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Repetitive brain stimulation protocols induce plasticity in the
stimulated site in brain slice models. Recent evidence from
network models has indicated that additional plasticity-related
changes occur in nonstimulated remote regions. Despite increas-
ing use of brain stimulation protocols in experimental and clinical
settings, the neural substrates underlying the additional effects in
remote regions are unknown. Diffusion-weightedMRI (DWI) probes
water diffusion and can be used to estimate morphological
changes in cortical tissue that occur with the induction of plasticity.
Using DWI techniques, we estimated morphological changes in-
duced by application of repetitive transcranial magnetic stimula-
tion (rTMS) over the left primary motor cortex (M1). We found that
rTMS altered water diffusion in multiple regions including the left
M1. Notably, the change in water diffusion was retained longest in
the left M1 and remote regions that had a correlation of baseline
fluctuations in water diffusion before rTMS. We conclude that
synchronization of water diffusion at rest between stimulated and
remote regions ensures retention of rTMS-induced changes in water
diffusion in remote regions. Synchronized fluctuations in the mor-
phology of cortical microstructures between stimulated and remote
regions might identify networks that allow retention of plasticity-
related morphological changes in multiple regions after brain stimu-
lation protocols. These results increase our understanding of the
effects of brain stimulation-induced plasticity on multiregional brain
networks. DWI techniques could provide a tool to evaluate treatment
effects of brain stimulation protocols in patients with brain disorders.

Repetitive electrical brain stimulation induces long-term po-
tentiation (LTP) or depression (LTD) at the stimulated neu-

rons (1–4). In humans, repetitive transcranial magnetic stimulation
(rTMS) alters cortical excitability at the stimulated site that outlasts
the end of the stimulation, analogous to LTP or LTD in animal
models (5, 6), but also affects remote regions, possibly through
transsynaptic pathways (7, 8). Although rTMS has been proposed
as a potential treatment for neurological and psychiatric disorders
(9, 10) and as a method to facilitate learning (11), the neural sub-
strates underlying the effects of rTMS on remote regions of the
brain remain poorly understood.
Diffusion-weighted MRI (DWI) probes water diffusion, a

thermal physical phenomena that is characterized by random
motion of water molecules (12). Water diffusion is altered by the
structures of gray matter (12). DWI can be used to evaluate
morphological changes in cortical microstructures (13–19) and
can function as a probe to estimate immediate and transient
changes in water diffusion that are associated with ischemia (17)
or neuronal firing (13, 16, 19) and delayed and persistent changes
that are associated with long-term plasticity in experimental set-
tings (20) or pathological conditions (15, 18, 21). Here, using DWI
techniques, we examined whether subthreshold, low-frequency
(<1 Hz) rTMS to the left primary motor cortex (M1), a protocol
that induces LTD-like plasticity (22, 23), increased water diffu-
sion in the left M1 and other regions after the end of rTMS.
Because it can be assumed that the motion of water molecules is

not restricted to particular directions, that is, water diffusion is not
anisotropic within cortical tissue, we measured the DWI signals
along a single direction (Methods), which enabled us to extrapolate
mean water diffusion in gray matter in the sampled direction (16).
We did not measure anisotropic water diffusion with respect to
particular directions to estimate white matter microstructure (12).
We used the MRI-compatible TMS and EMG system that was
developed (24) to measure mean water diffusion and estimate
LTD-like plasticity inside the bore of an MRI scanner (see Methods
for the detailed procedures).

Results
Subthreshold, low-frequency rTMS was applied to the hand area
of the left M1 for 10 min using an established protocol to induce
LTD-like plasticity (23) (Fig. 1). To assess the corticospinal
stimulus-response function, the amplitude of motor-evoked poten-
tials (MEPs) was measured before rTMS (baseline) and immedi-
ately, 10 min, and 20 min after rTMS (5, 6, 25). MEP amplitude
immediately after rTMS was lower than at baseline but recovered
to baseline levels by 10 min after rTMS (Fig. S1), confirming that
the rTMS protocol induced a transient LTD-like plasticity in the
left M1.
DWI was performed with high and low b values (b = 1,200 and

300 s/mm2, respectively) during periods of rest when the subject
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was not engaged in any tasks (Fig. 1). Water diffusion was esti-
mated from the DWI data acquired with a b value of 1,200 s/mm2

(b1200 DWI) (14, 16), because these data were more sensitive to
changes in intracortical water diffusion than data obtained with
a b value of 300 s/mm2 (Figs. S2 and S3).
Two baseline measurements were made, separated by 10 min.

