Restorative Neurology and Neuroscience 38 (2020) 407417 407
DOI 10.3233/RNN-201032
10S Press

Comparison of hemodynamic changes after
repetitive transcranial magnetic stimulation
over the anatomical hand knob and hand
motor hotspot: A functional near-infrared
spectroscopy study

Jinuk Kim®?, Heegoo Kim®®, Jungsoo Lee?, Hwang-Jae Lee?b, Yoonju Na?,

Won Hyuk Chang?® and Yun-Hee Kim®?¢*

aDepartment of Physical and Rehabilitation Medicine, Center for Prevention and Rehabilitation, Heart Vascular
Stroke Institute, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul,

Republic of Korea

bDepartment of Health Sciences and Technology, SAIHST, Sungkyunkwan University, Seoul, Republic of Korea
“Department of Medical Device Management & Research, Department of Digital Health, SAIHST, Sungkyunkwan
University, Seoul, Republic of Korea

Abstract.

Background: Low-frequency rTMS can induce upregulation of excitability in the contralateral hemisphere by interhemi-
spheric interaction.

Objective: The aim of this study was to compare the effects of interhemispheric modulation on hemodynamic changes after
applying low-frequency rTMS over the anatomical hand knob (HK) and the hand motor hotspot (hnMHS) in the dominant
motor cortex.

Methods: Ten healthy right-handed participants without a history of neurological or psychiatric symptoms (five males;
29.8 2.8 years) participated in this single-blind, randomized, cross-over study. rTMS was applied under three conditions
over the dominant (left) hemisphere for 20 minutes: 1) 1 Hz rTMS stimulation on the HK (HK-rTMS), 2) 1Hz rTMS
stimulation on the hAMHS (hMHS-1rTMS), and 3) sham stimulation (Sham-rTMS). For all participants, functional near-infrared
spectroscopy (fNIRS) was applied for measurement of cerebral oxyhemoglobin (oxyHb) and deoxyhemoglobin (deoxyHb)
concentration over the non-dominant (right) hemisphere during a serial reaction time task (SRTT) with the non-dominant
(left) hand before and after each condition.

Results: The average coordinates of the h(MHS (x =-39.60 mm, y =—17.11 mm, z=66.40 mm) were anterior and lateral to the
HK (x =-36.72 mm, y =-28.87 mm, z=56.41 mm). In fNIRS time-series analysis, the integral value of oxyHb was signifi-
cantly increased over the motor cortical region of the non-dominant hemisphere after the hAMHS-rTMS compared with Sham-
rTMS. The HK-rTMS also showed slight increment of oxyHb concentration but without statistical significance. The SPM
group analysis showed greater magnitude of the activity in hMHS-rTMS than that of HK-rTMS after stimulation (p <0.05).
Conclusions: These results demonstrated an interhemispheric modulation effect of hemodynamic changes by 1 Hz rTMS.
The hMHS produced a more robust modulation effect of 1 Hz rTMS on the contralateral hemisphere than did the HK.
Therefore, the rTMS can be considered a better stimulation target than the HK.
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hand knob

*Corresponding author: Yun-Hee Kim, M.D., Ph.D., Depart- Medical Device Management & Research, Department of Dig-
ment of Physical and Rehabilitation Medicine, Center for Preven- ital Health, SAIHST, Sungkyunkwan University. 115 Irwon-ro,
tion and Rehabilitation, Heart Vascular Stroke Institute, Samsung Gangnam-gu, Seoul, 06355, Republic of Korea, Tel.: +82 2 3410
Medical Center, Sungkyunkwan University School of Medicine. 2824, 2818; Fax: +82 2 3410 0388; E-mail: yunkim @skku.edu.,
Department of Health Sciences and Technology, Department of E-mail: yun1225.kim@samsung.com.

