AY, and YKo: conceptualization. DI, KI, KT,
and YKa: methodology and investigation. DI, KT, and SY: formal
analysis. DI: writing – original draft. KI, KT, HY, SY, YKa, AY, and
YKo: writing – review and editing. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by the JSPS KAKENHI (Nos. 18K17725
and 21H03305 to DI; and No. 19H05730 to AY) and a Grant-in-
Aid for Project Research (No. 1962-1 to YKo) from the Ibaraki
Prefectural University of Health Sciences.

REFERENCES
Barbay, S., Guggenmos, D. J., Nishibe, M., and Nudo, R. J. (2013). Motor

representations in the intact hemisphere of the rat are reduced after repetitive
training of the impaired forelimb. Neurorehabil. Neural Repair 27, 381–384.
doi: 10.1177/1545968312465193

Bell-Krotoski, J., and Tomancik, E. (1987). The repeatability of testing with
Semmes-Weinstein monofilaments. J. Hand Surg. Am. 12, 155–161. doi: 10.
1016/s0363-5023(87)80189-2

Bell-Krotoski, J. A., Fess, E. E., Figarola, J. H., and Hiltz, D. (1995). Threshold
detection and Semmes-Weinstein monofilaments. J. Hand Ther. 8, 155–162.
doi: 10.1016/s0894-1130(12)80314-0

Brodie, S. M., Villamayor, A., Borich, M. R., and Boyd, L. A. (2014). Exploring the
specific time course of interhemispheric inhibition between the human primary
sensory cortices. J. Neurophysiol. 112, 1470–1476. doi: 10.1152/jn.00074.2014

Casey, K. L., Geisser, M., Lorenz, J., Morrow, T. J., Paulson, P., and Minoshima,
S. (2012). Psychophysical and cerebral responses to heat stimulation in patients
with central pain, painless central sensory loss, and in healthy persons. Pain 153,
331–341. doi: 10.1016/j.pain.2011.10.029

Corbetta, M., Miezin, F. M., Shulman, G. L., and Petersen, S. E. (1993). A PET study
of visuospatial attention. J. Neurosci. 13, 1202–1226. doi: 10.1523/jneurosci.13-
03-01202.1993

Courtine, G., Roy, R. R., Raven, J., Hodgson, J., Mckay, H., Yang, H., et al. (2005).
Performance of locomotion and foot grasping following a unilateral thoracic
corticospinal tract lesion in monkeys (Macaca mulatta). Brain 128, 2338–2358.
doi: 10.1093/brain/awh604

Cruccu, G., Aminoff, M. J., Curio, G., Guerit, J. M., Kakigi, R., Mauguiere, F.,
et al. (2008). Recommendations for the clinical use of somatosensory-evoked
potentials. Clin. Neurophysiol. 119, 1705–1719.

Duecker, F., and Sack, A. T. (2015). The hybrid model of attentional control:
new insights into hemispheric asymmetries inferred from TMS research.
Neuropsychologia 74, 21–29. doi: 10.1016/j.neuropsychologia.2014.11.023

Frost, S. B., Barbay, S., Friel, K. M., Plautz, E. J., and Nudo, R. J. (2003).
Reorganization of remote cortical regions after ischemic brain injury: a
potential substrate for stroke recovery. J. Neurophysiol. 89, 3205–3214. doi:
10.1152/jn.01143.2002

Hoshiyama, M., and Kakigi, R. (2002). New concept for the recovery function of
short-latency somatosensory evoked cortical potentials following median nerve
stimulation. Clin. Neurophysiol. 113, 535–541. doi: 10.1016/s1388-2457(02)
00039-1

Isa, T. (2017). The Brain Is Needed to Cure Spinal Cord Injury. Trends Neurosci.
40, 625–636. doi: 10.1016/j.tins.2017.08.002

Ishibashi, K., Ishii, D., Yamamoto, S., Noguchi, A., Tanamachi, K., and Kohno, Y.
(2020). Opposite modulations of corticospinal excitability by intermittent and