Water diffusion did not change between the two baseline time
points in any region (uncorrected P < 0.01). At the immediately
after rTMS time point, there was an increase in water diffusion
in the left M1, left superior parietal lobule (SPL, area 5), left
premotor cortex (PM), right PM, and supplementary motor area
[SMA; cluster level of family-wise error (FWE)-corrected P <
0.05; Fig. 2 and Table 1]. The magnitude of the change in water
diffusion was similar in all regions (one-way ANOVA, P = 0.15).
The change in water diffusion in the left M1 from baseline to

immediately after rTMS was correlated with the change in water
diffusion in the left SPL (simple regression, t11 = 4.15, P = 0.007,
R2 = 0.64) and the right PM (t11 = 3.94, P = 0.01, R2 = 0.62), but
not with the change in water diffusion in the left PM (t11 = 1.31,
P = 0.37, R2 = 0.07) or SMA (t11 = 1.75, P = 0.22, R2 = 0.11;
Fig. S4). A homogeneity test with ANCOVA in a factorial
design with one factor [regions of interest except for left M1,
REGION(left SPL/right PM/left PM/SMA)], one variable [water diffusion
in REGION, WATER DIFFUSION(REGION)], and one covariate
[water diffusion in left M1, WATERDIFFUSION(left M1)] showed a
significant interaction between REGION(left SPL/right PM/left PM/SMA)
and WATER DIFFUSION(left M1) [F(3) = 4.37, P = 0.009],
supporting the significantly different regression slopes observed
when the left M1 was paired with the left SPL or right PM and
when it was paired with the left PM or SMA (left SPLleft M1 vs.
right PMleft M1, P = 0.50; left SPLleft M1 vs. left PMleft M1, P <
0.001; left SPLleft M1 vs. SMAleft M1, P < 0.001; right PMleft M1 vs.

left PMleft M1, P = 0.003; right PMleft M1 vs. SMAleft M1, P <
0.001; left PMleft M1 vs. SMAleft M1, P = 0.63).
At 10 min after rTMS, the increase in water diffusion was

retained in the left M1, left SPL, and right PM (P = 0.001 FWE,
P = 0.005 FWE, and P = 0.001 FWE, respectively, relative to
baseline and corrected within the search volume; Methods), with
no change from the immediately after rTMS time point, even at
a liberal threshold of uncorrected P = 0.01 (Fig. 3, Upper). The
change from baseline in the left M1 remained correlated with the
change from baseline in the left SPL (t11 = 4.59, P = 0.001, R2 =
0.66) and the right PM (t11 = 3.29, P = 0.01, R2 = 0.58; SI 4). In
contrast, water diffusion in the left PM and SMA recovered to
baseline levels (uncorrected P < 0.05; Fig. 3, Lower), and sig-
nificantly decreased from immediately after to 10 min after
rTMS (P = 0.02 FWE and P = 0.04 FWE corrected within the
search volume for left PM and SMA, respectively). Within-subject
comparisons showed that the post-rTMS change in water diffusion
was retained longer in the left M1, left SPL, and right PM than in
the left PM and SMA (SI Text). At 20 min after rTMS, the water
diffusion was similar to baseline in all regions (voxel level of un-
corrected P < 0.05).
To investigate the network property accountable for the mul-

tiregional rTMS-induced changes in water diffusion, we used
simple regression analyses to test the baseline coherent corre-
lation of the intrinsic fluctuations in water diffusion between the