0922-6028/20/$35.00 © 2020 — IOS Press and the authors. All rights reserved

This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).


mailto:yunkim@skku.edu
mailto:yun1225.kim@samsung.com

408 J. Kim et al. / Hemodynamic changes after rTMS

1. Introduction

Repetitive transcranial magnetic stimulation (T
MYS) is an effective, non-invasive method for mod-
ulating specific cortical activity and has been attract-
ing attention among neuroscientists and clinicians
(Oliveira-Maia, Press, & Pascual-Leone, 2017). The
magnetic field can be generated by inducing a short
discharge of electric current in an rTMS coil. The
magnetic field under the coil induces nerve cell mem-
brane depolarization in cortical tissue and affects the
activity of the related nerve loop (Klomjai, Katz, &
Lackmy-Vallée, 2015). The exact mechanism for the
long-lasting effect of rTMS is not clear, but rTMS
could alter synaptic efficacy related to long-term
potentiation (LTP) and long-term depression (LTD)
(Klomyjai et al., 2015; Zhengwu et al., 2018). This
technique has been demonstrated to have potential
therapeutic effects in several psychiatric and neu-
rological illnesses, such as stroke and depression
(Wassermann & Lisanby, 2001). The increase or de-
crease in cortical excitability caused by rTMS dep-
ends on the intensity, frequency, and duration of
stimulation (Caparelli et al., 2012; Maeda, Keenan,
Tormos, Topka, & Pascual-Leone, 2000; Oliveira-
Maia et al., 2017). Low-frequency rTMS (<1 Hz)
usually is considered to cause downregulation of
excitability in healthy people and stroke patients
and to suppress the excitability of the cortex (Song
etal., 2009). Low-frequency rTMS also could induce
upregulation of excitability in the contralateral hemi-
sphere by interhemispheric interaction. Some studies
have reported these interhemispheric effects of low-
frequency rTMS on contralateral cortical excitability
assessed by motor evoked potential (MEP) amplitude
and resting motor threshold (rMT) (Caparelli et al.,
2012; Song et al., 2009). Neuroimaging studies such
as functional magnetic resonance imaging (fMRI)
and positron emission tomography (PET) investi-
gated changes in brain activity after low-frequency
rTMS and reported increased cortical activation at
the contralateral motor cortical region by interhemi-
spheric modulation effect (Conchou et al., 2009;
Nowak et al., 2008; Salatino et al., 2014).

The conventional method to identify rTMS target
site is the international 10-20 electroencephalog-
raphy system, which measures the distance from
certain external landmarks (Langguth et al., 2006).
This approach does not consider individual differ-
ences in brain anatomy and morphology of the
cortex, making it difficult to find an optimal loca-
tion. In other studies, the target site was designated

as the hand motor hotspot (hMHS), where single-
pulse transcranial magnetic stimulation (TMS) is
able to produce motor evoked potentials (MEPs) of
maximal amplitude in the contralateral hand mus-
cle (Rossini et al., 1994). Recently, the frameless
stereotaxic navigation system has allowed visual-
ization of the anatomical structure of the cerebral
cortex, enabling direct stimulation over the anatom-
ical hand knob (HK) (Iwanski et al., 2020; Sahlsten
et al., 2019). As described above, different methods
have been proposed for determining target sites to
modulate the activity of the motor cortex. Of those,
the hMHS and HK are receiving increasing interest
as the methods consider individual brain characteris-
tics. However, studies reported that the hMHS is not
always consistent with the HK in healthy participants
(Ahdab, Ayache, Brugieres, Farhat, & Lefaucheur,
2016; Sparing, Buelte, Meister, Paus, & Fink, 2008).
Especially in stroke patients, whose cortical motor
representation can be reorganized and shifted from
the original M1 area (Lee, Lee, Kim, & Kim, 2015),
itis not always clear which area is optimum to obtain
the maximal effects of -TMS. There has been no study
directly comparing the physiologic effects of rTMS
on cortical excitability over the HK and hMHS.
Functional neuroimaging studies such as fMRI and
PET are valuable tools for visualizing cerebral corti-
cal activities associated with behavioral tasks (Yoo et
al., 2008). However, repeated use is not always fea-
sible because of reasons such as cost-effectiveness,
movement artifact, or radiation hazards. Functional
near-infrared spectroscopy (fNIRS) is a unique non-
invasive functional neuroimaging tool that offers
several potential advantages including a relatively
small and portable structure and high degrees of
safety and non-invasiveness (Plichta et al., 2006).
Therefore, cortical excitability changes induced by
rTMS can be measured by oxyhemoglobin (oxyHb)
concentration changes using fNIRS. There have been
reports of the effects of cortical excitability after low-
frequency rTMS using fNIRS (Chiang et al., 2007;
Curtinetal., 2019; Hada, Abo, Kaminaga, & Mikami,
2006; Mesquita et al., 2013). All these studies showed
increased oxyHb concentration over the contralateral
motor cortex after low-frequency rTMS; however, the
stimulation target sites were variable. Two studies
(Chiang et al., 2007; Mesquita et al., 2013) used the
HK as the rTMS target site, and one study (Hada et
al., 2006) used hMHS. No comparison between these
two target sites was suggested. Because the method
for determining the rTMS target site is variable, inves-
tigation of the different neuromodulation effects may
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help to determine an effective target site between the
HK and the hMHS.