Frontiers in Human Neuroscience | www.frontiersin.org 7 November 2021 | Volume 15 | Article 761186

https://doi.org/10.1177/1545968312465193
https://doi.org/10.1016/s0363-5023(87)80189-2
https://doi.org/10.1016/s0363-5023(87)80189-2
https://doi.org/10.1016/s0894-1130(12)80314-0
https://doi.org/10.1152/jn.00074.2014
https://doi.org/10.1016/j.pain.2011.10.029
https://doi.org/10.1523/jneurosci.13-03-01202.1993
https://doi.org/10.1523/jneurosci.13-03-01202.1993
https://doi.org/10.1093/brain/awh604
https://doi.org/10.1016/j.neuropsychologia.2014.11.023
https://doi.org/10.1152/jn.01143.2002
https://doi.org/10.1152/jn.01143.2002
https://doi.org/10.1016/s1388-2457(02)00039-1
https://doi.org/10.1016/s1388-2457(02)00039-1
https://doi.org/10.1016/j.tins.2017.08.002
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-761186 October 26, 2021 Time: 15:7 # 8

Ishii et al. Somatosensory Pathway Changes After Stroke

continuous peripheral electrical stimulation in healthy subjects. Neurosci. Lett.
740:135467.

Ishibashi, K., Ishii, D., Yamamoto, S., Noguchi, A., Tanamachi, K., and Kohno, Y.
(2021a). Opposite modulations of corticospinal excitability by intermittent and
continuous peripheral electrical stimulation in healthy subjects. Neurosci. Lett.
740:135467. doi: 10.1016/j.neulet.2020.135467

Ishibashi, K., Ishii, D., Yamamoto, S., Okamoto, Y., Wakatabi, M., and Kohno,
Y. (2021b). Asymmetry of Interhemispheric Connectivity during Rapid
Movements of Right and Left Hands: a TMS-EEG Study. J. Mot. Behav. doi:
10.1080/00222895.2021.1930993 [Epub Online ahead of print].

Ishii, D., Ishibashi, K., Yuine, H., Takeda, K., Yamamoto, S., Kaku, Y., et al.
(2021). Contralateral and Ipsilateral Interactions in the Somatosensory Pathway
in Healthy Humans. Front. Syst. Neurosci. 15:698758. doi: 10.3389/fnsys.2021.
698758

Ishii, D., Takeda, K., Yamamoto, S., Noguchi, A., Ishibashi, K., Tanamachi, K., et al.
(2019). Effect of Visuospatial Attention on the Sensorimotor Gating System.
Front. Behav. Neurosci. 13:1. doi: 10.3389/fnbeh.2019.00001

Iwamura, Y., Iriki, A., and Tanaka, M. (1994). Bilateral hand representation in the
postcentral somatosensory cortex. Nature 369, 554–556. doi: 10.1038/369554a0

Iwamura, Y., Tanaka, M., Iriki, A., Taoka, M., and Toda, T. (2002). Processing of
tactile and kinesthetic signals from bilateral sides of the body in the postcentral
gyrus of awake monkeys. Behav. Brain Res. 135, 185–190. doi: 10.1016/s0166-
4328(02)00164-x

Iwamura, Y., Taoka, M., and Iriki, A. (2001). Bilateral activity and callosal
connections in the somatosensory cortex. Neuroscientist 7, 419–429. doi: 10.
1177/107385840100700511

Jerosch-Herold, C. (2005). Assessment of sensibility after nerve injury and repair: a
systematic review of evidence for validity, reliability and responsiveness of tests.
J. Hand Surg. Br. 30, 252–264. doi: 10.1016/j.jhsb.2004.12.006

Kato, J., Yamada, T., Kawaguchi, H., Matsuda, K., and Higo, N. (2020). Functional
near-infrared-spectroscopy-based measurement of changes in cortical activity
in macaques during post-infarct recovery of manual dexterity. Sci. Rep. 10:6458.