Fig. 1. Experimental procedures. (A) Experimental design. Subthreshold,
1-Hz rTMS was applied to the hand area of the left primary motor cortex for
10 min. The stimulation intensity was 90% of resting motor threshold and
was not strong enough to induce contractions in the muscles of the right
hand. DWI (blue bars) was performed with high (1,200 s/mm2, n = 72 scans at
each time point) and low (300 s/mm2, n = 18 scans at each time point)
b values, and MEPs (red bars, n = 20 at each time point) were measured at
two baseline time points, and immediately, 10 min, and 20 min after rTMS.
The two baseline measurements were separated by 10 min. Throughout the
entire experiment, the subjects were inside an MRI scanner and were
instructed to keep still with their eyes open. (B) The position of the TMS coil
relative to the central sulcus (CS) in one subject (T.A.). White dots indicate
the positions of the center (TMS center) and edge (TMS edge) of the figure-
eight-shaped coil. The line perpendicular to the line crossing these two dots
passes through the hand area of the left primary motor cortex and indicates
the optimal position of the coil for maximally stimulating this region.

Fig. 2. The left M1 and remote regions of the brain showed a significant
increase in water diffusion immediately after the end of rTMS. Images were
acquired with an axial field of view covering the hand area of the left M1
and other motor-related regions that were affected by 1-Hz rTMS over the
hand area of the left M1 (7, 8). Data acquired with a b value of 1200 s/mm2

were used to estimate change in water diffusion (14, 16). Mean signal in-
tensity was calculated for each voxel at each time point as the average of the
72 scans acquired with a b value of 1,200 s/mm2 and was compared voxel-
by-voxel between the baseline and the immediately post rTMS time points
within subjects. The threshold was set to a cluster size of P < 0.05 corrected
with a voxel-level threshold uncorrected P < 0.005. Results are overlaid on
axial slices (Z = 75–53) of the averaged anatomical MRI brain. There was
a decrease in mean signal intensity, indicating an increase in water diffusion,
at the stimulated site (left M1), left SPL, left PM, right PM, and SMA. The
coordinate of the peak signal intensity in each of these regions is shown in
Table 1. Note that decreased signal intensity indicates increased water dif-
fusion. The same results, i.e., increased water diffusion, were also obtained
when the apparent diffusion coefficient was analyzed (Fig. S3). No signifi-
cant change in water diffusion was observed in any region when data
obtained using a lower b value (300 s/mm2) were analyzed (Fig. S2).
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left M1 and each remote region (Fig. 4A). The left M1 had a
significant correlation with the right PM (R2 = 0.37 ± 0.01, P <
0.001) and the left SPL (R2 = 0.18 ± 0.01, P < 0.001) compared
with the null distribution computed with a resampled bootstrap
procedure (Methods). The left M1 did not have a significant
correlation with the left PM or SMA (left PM, R2 = 0.05 ± 0.02,
P = 0.15; SMA, R2 = 0.008 ± 0.003, P = 0.60), but the left PM
and the left SMA had a correlation with each other (R2 = 0.42 ±
0.02, P < 0.001). The left M1 had a stronger correlation with the
right PM and the left SPL than with the left PM or SMA (right
PM vs. left PM, P < 0.001; right PM vs. SMA, P < 0.001; left SPL
vs. left PM, P < 0.001; left SPL vs. SMA, P < 0.001; Fig. 4B).
Neither the strength of the coherent correlation or the slope
predicted the size of the rTMS-induced change in water diffusion
in any of the remote regions (P > 0.5). Coherency or slope of the

regression analysis did not change after rTMS in any of the pairs
between the left M1 and a remote region (P > 0.5).

