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Can electric felds explain inter-
iIndividual variability in transcranial
direct current stimulation of the
motor cortex?

llkka Laakso@®?, Marko Mikkonen?, Soichiro Koyama?, Akimasa Hirata® & Satoshi Tanaka*

. The efects of transcranial direct current stimulation (tDCS) on motor cortical excitability are highly
. variable between individuals. Inter-individual diferences in the electric felds generated in the brain

by tDCS might play a role in the variability. Here, we explored whether these felds are related to

excitability changes following anodal tDCS of the primary motor cortex (M1). Motor evoked potentials

(MEPs) were measured in 28 healthy subjects before and after 20 min sham or 1 mA anodal tDCS of
right M1 in a double-blind crossover design. The electric felds were individually modelled based on
magnetic resonance images. Statistical analysis indicated that the variability in the MEPs could be
partly explained by the electric felds, subjects with the weakest and strongest felds tending to produce

. opposite changes in excitability. To explain the fndings, we hypothesized that the likely locus of action
: wasin the hand area of M1, and the eTective electric feld component was that in the direction normal
. tothe cortical surface. Our results demonstrate that a large part of inter-individual variability in tDCS

may be due to diferences in the electric Felds. If this is the case, electric feld dosimetry could be useful

© for controlling the neuroplastic efects of tDCS.

Transcranial direct current stimulation (tDCS) is a widely used non-invasive method capable of eliciting changes

in cortical excitability’.  ese neuroplastic changes have potential as a treatment for various psychiatric and
neurological diseases that involve pathological changes in plasticity*®. Cortical excitability changes induced by

© tDCS can be most reliably measured in the primary motor cortex (M1) using transcranial magnetic stimulation

(TMS) to measure the amplitude of the motor evoked potentials (MEP)®. In such studies, the responses to tDCS
have been found to be highly variable between individuals’™%. e underlying reasons of the variability are still
unknown.

e physical agent of tDCS is thought to be the electric eld (EF) that is generated in the brain and other

tissues when direct current (usually 1-2 mA) is applied through electrodes attached to the scalp. e EF in the

brain is weak, typically less than 1V/m in strength'?-16, Animal in vitro studies have shown that such weak EFs

" cana ectthe activity of M1'718, Long-lasting excitability changes produced by weak EFs may depend on NMDA

receptors'8, which is also supported by electrophysiological studies in humans, where oral intake of NMDA antag-

onist suppressed the a er-e ects of tDCS™®,

We have previously found that there are large di erences in the EFs between individuals®.  edi erences are

* due to anatomical factors, such as gyral and sulcal anatomy as well as the volume of cerebrospinal uid (CSF) and
. the thicknesses of the scalp and skull**!>2°, However, the role of EFs in inter-individual variability is still unclear.
. Arethee ectsof EF on neural tissue su  ciently similar in each individual so that EFs were useful for predicting
© thee ects of tDCS? If they were, individual EF models could hypothetically be used to reduce variability and
- control thee ects.

Here, we studied whether the EF was related to the a er-e ects of tDCS. We rst performed an explora-

: tory sham-controlled motor cortical tDCS study and individually calculated the EFs in all our subjects. In the
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experiments, we applied 1 mA anodal tDCS for 20 min on the right M1. Previously, a similar protocol has been
shown to decrease the excitability of the right M1%. A similar inhibitory e ect of long-duration anodal tDCS has
also been shown using 26 min of 1 mA on the le  M1?2, Notably, halving the duration to 13 min enhanced the
excitability??, consistently with the typical facilitatory e ect of 9-13 min long anodal stimulation?,

To nd which cortical sites are potentially a ected by the EF, we decided to use partial least squares (PLS)
regression®?° which isan e ective method for nding relationships between dependent variables (here: MEP
amplitude) and a large number of collinear predictor variables (here: EF in the cortex). Compared to other com-
monly used approaches for feature extraction from imaging data, such as random eld theory?, PLS regression
was advantageous because we needed not de ne a region of interest a priori, which would have been arbitrary as
we did not know in advance which site in M1 or other regions?” was a ected by tDCS. At the potentially impor-
tant cortical site, the data were further analysed using linear mixed e ects models to investigate the direction and
time-dependence of the e ects.

Methods
Subjects.  Twenty-eight subjects (7 females and 21 males; meanage SD 27 6 years; 26 rightand 2 le
handed) participated in the experiments. e subjects were the same who participated in our previous study?.
e subjects were neurologically healthy and had no family history of epilepsy. e handedness was assessed
using the Old eld handedness questionnaire?. All subjects gave informed consent before participating in the
experiments. e Human Ethics Committee at the National Institute for Physiological Sciences, Okazaki, Japan,
approved the experiments. All methods were carried out in accordance with approved institutional guidelines
and regulations.