Kinsbourne, M. (1977). Hemi-neglect and hemisphere rivalry. Adv. Neurol. 18,
41–49.

Krause, T., Asseyer, S., Taskin, B., Floel, A., Witte, A. V., Mueller, K., et al. (2016).
The Cortical Signature of Central Poststroke Pain: gray Matter Decreases in
Somatosensory, Insular, and Prefrontal Cortices. Cereb. Cortex 26, 80–88. doi:
10.1093/cercor/bhu177

Kumar, B., Kalita, J., Kumar, G., and Misra, U. K. (2009). Central poststroke pain:
a review of pathophysiology and treatment. Anesth. Analg. 108, 1645–1657.
doi: 10.1213/ane.0b013e31819d644c

Mauguiere, F., Allison, T., Babiloni, C., Buchner, H., Eisen, A. A., Goodin, D. S.,
et al. (1999). Somatosensory evoked potentials. The International Federation
of Clinical Neurophysiology. Electroencephalogr. Clin. Neurophysiol. Suppl. 52,
79–90.

Mima, T., Oga, T., Rothwell, J., Satow, T., Yamamoto, J., Toma, K., et al.
(2004). Short-term high-frequency transcutaneous electrical nerve stimulation
decreases human motor cortex excitability. Neurosci. Lett. 355, 85–88. doi:
10.1016/j.neulet.2003.10.045

Murata, Y., Higo, N., Hayashi, T., Nishimura, Y., Sugiyama, Y., Oishi, T., et al.
(2015). Temporal plasticity involved in recovery from manual dexterity deficit
after motor cortex lesion in macaque monkeys. J. Neurosci. 35, 84–95. doi:
10.1523/jneurosci.1737-14.2015

Nagasaka, K., Nemoto, K., Takashima, I., Bando, D., Matsuda, K., and Higo,
N. (2021). Structural Plastic Changes of Cortical Gray Matter Revealed by
Voxel-Based Morphometry and Histological Analyses in a Monkey Model of
Central Post-Stroke Pain. Cereb. Cortex 31, 4439–4449. doi: 10.1093/cercor/
bhab098

Nihashi, T., Naganawa, S., Sato, C., Kawai, H., Nakamura, T., Fukatsu, H.,
et al. (2005). Contralateral and ipsilateral responses in primary somatosensory
cortex following electrical median nerve stimulation–an fMRI study. Clin.
Neurophysiol. 116, 842–848. doi: 10.1016/j.clinph.2004.10.011

Noachtar, S., Luders, H. O., Dinner, D. S., and Klem, G. (1997). Ipsilateral median
somatosensory evoked potentials recorded from human somatosensory cortex.
Electroencephalogr. Clin. Neurophysiol. 104, 189–198. doi: 10.1016/s0168-
5597(97)00013-0

Nudo, R. J., Wise, B. M., Sifuentes, F., and Milliken, G. W. (1996). Neural substrates
for the effects of rehabilitative training on motor recovery after ischemic infarct.
Science 272, 1791–1794. doi: 10.1126/science.272.5269.1791

Ohn, S. H., Chang, W. H., Park, C. H., Kim, S. T., Lee, J. I., Pascual-Leone, A., et al.
(2012). Neural correlates of the antinociceptive effects of repetitive transcranial
magnetic stimulation on central pain after stroke. Neurorehabil. Neural Repair
26, 344–352. doi: 10.1177/1545968311423110

Ragert, P., Nierhaus, T., Cohen, L. G., and Villringer, A. (2011). Interhemispheric
interactions between the human primary somatosensory cortices. PLoS One
6:e16150. doi: 10.1371/journal.pone.0016150

Ramanathan, D., Conner, J. M., and Tuszynski, M. H. (2006). A form of motor
cortical plasticity that correlates with recovery of function after brain injury.
Proc. Natl. Acad. Sci. U. S. A. 103, 11370–11375.