The aim of this study was to compare the effects
of interhemispheric modulation by low-frequency
rTMS in terms of hemodynamic changes of the con-
tralateral cortical region when rTMS was applied
over the HK or the hMHS. We monitored changes
of oxyHb concentration of the motor cortical regions
using fNIRS during a serial reaction time task (SRTT)
before and after low-frequency rTMS. We hypothe-
sized that the positions of HK and hMHS would be
different in healthy subjects, and rTMS application
to HK and hMHS demonstrate a difference in change
in oxyHb concentration during a motor task in the
contralateral motor cortical region before and after
stimulation.

2. Methods
2.1. Participants
Ten healthy subjects (five males; mean age:

29.8 £2.8 years) participated in this study. All
participants were right-handed (Edinburgh Handed-
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ness Inventory score, mean + SD, 92.0 &= 15.7, range,
65-100) and had no neurophysiological disorder.
The experimental procedures used in this study
were approved by the Institutional Review Board of
Samsung Medical Center (2014-05-021), and all par-
ticipants gave informed consent.

2.2. Experimental protocol

We performed a randomized, single-blind, sham-
controlled, crossover study to compare the hemody-
namic changes after 1 Hz rTMS over the HK and the
hMHS. All participants were stimulated with 1 Hz
rTMS under three conditions randomly applied, with
a 24-hour washout period between each session, 1)
1,200 pulses of 1 Hz rTMS for 20 minutes on the HK
of the dominant hemisphere (HK-rTMS), 2) 1,200
pulses of 1 Hz rTMS for 20 minutes on the hMHS
of the dominant hemisphere (WMHS-rTMS), and 3)
sham stimulation (Sham-rTMS) with the same fre-
quency and duration as the other conditions (Fig. 1).
The randomization scheme was generated using the
website www.randomization.com. Those who under-
went rTMS stimulation were separate from those
who underwent fNIRS. Therefore, the fNIRS eval-

MRI
(Identification of
anatomical hand knob)
Single TMS
(Identification of
motor hotspot]

Wash-

out

(24 hours)

Wash-

out
(24 hours)

/

Experimental protocol

™ N

fNIRS channel arrangement

-

i .1Hz rTMS on anatomical hand knob (HK-rTMS)
ii.1Hz rTMS on motor hotspot (nMHS-rTMS)
pre-stimulation iii.Sham stimulation (Sham-rTMS) post-stimulation
VAN
fNIRS 1Hz rTMS / B fNIRS
Measurement Stimulation | $® | Measurement
(T0) N (T1)
< L] >4 >
\ 10 min. 20 min. 10 min. /
/ Task fNIRS measurement protocol \ \ |
Task block (10blocks) \\- D ® : ,«""
\ /
N\ N (= & = G
Baseline Ready Sequential Sequential :
(Eye clossd finger task Rest finger task 2 ) @ source
0 | [ |67O sec ~—— . — @ Detector
1z

60 sec 10 sec 36 sec 24 sec 36 sec

e

24 sec

Fig. 1. Experimental protocol and arrangement of the functional near-infrared spectroscopy (fNIRS) measurement channel. In the fNIRS
channel arrangement, eight sources and 16 detectors covered the cortical areas of the bilateral motor cortex using 31 channels of interest.
fNIRS, functional near-infrared spectroscopy; MRI, magnetic resonance imaging; TMS, transcranial magnetic stimulation; rTMS, repetitive
transcranial magnetic stimulation; HK, anatomical hand knob; hMHS, hand motor hotspot; LPA, left pre-auricular points; RPA, right
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uators were able to remain blinded. To try to keep the
subjects blinded as much as possible, they were not
informed about how and where the scalp would be
stimulated.