MRI.  All subjects participated in MRI scanning. T1- and T2-weighted structural MRI scans of subjects par-
ticipating were acquired using a 3.0 T MRI scanner (Verio; Siemens, Ltd., Erlangen, Germany). T1-weighted
MRI were acquired using a Magnetization Prepared Rapid Acquisition in Gradient Echo (MPRAGE) sequence
(TR/TE/TI/FA/FOV/voxel size/number of slices 1800 ms/1.98 ms/800 ms/9°/256 mm/1.0mm 1.0mm 1.0
mm/176). T2-weighted MRI were acquired with the following parameters: TR/TE/FOV/voxel size/slice num-
ber 4500ms/368 ms/256 mm/1.0mm 1.0mm 1.0mm/224 slices.

Experimental parameters. e experiment employed a double blind, sham-controlled, crossover design
tostudy the e ects of anodal tDCS over the right M1 on the MEPs. e experimental parameters are summarized
inFig. 1.

TDCS (1 mA) was applied using a DC STIMULATOR PLUS (neuroConn GmbH, Iimenau, Germany) with
two conditions. Conditions were separated by a washout period of at least three days. e MRI of each subject
were acquired prior to the experiments.

e stimulation (anode) electrode (surface area5 5cm?) was placed over the hand M1 in the right hemi-
sphere. e cathode (surfacearea5 5cm?) was placed over the contralateral orbit. Stimulation lasted for 20 min.
In the sham condition, current (1mA) was applied only for the rst15s. e fade-in/fade-out time was 10sin
each condition. e subjects were asked to sit on a chair during the experiments, and the experimenter observed
that the subject was maintaining rest.

e location of the anode was identi ed using an individual T1-weighted MRI and a frameless stereotaxic
navigation system (Brainsight 2; Rogue Research Inc., Montreal, Canada). e experimenter rstidenti ed the
“hand knob” structure of the precentral gyrus, the centre of which was projected to the scalp, which is illustrated
in Fig. 1B. e centre of the anode was placed at the projected point on the scalp. TMS was also applied at the
same point, in the direction perpendicular to the central sulcus, as identi ed using the navigation system.

As a measure of cortical excitability, MEPs were elicited using a Magstim 2002 magnetic stimulator (e
Magstim Company Ltd, Whitland, UK). At the beginning of each condition, we determined the resting motor
threshold (RMT). RMT was de ned as the lowest stimulation intensity required for eliciting MEPs of 50 V
peak-to-peak amplitude in ve of ten trials in the fully relaxed le abductor pollicis brevis (APB) muscle®. e
TMS coil was held in place manually, and its position was kept constant using the navigation system.

MEPs of the fully relaxed le APB muscle were recorded before and 0—-30 min (with 10 min intervals) a er
tDCS. During test stimulation, TMS with the intensity of 130% of the RMT was applied 30 times for each time
point. e TMS pulse interval was randomly assigned at 6, 7, 8, 9, or 10s. Recorded electromyograms were ampli-

ed (1000x), band-pass Itered (10-1000 Hz), and sampled at 5 kHz. Finally, the mean peak-to-peak MEP ampli-
tude was calculated.

Anatomic models and inter-subject registration.  T1-and T2-weighted MRI were segmented into dis-
tinct tissue compartments. Brain tissues were segmented using the FreeSurfer image analysis so ware®-, and
the remaining tissues were segmented using custom methods implemented in MATLAB (e MathWorks Inc.,
Natick, MA, US). e segmentation process and the tissue conductivities were identical to our previous stud-
iest628 e conductivities were (unit: S/m): grey matter 0.2, white matter 0.14, blood 0.7, compact bone 0.008,
spongy bone 0.027, CSF 1.8, dura and muscle 0.16, skin and fat 0.08, and eye 1.5.

FreeSurfer with the default parameter values was used to generate a mapping from the surface of each individ-
ual subject’s brain to that of the standard brain; details of the procedure have been described earlier'®. e stand-
ard brain was based on Montreal Neurological Institute (MNI) ICBM 2009a nonlinear asymmetric template3%,

Electric feld modelling. e EFs calculated in each subject were identical to those reported in our previ-
ous study?. Brie y, the EFs were modelled using the following methods. e electrodes were modelled using a
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Figure 1. Experimental parameters. (A) T1- and T2-weighted MRI of each subject were acquired prior to

the experiments. (B) In each subject, the location of the stimulation electrode was located above the centre

of the hand knob, which was determined using a neuronavigation system. TMS was applied in the direction
perpendicular to the central sulcus. (C) ee ect of 20 min anodal tDCS or sham on the right motor cortex was
monitored via TMS motor responses in the contralateral APB.