Discussion
In summary, a 10-min-long period of subthreshold 1-Hz rTMS
produced LTD-like plasticity in the left M1 and a multiregional
increase in water diffusion in the left M1, left PM, left SPL, right
PM, and SMA immediately after the end of the simulation. The
baseline fluctuations in water diffusion in the left M1 were syn-
chronized with those in the left SPL and the right PM, but not
with those in the left PM or the SMA. The left M1, left SPL, and
right PM retained the change in water diffusion for 10 min after
the end of rTMS, and the magnitude of the rTMS-induced change
in water diffusion in the left M1 was correlated with that in the left
SPL and the right PM. In contrast, the regions in which baseline

Fig. 3. The rTMS-induced change in water diffusion was sustained for a longer period in the left M1, left SPL, and right PM than in the left PM or SMA. The
mean normalized signal intensity in each brain region at each time point. The mean intensity was calculated as the mean of the voxels within a 10-mm sphere
centered at the coordinate of the peak signal intensity in the region of interest (Table 1) and was normalized for each subject (Methods). The mean signal
intensity at the 10- and 20-min after rTMS time points was compared with the baseline and immediately after rTMS time points within each region of interest
using statistical parametric maps. The threshold was FWE corrected within the search volume (Methods). Asterisks indicate significant difference (P < 0.05) in
the signal intensity compared with the baseline sessions. Bars indicate SEM. Note that decreased signal intensity indicates increased water diffusion and
increased signal intensity indicates decreased water diffusion. The mean signal intensity was lower (i.e., water diffusion was higher) immediately after rTMS
than at baseline in the left M1 and other regions (Fig. 2 and Table 1). At 10 min after rTMS, the decrease was sustained in the left M1, left SPL, and right PM
(Upper) but was not sustained in the left PM or the SMA (Lower). At 20 min after rTMS, water diffusion had returned to baseline values in all regions (no
difference even at a liberal threshold of uncorrected P = 0.1). At the 10- and 20-min after time points, no additional regions (i.e., regions additional to those
identified at the immediately post time point) showed a significant change in the mean signal intensity.

Table 1. Brain regions showing increased water diffusion after the rTMS train

Brain region Hemisphere

MNI coordinates of peak
activation

t value of peak
activationx y z

Primary motor cortex Left −16 −23 75 7.68
Premotor cortex Right 30 −17 65 6.29
Supplementary motor area Left −2 17 53 5.90
Superior parietal lobule Left −16 −39 69 5.83
Premotor cortex Left −20 7 53 4.96

Data represent peak t values in significant clusters and their coordinates.
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fluctuations in water diffusion were not synchronized with the left
M1 (the left PM and the SMA) showed a faster decay in the
rTMS-induced change in water diffusion (<10 min), and the mag-
nitude of the rTMS-induced change in water diffusion in the left M1
was not correlated with that in the left PM or the SMA.
The effect of rTMS on water diffusion has been studied in

a few previous reports, but their results are inconclusive (26, 27).
Previous studies quantified the rTMS-induced change in regional
water diffusion in the stimulated M1 relative to the change in
a control region on the assumption that rTMS did not affect
water diffusion in remote nonstimulated regions (26). However,
using voxel-based comparisons between the before and immedi-
ately after rTMS time points, our study demonstrated that changes
in water diffusion occurred in remote regions and in the stimu-
lated M1, supporting previous neuroimaging studies (7, 8) and
suggesting that the effects of rTMS are propagated to remote
regions of the brain.
It is notable that baseline fluctuations in water diffusion in the

left M1 synchronized with those in the left SPL and right PM
(Fig. 4), and these are the regions that retained the altered water
diffusion for 10 min after the end of the stimulation (Fig. 3 and
Fig. S3). These results suggest that retention occurred due to
synchronization of water diffusion between the three regions
(Fig. 4 and Fig. S4). On the other hand, baseline fluctuations in
water diffusion in the left PM and SMA were not synchronized
with those in the left M1, and these regions failed to retain the
altered water diffusion for 10 min after the end of the stimula-
tion. These findings suggest the presence of networks that in-
volve the stimulated cortex and remote nonstimulated regions
that are relevant to the retention of rTMS effects in remote