2.3. Identification of the locations of the
anatomical hand knob and hand motor
hotspot

Before stimulation, all participants underwent
magnetic resonance imaging scans and single-pulse
TMS to identify the locations of the HK and the
hMHS. High-resolution anatomical brain images
were obtained from each participant in a 3T mag-
netic resonance scanner (Achieva 3.0T™; Philips
Medical Systems, Best, Netherlands). The location
of the HK on the high-resolution anatomical image
was identified by skilled medical staff. The HK was
identified in the middle of the central gyrus with
a pattern of reverse omega or horizontal epsilon
using the methods of a previous study (Yousry et al.,
1997).

To determine the optimal hMHS for rTMS, single-
pulse TMS (Magstim® BiStim?; Magstim Co. Ltd,
Dyfed, Wales, UK) was performed for each sub-
ject before the rTMS session as described previously
(Chang et al., 2010). The handle of a 70 mm figure-
8 coil was directed in a 45° angle posterior to the
midline, so that the electromagnetic current flowed
perpendicular to the central sulcus. Electromyogra-
phy (EMG) data were collected from the contralateral
first dorsal interosseus muscle using the EMG moni-
toring system (Medelec Synergy®; Medelec, Oxford,
UK). The optimal position of hMHS was where
it exhibited the highest MEP amplitude and the
shortest latency when moving 1 cm in each direction
at 5 second intervals starting 5cm from the vertex
(Cz) point. The rMT was defined as the lowest mag-
netic intensity required to evoke the EMG activity
(MEP peak-to-peak amplitude >50 V) in 5 or more
of 10 consecutive trials at the location of the deter-
mined motor hotspot.

The locations of HK and hMHS were imported
into a TMS navigation system (Brainsight™; Rogue
Research, Montreal, Canada) to allow for stereotaxic
registration of the participant’s brain with the TMS
coil for online control of coil positioning over the
same location. For comparing the three-dimensional
locations of HK and hMHS, each individual’s coor-
dinates were transformed to the standard space, and

Montreal Neurological Institute (MNI) coordinates
were obtained.

2.4. Application of repetitive transcranial
magnetic stimulation

For the rTMS, 1,200 pulses of 1Hz rTMS were
delivered at 100% of rMT over the dominant hemi-
sphere using an rTMS stimulator (Magstim® Rapid?;
Magstim Co. Ltd, Dyfed, Wales, UK). The magnetic
figure-8 coil was positioned over the HK or the hMHS
in the dominant hemisphere and was oriented tangen-
tially to the scalp at a 45° angle from the midline.
The coil position was maintained at the same posi-
tion as during stimulation using the coil holder and the
navigation system. All participants were instructed to
remain comfortable and as static as possible without
moving their hands during rTMS. The sham stim-
ulation was performed by diverting the coil 90° so
that stimulation was not delivered to the cortex of the
HK with the same frequency and duration as other
conditions (Lisanby, Gutman, Luber, Schroeder, &
Sackeim, 2001). All stimulation parameters were
in accordance with published safety standards
(Rossi, Hallett, Rossini, Pascual-Leone, & Group,
2009).

2.5. Measurement of functional near-infrared
spectroscopy

We performed fNIRS measurements of each par-
ticipant during an SRTT with the non-dominant hand
before (TO) and after (T1) stimulation. We used a
continuous wave fNIRS measurement system (NIR
Scout®; NIRx Medical Technology, Berlin, Ger-
many), which is a multi-modal compatible fNIRS
platform, for confirming the changes of hemoglobin
concentrations in the motor cortex. This system
consists of 8 sources and 16 detectors that cover
the bilateral motor cortical regions using 31 chan-
nels of interest (Fig. 1). The fNIRS system used two
wavelengths, 760 nm and 850 nm, with the sampling
rate set to 7.81 Hz. The fNIRS optodes were posi-
tioned according to the international 10/20 system,
and the channel distance (i.e., the distance between
source and detector) was 3.0 cm. During fNIRS mea-
surement, all participants performed SRTT with the
non-dominant hand. The task was arranged in a block
paradigm of 10 task blocks (36 s in duration) and 10
rest blocks (24 s in duration) (Fig. 1). The partici-
pants were asked to tap with their non-dominant hand
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a 9-digit sequence using SuperLabPro® 2.0 software
(Cedrus Co., Phoenix, AZ, USA) with a customized
keyboard. In a scene, one asterisk representing from
1 to 5 fingers appeared at one of five positions
arranged as a horizontal line in front of the partic-
ipant as a visual cue. When the asterisk appeared in a
certain position (thumb =1, index finger =2, middle
finger = 3, ring finger =4, little finger =5), the partic-
ipants should press the key as quickly and accurately
as possible. A scene showing one digit for 600 ms
appeared and a black screen for 400 ms when the
scene disappeared.