two-compartment model consisting of a 1 mm thick rubber pad (0.1S/m) inserted in a 6 mm thick sponge satu-
rated with physiological saline (1.6 S/m)*6. e electrical sources were a current source (1mA) and sink ( 1 mA)
placed inside the rubber pad of the anode and cathode, respectively.

e FEM with cubical 0.5mm 0.5mm 0.5mm rst-order elements was used to determine the electric

scalar potential from the Laplace-type equation 0. eequation was numerically solved using the
geometric multigrid method® to the relative residual of 10 8.
In each subject, the EF was calculated from E at the depth of 1 mm below the grey matter surface. \We

then calculated the absolute value (E,,s) and the normal componentofthe EF (E, n E,where n isthe inner
normal vector of the cortical surface).

In order to compare the EFs from di erent subjects, E,, and E, were mapped to the MNI brain®. e nal EFs
were represented on a triangular surface mesh of the MNI brain, which consisted of 149319 vertices in the right
hemisphere and 148076 vertices in the le hemisphere.

Data analysis. MATLAB (version 2017b, e MathWorks, Inc.) was used for all statistical tests. e signi -
cance level was P 0.05. Outliers were detected using Grubbs’ test.

E ects of Time, Session and EF on the MEP. We rst analysed the experimental results without considering the
EF, as would conventionally be done in tDCS studies. A linear mixed e ects model was used to study the e ects
on the MEP normalized to the baseline. As xed e ects, we entered the e ects of Time (t 0, 10, 20, and 30 min
a er stimulation, denoted t0-t30), Session (real tDCS and sham) and their interaction e ect. To account for the
e ects of the baseline MEP (MEP,..) on the normalized MEPs, the xed e ects of MEP,,,., MEP,,.. Time,
MEP,. Session, and MEP,,,. Time Session were also included in the model. By-subject intercepts were
treated as random e ects. Maximum likelihood estimation was used for determining the linear mixed e ects
model parameters.

To study the e ect of the EF on the normalized MEPs, the absolute value and normal component of the EF
were calculated at an observation point, r, (to be de ned later). We then added additional xede ect terms for
EF, Time EF Session EF and Time Session EF tothe linear mixed e ects model. e likelihood ratio test
was used to test whether adding the EF terms improved the model signi cantly.

Using the linear mixed e ects models, we studied the following questions: (1) was the mean value of the nor-
malized MEP di erent from the baseline at any time point, (2) did the mean value depend on Session, (3) was the
slope for MEP,,,. nonzero at any time point and (4) did it depend on Session, (5) was the slope for EF nonzero
at any time point and (6) did it depend on Session, and (7) did any of the mean values or slopes depend on the
time point? e coefTest function of MATLAB, which uses F-tests, was used for calculating the P-values. e
Satterthwaite approximation was used for estimating the degrees of freedom. For visualization of the linear mixed
e ect models, we used a similar approach to calculate the P-values for each mean value, slope, and the di erence
in slopes between sham and real tDCS.

To testthe e ects of Session and EF on MEP,,., we used paired two-tailed t-tests and/or Pearson correlation
coe cients.

As a measure of the overall change in the cortical excitability, we calculated the mean MEP amplitude normal-
ized to the baseline over post-stimulation time points (t0-t30)

MEP(t)
prase (1)

mean normalized MEP  mean
t
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Before this calculation, we veri ed that there were no signi cant di erences between the post-stimulation
time points.

We have previously found in the same subjects that the RMT correlated with the EF strengths in hand M1, and
therefore had potential as a simple estimate of the EF strength?®. To investigate whether the RMT was useful for
estimating the normalized MEPs, we repeated the analysis replacing the EF with the RMT.

Estimation of important brain regions using PLS regression. We used PLS regression in MATLAB to study
whether the measured MEPs could be explained using the calculated EFs, and, if yes, which brain regions were
important for the prediction.

e input data to the PLS regression model were the following. e predictor variables, matrix X (28 n),
were the highest EF values (E,,; or E,) on the right hemisphere. e n vertices with the highest EF values were
selected by calculating the (100 rg)th percentile of the mean value of E,, or |E,| over all 149319 vertices. To test
the robustness of the approach, rz was varied from 1 to 10%. e dependent variable, vector Y (28 1), was the
mean normalized MEP. e columns of X were scaled by dividing them by their sample standard deviations and
centred by subtracting their sample mean.