regions of the brain, and thus are a possible neural substrate for
rTMS-induced plasticity in multiple regions. The networks that
were revealed by probing water diffusion modulated retention of
the rTMS carryover effect in remote regions of the brain,
whereas neuronal networks that were identified in previous
studies did not (8, 28); therefore, it is possible that the networks
identified in our study might functionally differ from previously
identified neuronal networks, although the nodal regions of
these two networks do overlap (8). This issue requires further
investigation.
Recent evidence suggests that synaptic activation, which includes

intracellular molecular events, induces an immediate morphological
response (29–31) or a delayed LTP/LTD-related change (32–37) in
microstructures in neural tissue that can modulate intracortical
water diffusion (12, 20) (Fig. S5). The interregional correlation in
water diffusion observed before rTMS might reflect synchronization
of the activity-dependent fluctuations in the morphology of cortical
microstructures between the left M1 and other regions. The in-
crease in water diffusion after rTMS might be a result of decreased
density of dendritic spines, as observed in LTD-like plasticity (20). It
is also possible that dynamical coupling in the morphology of
microstructures allows the formation of networks to represent the
plasticity-related morphological changes following brain stimulation
protocols. The morphology of dendritic spines can modulate syn-
aptic efficacy and plasticity (3, 4, 38); therefore, it is possible that the
nodes in the identified networks can indirectly achieve long-distance
coupling with each other by modulating synaptic plasticity or effi-
cacy of the transsynaptic signaling (39).
DWI was developed as a clinical probe to estimate structural

changes under pathological conditions that alter intracortical
water diffusion (40). Recently, much attention has been paid to
this technique because it is a sensitive probe that can be used
under physiological conditions to evaluate acute responses as-
sociated with neuronal firing (13, 16, 19) and delayed changes
that are correlated with molecular processes for the formation of
LTP or LTD (20). Our results support a potential use of DWI
techniques to estimate plasticity-related changes in nonstimulated
remote regions after repetitive brain stimulation. Although fur-
ther investigations are needed to identify more specific probes of
plasticity, DWI techniques could provide a new biomarker to
estimate changes in plastic microstructure in neural tissue that
occur following repetitive brain stimulation protocols or epilepsy.
In conclusion, a 10-min-long period of subthreshold 1-Hz

rTMS produced LTD-like plasticity in the left M1 and a multi-
regional increase in water diffusion in the left M1, left PM, left
SPL, right PM, and SMA immediately after the end of the
stimulation. At rest, water diffusion in left SPL and right PM was
synchronized with water diffusion in the left M1, and this per-
mitted retention of rTMS-induced increases in water diffusion
for 10 min after the end of rTMS to the left M1. Given that
morphological changes related to synaptic activation or plasticity
can modulate water diffusion, these results indicate that syn-
chronization of basal fluctuations in the morphology of cortical
microstructures between stimulated and remote regions might
underlie the formation of plasticity in remote regions after brain
stimulation protocols. These results increase our understanding
of the effects of brain stimulation-induced plasticity on multi-
regional brain networks. DWI techniques could provide a tool to
evaluate treatment effects of brain stimulation protocols in patients
with brain disorders.

Methods
Subjects. Twelve right-handed, healthy young adult volunteers (mean age,
29.3 y; range, 21–40 y) participated in this study. All participants were right-
handed as assessed by the Edinburgh Handedness Inventory, had no abnormal
physical or neurological findings, no history of neurological or psychiatric
diseases, and did not take chronic medications. All subjects gave written
informed consent to participate in the study before the experiment. The

Fig. 4. Baseline fluctuations in water diffusion in the left M1 were coupled
with fluctuations in water diffusion in the right PM and the left SPL more
tightly than they were coupled with fluctuations in the left PM or SMA. (A)
Water diffusion in the left M1 and right PM in each of the 144 scans from the
two baseline time points in a representative subject. Data were transformed
to z scores within each measurement time point (Methods). (B) R2 was
computed to estimate coherent synchronized fluctuations in water diffusion
at baseline between the left M1 and each of the other regions using the
time series data (144 data points). Error bars indicate SEM. Correlation was
significant when the right PM or left SPL was paired with the left M1 (P <
0.001) but not significant when the left PM (P = 0.15) or SMA (P = 0.60) was
paired with the left M1. R2 was largest between the right PM and the left M1
(right PM vs. left SPL, P < 0.001), followed by the left SPL (left SPL vs. left PM,
P < 0.001) and then the SMA (left PM vs. SMA, P = 0.007).
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study protocol was approved by the Kyoto University Graduate School and
Faculty of Medicine Ethics Committee.