2.6. Data processing and analysis of functional
near-infrared spectroscopy

The changes in oxyHb and deoxyhemoglobin
(deoxyHb) concentration were recorded and ana-
lyzed using the nirsLAB® software (v.2016.05;
NIRx Medical Technologies, LLC, Minneapolis,
MN, USA) for time-series analysis. Discontinuities
and spike artifacts of signals obtained from the 31
channels were removed and replaced with the near-
est signals. The raw data were first band-pass filtered
from 0.01 Hz to 0.2 Hz to remove baseline noise and
to eliminate possible respiration and heart rate sig-
nals (Robbins, Elwell, Jimenez, & Goss-Sampson,
2012). Both oxyHb and deoxyHb concentrations
were calculated from preprocessed filtered data using
amodified Beer-Lambert law for each of the 31 chan-
nels (Strangman, Culver, Thompson, & Boas, 2002).
For each channel, the grand average of each hemo-
dynamic response was computed. For comparison
between the conditions, the mean and integral values
of the concentration changes for oxyHb and deoxyHb
were obtained from channels of the regions of inter-
est (ROIs) in the non-dominant primary hand motor
area. The coordinates and target ROIs were chosen
using the fNIRS Optodes Location Decider (fOLD)
toolbox in MATLAB® (Morais, Balardin, & Sato,
2018). The Mann-Whitney U test was used for deter-
mination of significant differences in hemodynamic
responses between HK-rTMS, hMHS-rTMS, and
Sham-rTMS.

The cortical activation mapping of fNIRS data was
performed using the open-source software package
NIRS-SPM implemented in MATLAB® environ-
ment (MathWorks, Inc., Natick, MA, USA). In
statistical parametric mapping (SPM) analysis, the
general linear model (GLM) with a canonical hemo-

dynamic response curve was performed to model
the hypothesized oxyHb response and to test for
significant cortical activation during the experiment
(Tak & Ye, 2014; Tak et al., 2011). At the group
level, statistical analysis was performed based on the
individual-level beta-values to find activated chan-
nels (p<0.01, corrected) (Benjamini & Hochberg,
1995). Furthermore, t-statistic maps computed for
group analysis were plotted onto a conventional brain
template, and the regions with significant differences
in oxyHb concentrations were identified.

3. Results

3.1. Location of applied low-frequency
repetitive transcranial magnetic stimulation

Figure 2 represents the locations of the HK and
hMHS in the MNI brains of all participants involved
in the experiment. The location of the HK was
x=-36.72+6.58mm, y=-28.87+4.02mm, z=
56.41 +£4.66 mm. The locations of the hMHS
(average coordinates & standard deviation, x=
-39.60+3.42mm, y=-17.11 £9.40 mm, z=66.40
+ 8.54 mm) were anterior and lateral to the HK. The
Euclidean distance between the HK and hMHS was

(Dominant) (Nondominant)

Fig. 2. Comparison of repetitive transcranial magnetic stimulation
(rTMS) target Montreal Neurological Institute (MNI) locations
between the motor hotspot and the hand-knob. The blue squares
represent the individual MNI locations of the hand knobs (HK),
and the red circles represent the individual MNI locations of hand
motor hotspots (hMHS). rTMS, repetitive transcranial magnetic
stimulation; MNI, Montreal Neurological Institute; HK, anatomi-
cal hand knob; hMHS, hand motor hotspot
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18.34 + 8.22 mm (Fig. 2). The mean values of tMT
were 47.8 £8.7 %, 48.1+9.0 %, and 46.9+£7.9
% in HK-rTMS, hMHS-rTMS and sham-rTMS,
respectively, and there was no statistical difference
in rtMT among the three conditions (Kruskal-Wallis
test, p>0.05).