In the initial analysis, the number of PLS components (not to be confused with EF components) was varied
from one to ve, and the goodness of twas measured in terms of R? (multiple correlation coe cient) and Q?
(cross-validated R?). R? and Q? are the upper and lower bounds, respectively, of how well the model explains the
data and predicts new observations?. To calculate Q?, we used 10-fold cross validation with 1000 Monte—Carlo
repetitions. PLS component i was de ned to be predictively signi cant ifQi2 1 095 00975%, eanaly-
sis was also repeated for the sham MEP data. In this case, the EF should be unrelated to the MEP, and thus, no PLS
components should have predictive signi cance.

A er nding the number of signi cant components, we calculated the variable importance for the projection
(VIP) to identify which brain regions were important for predicting MEPs from the EFs. Based on the important
variables of PLS regression, we selected a single observation point, r,, in an anatomically relevant location to
interpret the e ect of the EF on the MEP amplitude using linear mixed e ects models.

Results
None of the participants reported side e ects.

Overall efect of tDCS on the MEPs. ee ects of tDCS on the MEPs were initially analysed without
the EFs. Analysis of MEP,,., showed that the baselines of real tDCS (mean SD: 0.66 0.26 mV, range: 0.21—
1.15mV) and sham (mean SD: 0.65 0.32mV, range: 0.27-1.39 mV) were not signi cantly di erent [paired
t-test, t(26)  0.197,P 0.8]. Grubb's test and visual inspection revealed one subject with exceptionally high
MEP, .. (real: 1.74mV and sham: 1.53mV). e subject was excluded from this and all further analyses.

A linear mixed e ect model with xed e ects of Time (t0-t30), Session (sham and real), MEP,,, and their
interactions was tted to the normalized MEP data. e model is visualized in Fig. 2A. Grubb’s test for the model
residuals indicated no outliers.

F-tests showed that the mean value of the normalized MEP differed significantly from the baseline
[F(8,982) 329, P 0002]. The difference was not significantly different between real tDCS and sham
[F(4,1859) 158 P 02].Inspection of individual time points (Fig. 2A) showed that both sham and real
tDCS increased the MEP amplitude compared to the baseline. MEP,,,. had a signi cante ect on the normalized
MEPs [F(8,1757) 324,P 0 002], subjects with a smaller baseline tending to show a larger increase in the
MEP (Fig. 2A). The effect of MEP,,, was not significantly different between real tDCS and sham
[F(4,1898) 207,P 0 09]. None of the mean values or slopes were signi cantly di erent between the time
points [F(12, 1859) 138,P 02].

As the post-stimulation time points did not di er signi cantly, we calculated the mean MEP amplitude nor-
malized to the baseline over all four post-stimulation time points to study individual di erences in the responses
totDCS. e group-level as well as individual data are presented in Fig. 2B. e mean normalized MEPs did not
have signi cantly di erent group-mean values [paired t-test, t(26) 062,P 0 5] nor signi cant correlation
(Spearman 016,P 0 4) between sham and real tDCS. Finally, we tested whether stimulation increased the
di erence between the MEPs of real tDCS and sham compared to the baseline, regardless of the direction of the
di erence. Wilcoxon signed-rank test showed that the absolute value of the di erence between the MEPs of real
tDCS and sham was significantly larger (Z 243, P 002) after stimulation (median of mean over
post-stimulation time points: 0.27 mV) than at the baseline (median: 0.18 mV).

Despite no signi cant di erences between sham and real tDCS at the group level, these results indicated that
stimulation had some e ect, as the normalized MEPs of sham and real tDCS did not correlate within individuals,
and the di erence between the MEPs of sham and real tDCS a er stimulation was larger than that expected from
the baseline measurements. is could mean that the size and/or direction of the response di ered between indi-
viduals. Were these di erences due to chance or due to some systematic factor, such as the EF?

Calculated EFs and PLS regression. e absolute value and normal component of the EF were calcu-
lated individually in 27 subjects and registered to the standard brain. Figure 3 shows the average EFs in the right
hemisphere.

PLS regression analysis with either E,.; or E, as the predictor gave up to one predictively signi cant PLS
component, depending on the percentage of the highest EF values used for the analysis (Table 1). Increasing the
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Figure 2. (A) Time course of change in the normalized MEP amplitude and its dependency on MEP,,,

(N 27). Markers are the mean values, lines are the slopes for MEP, ..., grey regions are the 95% con dence
intervals, and small markers are individual observations. Filled markers and solid lines indicate signi cant

di erences from the baseline. Bottom labels indicate the signi cance of the di erence between the slopes of
sham and real tDCS at each time point (NS  notsigni cant). (B) Grand mean normalized MEP over post-
stimulation time points. Disks represent the data for individual subjects. Shades of grey indicate the the division
of the subjects to quartiles based on MEP,,, lighter shades corresponding to higher values. Mean value is
indicated by the horizontal line, and coloured bars represent the standard deviation (light blue) and 95%

con dence interval (light red).

number of PLS components past one or using sham MEPs as dependent variables did not result in any predic-
tively signi cant PLS components (Table 1, components 4 and 5 are not shown for brevity).

e models with one PLS component were used for the subsequent analysis. e loadings of the PLS regres-
sion model with rg 2% are visualized in Fig. 4A. PLS score plots indicated no violations of homogeneity or
curvature of the data. Normal probability plots were used to verify the normality of residuals, and no outliers were
detected in residual plots either by visual inspection or by Grubbs'’ test.