Experimental Design. Functional DWI techniques were used to estimate intra-
cortical water diffusion (14, 16). The MRI-compatible TMS and EMG system that
was developed by Hanakawa et al. (24) was located inside the bore of an MRI
scanner and enabled TMS to be delivered, MEPs to be measured, and MRI to be
obtained while the subject’s head was inside the bore.

MEPs were measured and DWI was performed during periods of rest
before (baseline) and after the repetitive TMS (rTMS; Fig. 1). The subject was
instructed not to move his/her head and to gaze at a central fixation point
on a projected screen during the entire experiment. Measurements were
performed at two baseline time points separated by 10 min, the same length
as the rTMS period, to examine the stability of brain water diffusion without
rTMS. Subthreshold, low-frequency rTMS was then applied to hand area of
the left M1 for 10 min. Measurements were performed at three poststimulation
time points: immediately and 10 and 20 min after rTMS.

Electrophysiological Measurements. A figure-eight-shaped TMS coil with an
outer-wing diameter of 70 mm (MR coil; Magstim) was used throughout the
experiment. The location on the scalp at which TMS evoked maximal am-
plitude of MEPs in the right abductor pollicis brevis muscle (the motor hot-
spot) was identified and marked for each subject while they were sitting
comfortably on a chair outside the scanner. The subject then lay supine on the
bed of a 3-T MRI scanner (Siemens Magnetom Trio). Surface EMG electrodes
were placed over the right thenar eminence, and the TMS coil was positioned
tangentially to the scalp at the marked site and adjusted to produce the
maximal amplitude of MEPs in the right abductor pollicis brevis muscle. The
subject’s head was positioned inside the bore of the scanner, and resting
motor threshold was measured in the right abductor pollicis brevis muscle
using the same procedure as described previously (22, 23). For rTMS, a single
train of 600 TMS pulses was applied at a frequency of 1.0 Hz and an intensity
of 90% of resting motor threshold, and EMG was recorded to monitor the
absence of evoked motor responses. Subthreshold stimulation was chosen to
minimize the influence of afferent information related to the evoked motor
responses on brain activity. At each measurement time point, 20 stimuli
were applied at a frequency of 0.1 Hz (i.e., one stimulation every 10 s) and at
an intensity of 120% of resting motor threshold (22, 23), and MEPs were
monitored in the in the right abductor pollicis brevis muscle.

Image Acquisition. rTMS of the left M1 affects motor-related regions of the
brain (7, 8, 41–46); therefore, we acquired images covering these regions
with an axial field of view of 40 mm from the top of the brain surface. DWI
was performed with a twice refocused spin-echo echo-planar imaging se-
quence sensitized to diffusion by an interleaved pair of bipolar magnetic
field gradient pulses (16). High and low b-value images (b = 1,200 and 300
s/mm2, respectively) were acquired to estimate mean water diffusion. The
high b value was 1,200 s/mm2 because our preliminary experiment revealed
that 1,200 s/mm2 was the highest b value that could acquire DWI signals with
maximized signal-to-noise ratio when using the one-channel MRI coil, which
allows the TMS coil to approach the scalp surface from the top (42, 45).
Gradient pulses were applied along a single direction (x, y, z = 1, 1, 1), be-
cause DWI signals in one sampled direction can be used to estimate mean
diffusivity in cortices, on the assumption that water diffusion is not aniso-
tropic within cortical tissue (12). Acquisition parameters were as follows:
slice thickness = 2.0 mm with no gap, pixel size = 2.0 × 2.0 mm2, echo time =
85 ms, repetition time = 3 s, bandwidth = 1,302 Hz. At each time point,
a single run of 18 repetitions of four consecutive scans with b = 1,200 s/mm2