3.2. Results of oxyhemoglobin concentration
changes in time-series analysis

The average group changes in oxyHb and deoxyHb
concentrations in the non-dominant hemisphere dur-
ing the SRTT with the non-dominant hand are
represented in channels 24, 25, 26, and 27 (Fig. 3).
Among these channels, concentration changes were
noticeable in channel 24 (between C2 and C4), related
to the hand motor cortical region. The changes in the
mean and integral values of oxyHb and deoxyHb in
each individual for channel 24 in the three condi-
tions are described in Table. The difference in integral
value of oxyHb was significantly higher in the hMHS-
rTMS than in the Sham-rTMS (p = 0.048). The mean
value of oxyHb tended to increase in the hMHS-
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rTMS compared with the Sham-rTMS but did not
show statistical significance. The mean and integral
values of the deoxyHb were slightly decreased but
did not show statistical significance.

3.3. Results of cortical activation in statistical
parametric mapping analysis

Figure 4 shows the cortical activation patterns rep-
resenting oxyHb concentration during the SRTT with
the non-dominant hand before and after 1 Hz rTMS.
Use of a non-dominant hand has led to activation
of a non-dominant motor cortex containing chan-
nels corresponding to the ROI. As a result of SPM
group analysis, the magnitude and position of corti-
cal activity at TO were similar in all three conditions.
In both HK-rTMS and hMHS-rTMS, the magnitude
and extent of activity of the non-dominant cortical
region increased after 1 Hz rTMS. In HK-rTMS, the
extent of cortical activity at T1 was wider than that at
TO, but the magnitude of the activity increased very
slightly (maximum t-value, 4.22 at TO — 4.23 at
T1). In hAMHS-rTMS, the extent of cortical activity at
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Fig. 3. Time-series plot of changes in oxyHb and deoxyHb concentrations in the non-dominant motor cortical region during the non-dominant
hand motor task. The red dotted line represents the oxyHb concentration at the point before stimulation (oxyHb T0), and the red solid line
represents the oxyHb concentration at the point after stimulation (oxyHb T1). The blue dotted line represents the deoxyHb concentration
at the point before stimulation (deoxyHb TO), and the blue solid line represents the deoxyHb concentration at the point after stimulation
(deoxyHb T1). The colored background represents the standard deviation. In channel 24, oxyHb concentration was remarkably increased
during the motor task compared to TO in the HK-rTMS and hMHS-rTMS. There was no change in the Sham-rTMS. oxyHb, oxyhemoglobin;
deoxyHb; deoxyhemoglobin; M1, primary motor cortex; TO, before rTMS stimulation; T1, after rTMS stimulation; HK, anatomical hand

knob; hMHS, hand motor hotspot
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Table 1

Differences in mean and integral values of oxyHb and deoxyHb concentrations in the primary motor cortical area (channel 24) of the
non-dominant hemisphere during a motor task in three conditions

Subject No. Differences in mean value Differences in integral value
(units: molx 107%) (units: mol-s)

HK-rTMS hMHS-r'TMS Sham-rTMS HK-rTMS hMHS-rTMS Sham-rTMS
OxyHb
1 0.9184 0.3914 0.0023 0.2574 0.1098 0.0011
2 -0.2255 0.1040 0.1686 —-0.0632 0.0292 0.0473
3 0.0348 0.0162 0.0805 0.0099 0.0045 0.0226
4 —0.0560 -0.1273 -0.1107 -0.0158 -0.0357 -0.0311
5 0.7358 0.4310 —-0.1218 0.2061 0.1209 -0.0341
6 -0.0794 0.3102 -0.1527 -0.0222 0.0870 —-0.0428
7 0.2852 —0.2166 0.1920 0.0801 -0.0607 0.0539
8 -0.0421 0.3200 —-0.5554 -0.0115 0.0899 —-0.1558
9 —0.3934 0.0203 -0.1161 —-0.1105 0.0057 -0.0325
10 0.0139 0.1175 0.0121 0.0039 0.0331 0.0034
Median -0.014 0.111 -0.054 —-0.004 0.031* -0.015
(IQR) (0.296) (0.300) (0.184) (0.083) (0.084) (0.051)
DeoxyHb
1 0.0049 0.0029 —-0.1398 0.0015 0.0009 —-0.0392
2 —-0.0039 0.0004 0.0468 -0.0011 0.0001 0.0131
3 0.0579 —0.0406 -0.0597 0.0162 -0.0114 -0.0168
4 -0.0123 0.0316 0.0312 —-0.0034 0.0089 0.0088
5 —0.3955 0.1965 —-0.0562 -0.1107 0.0551 -0.0157
6 0.0322 —0.0917 0.0012 0.0090 -0.0257 0.0003
7 -0.1069 -0.0917 —0.2848 —-0.0300 -0.0257 -0.0799
8 -0.2137 0.1337 —-0.0067 —-0.0600 0.0374 -0.0019
9 0.0034 0.0051 -0.0352 0.0010 0.0014 -0.0099
10 -0.0431 -0.1398 -0.0461 -0.0121 -0.0392 -0.0129
Median (IQR) —0.008 (0.095) 0.002 (0.104) —0.041 (0.058) 0.005 (0.009) —0.001 (0.027) -0.003 (0.009)