Next, we investigated which brain regions were important for predicting the mean normalized MEPs using the
VIP as the measure. e regions with high VIP in Fig. 4B are candidates for the site of action where the EF has an
e ect on the MEPs. For the subsequent analysis, we selected the point with the maximum VIP as an observation
point, ry, as shown in Fig. 4B. e same point was the global maximum for rz 5% and a local maximum for
larger re. In MNI coordinates, , (42, 13, 66). Based on the probabilistic cytoarchitectonic atlas of FreeSurfer,
I is located at the border between Brodmann areas 6 and 4a. e choice of r, from among several candidates is
motivated by the fact that r, is close to the TMS hotspot of the ABP muscle projected to the cortex, ( 41 4,

16 4,60 4), measured inthele hemisphere®.

Efectsofthe EF.  Next, we investigated how the EFs at r, a ect the normalized MEPs and their time course.

e summary statistics of E,,( ;) were mean SD:0.46 0.14V/m and range: 0.24-0.79 V/m. For E, (1), the
summary statistics were mean  SD: 0.39 0.12V/m and range: 0.20-0.60V/m. e EFs correlated strongly
(Pearsonr 0 89), indicating that the EF was approximately normal to the cortical surface at r,. For this reason,
we chose to focus on E( ) in the following analysis.

First, we tested the baseline e ectsof EF. e Pearson correlation coe cients between E, ( ;) and MEP,,, were
r 015(P 04)andr 026(P 0 2)forsham and real tDCS, respectively. e regression slopes were not
signi cantly di erent between sham and real tDCS [t(50) 020,P 08].

E,(1p)and its interactions with Time and Session were input into a linear mixed e ects model as xede ects.
Adding the terms with E ( ) into the model improved the model signi cantly compared to the model without
thee ects of the EF (likelihood ratio test, %8) 17 87,P 0 02). Figure 5A visualizes the tted linear mixed
e ects model. Grubb's test for the model residuals detected one outlier data point (exceptionally low normalized
MEP at t0 in the subject with the lowest EF). Inclusion or exclusion of the outlier did not change the conclusions,
and therefore we have included it in the analysis.

F-tests showed that, similarly to the model without the EF, the mean values of normalized MEPs changed
significantly from the baseline [F(8,964) 378, P 00007], and the change depended on MEP,,
[F(8,1730) 246,P 002]. Neither effect differed significantly between sessions [F(4, 185 1) 171,
P 0landF(4,1896) 136,P 02 respectively]. E,(1r,)had asigni cante ecton the normalized MEP
[F(8,980) 235 P 002], and the effect of E (1) was significantly different for real tDCS and sham
[F(4,1856) 363,P 0007]. Investigation of the slopes for E,( ) showed that real tDCS tended to have
more negative slopes than that at baseline or those of sham (Fig. 5A). e slopes for sham were not signi cantly
di erent from the baseline at any time point.

Time did not have significant effects on any of the intercepts or slopes [F(18, 1850) 111,P 03].

erefore, we used simple linear regression to characterize thee ect of E( r,) on the mean normalized MEP. e
tted linear model (Pearson r 063,P 0 0005) for real tDCS was

SCIENTIFIREPORTS
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Figure3. e absolute value and inner normal component of the EF averaged over 27 subjects. e EFswere
rst determined in each subject, registered to a common template, and nally averaged.

Predictor [r.  [R? [R? [R? [QF [0 [of

Real tDCS
Em 1% 039 |044 |012 | 017 | 053 | 424
Eux 2% |039 |048 |010 | 012 | 079 | 7.36
Em 3% |039 |050 |008 | 009 | 085 | 9.38
Eux 10% |043 |051 |005 | 010 | 064 | 1593
E, 1% |054 |032 |04l | 012 | 099 | 519
E, 2% 062 |0.32 |0.05 | 012 | 140 | 12.19
E, 3% |067 |028 |004 | 009 | 194 | 19.39
E, 10% | 087 |012 |00 | 000 | 704 | 8815