followed by one scan with b = 300 s/mm2 (i.e., four scans of b1200 DWI al-
ternated with one scan of b300 DWI) were performed. A total of 72 scans of
b1200 DWI and 18 scans of b300 DWI were acquired per time point. A high-
resolution image of the structural anatomy was also obtained using a 3D
magnetization-prepared rapid gradient-echo T1-weighted sequence with
the following parameters: slice thickness = 0.95 mm with no gap, pixel size =
0.95 × 0.95 mm2, echo time = 73 ms, repetition time = 2 s, flip angle = 8°,
bandwidth = 130 Hz. This image was used for registration purposes.

Data Analysis. DWI data acquired with a b value of 1,200 s/mm2 (b1200 DWI
data) were used to estimate mean water diffusion because they were more
sensitive to changes in intracortical water diffusion than DWI data acquired
with a b value of 300 s/mm2 (14, 16). Previously, we presented the analysis of
mean or time-series b1200 DWI data at each time point. The analysis of b300
DWI data and the apparent diffusion coefficient, the index to evaluate
water diffusion, are presented in Figs. S2 and S3.

DWI data were first preprocessed for each subject using SPM2 software
(Wellcome Department of Cognitive Neuroscience, University College London).
Data were corrected for motion across time points and registered to the high-
resolution anatomical image. For registration, structural images were spatially
normalized to theT1 template, and theDWIdatawere spatiallynormalized to the
normalized anatomical image for each subject. The normalized data were
temporally low-pass filtered to retain frequencies below 0.1 Hz and then spatially
smoothed with a Gaussian filter (6 mm full-width-at-half-maximum). The b1200
DWI data and the b300 DWI data were preprocessed in the same manner.

Voxel-based analyses were performed using statistical parametric maps.
Mean DWI maps were computed as the average of the 72 images acquired at
each time point and were compared between the two baseline time points to
evaluate the stability of water diffusion over a 10-min period. The baseline
images were averaged across the two baseline time points, and this average
was compared with the immediately after rTMS time point to identify the
regions with a change in water diffusion immediately after the end of rTMS.
The level of significance was set to a cluster of corrected FWE P < 0.05. To
evaluate the post-rTMS changes over time, comparisons were also per-
formed between the baseline and the 10- and 20-min after rTMS time points
and between the immediately and 10-min after rTMS time points. Voxels
within a 10-mm sphere centered at the coordinates of the peak signal in-
tensity within the region of interest (Table 1) were tested. Significance was
set to a FWE P < 0.05 corrected within the search volume of interest. Fig. 3
and Fig. S2 show the signal intensity after normalization for each subject to
minimize intersubject variance in the raw signal data. Data were normalized
to the raw signal intensity in the first scan of the first baseline time point
and then averaged within each time point, as described previously (26).

We also performed region-of-interest analyses to test whether intrinsic
fluctuations in water diffusion at baseline were correlated between the left
M1 and remote regions (Fig. 4). Water diffusion data were extracted from
the b1200 DWI maps and averaged across the voxels within a 10-mm sphere
centered at the coordinates of the peak signal intensity within the region of
interest (Table 1). The signal intensity was stable across the two baseline
measurements; therefore, the 72 data points from each baseline measure-
ment were transformed to a z score and then combined for the regression
analyses. The R2 of the relation between the left M1 and each other region
was calculated using the 144 data points from the two baseline measure-
ments. For the bootstrap procedure, an empirical null distribution of the
computed R2 was constructed by replacing the time series bins, which con-
sisted of six data points in each region or across different regions, in a
pseudorandom manner from the set of 144 data points (47). Significant
coherent correlations with median R2 significantly greater than the median
R2 of the null distribution (Fig. 4) were identified using a Mann-Whitney
U test. Significance was set to a FWE P < 0.05 corrected for multiple com-
parisons. The change in R2 between the baseline and each post-rTMS time
point was examined, and no significant results were found (P > 0.5).
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