Rosenzweig, E. S., Courtine, G., Jindrich, D. L., Brock, J. H., Ferguson, A. R.,
Strand, S. C., et al. (2010). Extensive spontaneous plasticity of corticospinal
projections after primate spinal cord injury. Nat. Neurosci. 13, 1505–1510.
doi: 10.1038/nn.2691

Seghier, M. L., Lazeyras, F., Vuilleumier, P., Schnider, A., and Carota, A. (2005).
Functional magnetic resonance imaging and diffusion tensor imaging in a case
of central poststroke pain. J. Pain 6, 208–212.

Staines, W. R., Black, S. E., Graham, S. J., and Mcilroy, W. E. (2002). Somatosensory
gating and recovery from stroke involving the thalamus. Stroke 33, 2642–2651.

Thiebaut de Schotten, M., Dell’acqua, F., Forkel, S. J., Simmons, A., Vergani,
F., Murphy, D. G., et al. (2011). A lateralized brain network for visuospatial
attention. Nat. Neurosci. 14, 1245–1246.

Willoch, F., Schindler, F., Wester, H. J., Empl, M., Straube, A., Schwaiger, M.,
et al. (2004). Central poststroke pain and reduced opioid receptor binding
within pain processing circuitries: a [11C]diprenorphine PET study. Pain 108,
213–220.

Yamamoto, T., Hayashi, T., Murata, Y., Ose, T., and Higo, N. (2019). Premotor
Cortical-Cerebellar Reorganization in a Macaque Model of Primary Motor
Cortical Lesion and Recovery. J. Neurosci. 39, 8484–8496.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Ishii, Ishibashi, Takeda, Yuine, Yamamoto, Kaku, Yozu and
Kohno. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 8 November 2021 | Volume 15 | Article 761186

https://doi.org/10.1016/j.neulet.2020.135467
https://doi.org/10.1080/00222895.2021.1930993
https://doi.org/10.1080/00222895.2021.1930993
https://doi.org/10.3389/fnsys.2021.698758
https://doi.org/10.3389/fnsys.2021.698758
https://doi.org/10.3389/fnbeh.2019.00001
https://doi.org/10.1038/369554a0
https://doi.org/10.1016/s0166-4328(02)00164-x
https://doi.org/10.1016/s0166-4328(02)00164-x
https://doi.org/10.1177/107385840100700511
https://doi.org/10.1177/107385840100700511
https://doi.org/10.1016/j.jhsb.2004.12.006
https://doi.org/10.1093/cercor/bhu177
https://doi.org/10.1093/cercor/bhu177
https://doi.org/10.1213/ane.0b013e31819d644c
https://doi.org/10.1016/j.neulet.2003.10.045
https://doi.org/10.1016/j.neulet.2003.10.045
https://doi.org/10.1523/jneurosci.1737-14.2015
https://doi.org/10.1523/jneurosci.1737-14.2015
https://doi.org/10.1093/cercor/bhab098
https://doi.org/10.1093/cercor/bhab098
https://doi.org/10.1016/j.clinph.2004.10.011
https://doi.org/10.1016/s0168-5597(97)00013-0
https://doi.org/10.1016/s0168-5597(97)00013-0
https://doi.org/10.1126/science.272.5269.1791
https://doi.org/10.1177/1545968311423110
https://doi.org/10.1371/journal.pone.0016150
https://doi.org/10.1038/nn.2691
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Interaction of the Left–Right Somatosensory Pathways in Patients With Thalamic Hemorrhage: A Case Report
	Introduction
	Case Description
	Timeline for Clinical and Laboratory Findings
	Patient 1
	Patient 2
	Physical Examination at SEP Recording
	Somatosensory Evoked Potential Recording
	Data Analysis

	Results
	Motor Paralysis and Sensory Impairment at the Day of SEP Recording
	Patient 1
	Patient 2

	Evaluation of Somatosensory Pathway After Stroke
	Patient 1
	Patient 2


	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