Sham
Em 1% 023 [050 |047 | 023 | 133 | 561
Eu 2% |030 |051 |015 | 028 | 146 | 827
Em 3% |033 |051 |014 | 032 | 158 | 9.85
Em 10% | 039 |054 |006 | 0.38 | 167 | 2076
E, 1% |058 |025 |012 | 032 | 260 | 817
E, 2% |0.66 |0.23 |0.09 | 025 | 321 | 12.70
E, 3% [071 |022 |006 | 023 | 388 | 1891
E, 10% |089 |010 |00l | 013 | 9.03 | 122.36

Table 1. Explained (R iz) and predicted (Qiz) variance of the rstthree PLS components (i). e predictor
variables are the EF absolute value or the normal component and the dependent variables are the mean
normalized MEP of either real tDCS or sham stimulation. Ratio r¢ indicates the percentage of the highest EF
values used for the PLS regression. Q? 0.0975.

En() m

O )
wherem 0 39V/m is the sample mean of E,(r;). e95% con dence intervals of the intercept and slope were
[106,128]and[ 109, 0 35], respectively. The regression slope for sham stimulation was not significant
(r 012, P  06). The partial correlation coefficients without the confounding effect of MEP,,,, were
r 059(P 0001)andr 009 (P 0 6)forreal tDCS and sham, respectively. Figure 5B visualizes the
linear regression model as well as the individual data. It can be seen that the individuals with the largest EFs
showed decreased MEPs compared to sham, whereas the subjects with the lowest EFs showed either absence of
e ectorincreased MEP compared to sham.

mean normalized MEP 1 17

Efects of the RMT.  Similarly to our previous study in the same subjects?, both E, ( r,) (Pearson r 0 64,
P 00003) and E (1K) (r 070, P 000004) strongly correlated with the RMT (average of two
measurements).

To study whether the RMT could be used instead of the EF to explain the changes in the normalized MEPs, we
replaced E, ( r,) with the RMT in the linear mixed e ects model. Analysis of the model coe cients showed no
signi cante ects of the RMT at any time point [F(8,992) 059,P 0 8] norsigni cantdi erences in the
e ectsof the RMT between real tDCS and sham [F(4, 184 6) 052,P 07]. eRMT tended to correlate with
MEP, (real tDCS: r 035P 007 andsham:r 038P 005).

Simple linear regression showed that the RMT weakly correlated with the mean normalized MEPs of real
tDCS(r 043,P 003; partial correlation without the confounding e ect of MEP,,.:r 035 P 007).
A er removing the e ect of E (1), the partial correlation between the RMT and the mean normalized MEP

SCIENTIFIREPORTS



E 06 Loadings 23 yip
abs
Q —06 1.7
-1.8 1.2
-3.1 0.6
—4.3 0.0
E 2.9 Loadings 2.6 yp
n
Q 12 2.0
—0.5 1.3
—21 0.7
-3.8 0.0

Figure 4. Important brain regions estimated using PLS regression analysis. (A.1 and 2) Loadings of the rst
PLS component for the absolute value (A.1) and normal component (A.2) of the EF. (B.1 and 2) VIP, indicating
the relative importance of brain regions for predicting the mean normalized MEP from the absolute value (B.1)
or the normal component (B.2). r, indicates the point with the maximum VIP for the normal component.
Coloured regions are the cortical regions that contain the highest 2% EFs and that were used as predictors for
PLS regression. e surface of the white matter is shown in grey. Circle indicates the inverted omega of the hand
knob.

Figure5. (A) E ect of the EF normal component and time on normalized MEP for 20 min 1 mA anodal tDCS
of the right M1 (N  27). Lines and shaded areas are the regression lines (range: 0.20-0.60 VV/m) and the 95%
con dence intervals. Filled markers and solid lines indicate signi cantdi erences from the baseline in the mean
values and slopes, respectively. Bottom labels indicate the signi cance of the di erence between the slopes of
sham and real tDCS at each time point (NS notsigni cant). (B) Simple linear regression between E, ( ;) and
grand mean normalized MEP. Disks show the data for individual subjects, di erent shades of grey indicate the
division of subjects into quartiles based on their EFs. e grey line segments indicate the changes between
sessions. Coloured vertical lines show the mean values of E ().

disappeared (r 004,P 0 8), indicating that their correlation was due to the EF. For sham, the correlation
coe cient between the RMT and the mean normalized MEPwasr 0 25(P 0 2), and the partial correlations
without MEP,,.. and the EFwerer 020(P 03)andr 023(P 0 2), respectively.

Discussion

We studied the e ect of 20min 1 mA anodal tDCS on the excitability of the right M1, and modelled the EF in each
individual subject. e initial ndings suggested no signi cant di erences between sham and real tDCS in the
group-level MEPs. However, the responses to sham and real tDCS di ered at the individual level. Using regres-
sion analysis, we showed that individual di erences in the EF could partly explain the variability in responses.