HK, anatomical hand knob; hMHS, hand motor hotspot; rTMS, repetitive transcranial magnetic stimulation; OxyHb, oxyhemoglobin;
DeoxyHb, deoxyhemoglobin; IQR, inter-quartile range; *, significant difference between hMSH and Sham-rTMS conditions (p <0.05).

T1 was wider than that at TO, and the magnitude of the
activity drastically increased (maximum t-value, 3.24
at TO — 7.66 at T1). In contrast, there was no sig-
nificant change in the Sham-rTMS after stimulation
compared with TO.

4. Discussion

In this study, we investigated the interhemispheric
modulation effect of low-frequency (1Hz) rTMS
over the dominant motor cortex of different target
sites, the HK and the hMHS. The application of
1Hz rTMS on both HK and hMHS demonstrated
significant changes of the contralateral cortical activ-
ity measured by oxyHb concentration compared
with the Sham-rTMS in healthy subjects. On the
other hand, changes in integral values of oxyHb
concentration were significantly increased only in
hMHS-rTMS condition compared with Sham-rTMS.

rTMS is a widely used non-invasive neuromod-
ulation method in both basic research and clinical

practice (Fitzgerald, Fountain, & Daskalakis, 2006).
Investigating brain function by rTMS in healthy par-
ticipants can be the basis for developing non-invasive
brain stimulation techniques for neurologic patients
(Reithler, Peters, & Sack, 2011). In the previous
studies, low-frequency rTMS applied to the domi-
nant hMHS improved function performance of the
non-dominant hand by interhemispheric modulation
effect as measured by grip strength, nine hole peg
test, Wolf motor function test, and the motor eval-
uation scale for upper extremity in stroke patients
(Lidemann-Podubecka, Bosl, Theilig, Wiederer, &
Nowak, 2015). Some studies have examined the
effect of rTMS on cortical activity through fNIRS
over different target sites. Hada et al. (Hada et al.,
2006) applied 0.5 Hz or 2 Hz rTMS over the hMHS
and reported deactivation of the stimulated motor
cortex, while Chiang et al. (Chiang et al., 2007)
used 1Hz TMS over the HK and demonstrated
increased oxyHb in the contralateral motor cortex.
The latter study suggested that low-frequency rTMS
over the motor cortex produced activation in the
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HK-rTMS

(Dominant) (Nondominant)

hMHS-rTMS

p < 0.01 (Expected EC)

Fig. 4. Cortical activation patterns during a non-dominant serial reaction time task before (T0) and after (T1) rTMS stimulation. Cortical
activation of the non-dominant hemisphere increased after low-frequency rTMS in the HK-rTMS and hMHS-rTMS. There was no significant
change in the Sham-rTMS. TO, before rTMS stimulation; T1, after rTMS stimulation; rTMS, repetitive transcranial magnetic stimulation;

HK, anatomical hand knob; hMHS, hand motor hotspot

non-stimulated contralateral motor cortex by inter-
hemispheric modulation effect. Our study confirmed
the increase in oxyHb concentration in the non-
stimulated contralateral motor cortical regions after
1 Hz rTMS, confirming this interhemispheric modu-
lation effect.