If the EF has an e ect on the individual MEPs, from which brain regions does the e ect originate from? We
explored this question using PLS regression to nd relationships between the absolute value or normal compo-
nent of the EF and the MEPs. e results showed that it was possible to predict a part of the e ect using linear
regression involving the EF normal component. Furthermore, the EF values in the hand area were important for
the prediction. While these results are not a direct proof of the exact origin of the e ects, the hypothesis that the
possible e ect originated from the hand M1 is attractive due to several reasons. Firstly, the sites with high impor-
tance were located in the lateral part of the hand knob at the anterior bank of the central sulcus [MNI coordinate
( 42, 13,66)], which is at the border between the primary motor cortex (BA4a) and premotor areas (BA6). is
is in the immediate vicinity of the TMS hotspot of the studied APB muscle®, which could explain why the EFs
at this site are important for predicting the changes in MEPs. Furthermore, the direction of the EF was approxi-
mately normal to the cortical surface. In previous in vitro studies, EFs applied in the normal direction have been
shown to produce long lasting a er-e ects'”8,  erefore, a plausible hypothesis for explaining our ndings is that
thea er-e ects of tDCS are mediated by the normal component of the EF at or near the TMS hotspot. However,
this needs to be con rmed in additional studies.

Linear mixed e ects models were used to analyse how E,, in hand M1 a ected the MEPs. e results showed
that tDCS, but not sham, changed the slope between the EF and MEP amplitude, indicating that subjects with low
and high EFs responded di erently to stimulation. TDCS changed the slope to a more negative direction, i.e., sub-
jects with a stronger E,, exhibited a larger decrease (or smaller increase) in the MEP compared to sham or baseline
than subjects with a weaker E,,. A possible explanation for the negative e ect of the EF is that, as shown in pre-
vious studies, long duration ( 20min) 1 mA anodal tDCS may decrease the motor cortical excitability®*??. e
negative slope is consistent with these ndings; the inhibitory e ect is stronger in individuals with a stronger EF
and absent in subjects experiencing weak elds in M1. However, the e ects of tDCS are known to be non-linearly
dependent on the current intensity*>*? and stimulation duration®.  erefore, our ndings should not be extrap-
olated to other experimental conditions.

As far as we know, our study is the  rst to combine individual EF modelling with tDCS experiments. However,
a few recent studies have used EF models to design and analyse the results of tDCS experiments. ee ects of
di erent EF components were studied previously by Rawiji et al.*®, who investigated the excitability changes using
two electrode montages that produced EFs dominantly in the posterior-anterior (PA) or medial-lateral (ML)
directions (le M1, 1mA, 10min, FDI muscle, N 15). ey found that a larger EF in the PA direction decreased
the excitability, whereas the EF in the ML direction did not*®. Our experiments are not directly comparable due to
di erent target muscle, duration, and electrode montage. However, common to both studies was that the e ective
EF component might have been the normal component, E,,, which depends on the representation of the target
muscle in the curved surface of the hand area. In another study, Fischer et al.?” showed that a multifocal tDCS
montage that produced a weaker EF in the le M1 resulted in a greater increase in excitability than conventional
tDCS (2mA, 10 min, FDI muscle, N  15). Consequently, they argued that the e ects of tDCS on the motor
cortical excitability likely originated from regions outside M1%’. Although obtained using di erent stimulation
parameters, our results and those of Rawiji et al.*® show that the EF strength—response relationship can also be
negative, and thus, the ndings of Fischer et al.?” could also be explained by a local e ect of EF in M1.

Existing tDCS protocols that have been used since the early 2000s typically apply the same input current to
all subjects®2344,  is approach may be problematic, as our results suggested that the subjects with the lowest and
highest EF strengths may respond oppositely to the same input current.  erefore, the ndings at the group level
may become weak or not signi cant. Indeed, in our experiment, no signi cant group-level di erences compared
to sham or baseline would have been found without considering the inter-individual di erences in the EF. For
comparison, several previous studies have also reported small group-level responses but high inter-individual
variability’®. If our results generalize to other stimulation parameters, EF models could be used to select the
stimulation current individually, which could reduce variability.