In our study, the individual hMHS were located
anterior and lateral to the HK. The difference in
location between the HK and the hMHS was consis-
tent with previous results of fMRI studies (Ahdab,
Ayache, Brugieres, Goujon, & Lefaucheur, 2010;
Ahdab et al.,, 2016). Ahdab et al. (Ahdab et al.,
2010) reported that the magnetic resonance imaging
(MRI)-defined HK was 6.1 & 12.6 mm posterior to
the hMHS in healthy subjects. In another study, the
hMHS was located anteriorly over the precentral or
middle frontal gyrus in healthy subjects and chronic
neuropathic pain syndrome patients (Ahdab et al.,
2016). These studies showed that the hMHS did not
always correspond to the HK. Several functional neu-
roimaging studies have found that activation changes
during hand movements are anteriorly scattered in

the precentral gyrus (Yousry et al., 1997). It is well
established that premotor cortex (PMC) adjacent to
M1 in the precentral gyrus has direct excitatory pro-
jections over M1 (Mochizuki, Huang, & Rothwell,
2004). Therefore, the hand motor representation can
be embedded in a larger map around the precentral
cortex. According to the electrical microstimulation
studies, the map related to the hand motor repre-
sentation encompassed both M1 and adjacent PMC
(Graziano, Taylor, & Moore, 2002; Graziano, Taylor,
Moore, & Cooke, 2002).

Due to transcallosal connections between corti-
cal areas, inhibition of one target site could produce
a secondary effect distant from the stimulation tar-
get site (Chen, Deng, Schmidt, & Kimberley, 2015;
Houdayer et al., 2008). According to the results of
this study, the anatomical and neurophysiological
characteristics could be different in the individual
cerebral cortex, and these two characteristics should
be carefully considered for targeting neuromodula-
tion effect. Nonetheless, this is the first study to id-
entify changes in cortical activation according to
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targeting method of the motor cortex. When the hM
HS was stimulated, there was a significantly incr-
eased cortical activity compared to the Sham-rTMS
in channel 24, but it was not significant in the case
of the HK-rTMS. Channel 24 was located between
C2 and C4 in the international 10/20 system and
corresponded to (x=42, y=-21, z=62) in MNI co-
ordinates (Morais et al., 2018). This channel was con-
sidered the primary motor cortical region related to
hand movement among the four ROI channels, as
the MRI study reported that the M1-Hand region
was located between C2 and C4 (Silva, Silva, Lira-
Bandeira, Costa-Ribeiro, & Aradjo-Neto, 2020). The
results of this study give insight for selecting the
target site for neuromodulation of stroke patients.
In stroke patients whose cerebral cortical motor
expression can be reconstructed and shifted from the
original M1 (Leeetal., 2015), rTMS target site should
be determined using individual neurophysiological
responses to obtain the maximum stimulation effect.

The present study has some limitations. First,
we examined the results of only a single session
of 1Hz rTMS without examining multiple session
effect. However, our results may provide the rationale
for further studies investigating long-term changes
in cortical activity after repeated rTMS sessions.
Secondly, we confirmed the hemodynamic response
to the position difference between HK and hMHS
stimulated with 1 Hz rTMS over the dominant hemi-
sphere to stimulate non-dominant hand function. This
study is limited because the effect of other fre-
quencies (i.e., high frequency) of rTMS was not
examined. Therefore, further research is needed to
confirm our results using other rTMS frequencies.
Third, we tested as relatively small sample size of
right-handed and young participants. A large sam-
ple size in different age groups may show interesting
results related with aging of the brain. Fourth, we
measured changes in cerebral blood flow by setting
the maximum source detector separation (SDS) to
30 mm without short SDS signal acquisition. Thus,
the recorded fNIRS signals reflect both extra-brain
and intra-brain changes. Correction algorithms using
short SDS signals can reduce the influence of skin
blood flow changes in the fNIRS signal (Scholkmann,
Gerber, Wolf, & Wolf, 2013). However, we could not
apply this in our study due to a lack of short SDS
signals. The removal of skin blood flow will have to
be considered in future studies.

Nevertheless, our results confirm the effects of
1Hz rTMS by investigating alterations of cortical
activity in non-stimulated contralateral motor regions

by fNIRS. When rTMS is used for neuromodulation,
the cortical modulation effect can differ according
to the method of determining rTMS target sites. The
TMS-induced hMHS seemed to be a more effective
target site for inducing interhemispheric modulation
effectusing 1 HzrTMS. This effect should be retested
in patients with neurologic diseases such as stroke.
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