Separately from the e ect of the EF, we found that MEP,,. had a signi cant e ect on the normalized MEPs.

e e ectwas similar for both sham and real tDCS: subjects with a higher MEP,,,. tended to decrease the MEP,
and subjects with a lower baseline tended to increase the MEP. Wietho et al.” have also reported a similar neg-
ative e ect. We believe that the e ect directly follows from normalization and is unrelated to tDCS: If the MEP
were a random variable, the conditional expectation of the normalized MEP would be a decreasing function of
MEPbase-

Despite the correlation between the RMT and the EF?8, we found that the RMT had relatively weak e ects on
thea er-e ectsof tDCS. e correlation coe cient between the RMT and mean normalized MEP wasr 0 43,
which was only marginally better than that obtained for sham. e correlation disappeared when the confound-
ing e ect of the EF was excluded, indicating that the RMT and and the post-stimulation MEPs were linked solely
through the EF. Interestingly, a correlation of similar strength but with the opposite sign (r 0 47) has been
reported previously for 15min 1 mA anodal tDCS*.

Due to the exploratory nature, our study has several limitations that should be considered in future studies.
Firstly, we only considered a single stimulation current (directly proportional to the EF) in each subject. Using
additional EFs in each subject could have been used to con rm the regression slopes and take into account
inter-individual di erences in the sensitivity to EF in linear mixed e ects models. If multiple currents are used
in future studies, non-linearities*®2 should also be considered when selecting the current values. Secondly,
repeating the measurements for each condition would have allowed incorporating intra-individual variability in
the statistical models. Notably, previous studies have shown relatively low intra-individual variability for anodal
TDCS', irdly, only one electrode con guration was used in each subject. More than one electrode con g-
uration would have increased the amount of input data to the PLS regression model and would have possibly
improved the prediction of the a ected regions. Fourthly, we unexpectedly found a signi cant facilitatory e ect




of sham stimulation. We are unsure of the reasons, as other recent sham-controlled studies have not shown any
signi cante ectsof sham!*#243,  ee ect of sham persisted at least 30min a er stimulation, which highlights
the importance of sham control in future studies. Future studies can also select the observation point or region
of interest a priori. e observation point found in this study is useful for the APB muscle of the le hand. For
other targets, the TMS hotspot projected on the cortex may be a reasonable choice. Our results can also be used
to estimate the required sample size for future studies. Based on simple linear regression between the EF and
normalized MEP, a reasonable estimate for the coe cient of determination is approximately 0.35, which would
require at least 20 data points (subjects) to ensure a statistical power of 80%.

In conclusion, this exploratory study showed that individually calculated EFs were related to inter-individual
di erences in the responses to tDCS. A potential hypothesis for explaining our ndings is that the individual
e ects of tDCS are mediated by the normal component of the EF in the hand area of M1, at or close to the TMS
hotspot. If thee ectiscon rmed, EF modelling could be the key for reducing inter-individual variability in tDCS.

Data Availability
e datasets generated during the current study are available from the corresponding author on reasonable re-
quest.

References

1. Priori, A., Berardelli, A., Rona, S., Accornero, N. & Manfredi, M. Polarization of the human motor cortex through the scalp.
Neuroreport 9, 2257-2260 (1998).

2. Nitsche, M. A. & Paulus, W, Excitability changes induced in the human motor cortex by weak transcranial direct current stimulation.
J Physiol (Lond) 527(Pt 3), 633-639 (2000).

3. Nitsche, M. A. & Paulus, W. Sustained excitability elevations induced by transcranial DC motor cortex stimulation in humans.
Neurology 57, 1899-1901 (2001).

4. Kuo, M.-F,, Paulus, W. & Nitsche, M. A.  erapeutic e ects of non-invasive brain stimulation with direct currents (tDCS) in
neuropsychiatric diseases. Neuroimage 85(Pt 3), 948-960 (2014).

5. Fl6el, A. tDCS-enhanced motor and cognitive function in neurological diseases. Neuroimage 85(Pt 3), 934-947 (2014).

6. Horvath, J. C., Forte, J. D. & Carter, O. Evidence that transcranial direct current stimulation (tDCS) generates little-to-no reliable
neurophysiologic e ect beyond MEP amplitude modulation in healthy human subjects: A systematic review. Neuropsychologia 66,
213-236 (2015).

7. Wietho , S., Hamada, M. & Rothwell, J. C. Variability in response to transcranial direct current stimulation of the motor cortex.
Brain Stimul 7, 468—475 (2014).

8. Lopez-Alonso, V., Cheeran, B., Rio-Rodriguez, D. & Fernandez-Del-Olmo, M. Inter-individual variability in response to non-
invasive brain stimulation paradigms. Brain Stimul 7, 372-380 (2014).

9. Chew, T., Ho, K.-A. & Loo, C. K. Inter- and intra-individual variability in response to transcranial direct current stimulation (tDCS)
at varying current intensities. Brain Stimul 8, 1130-7 (2015).

10. Strube, W. et al. Bidirectional variability in motor cortex excitability modulation following 1 mA transcranial direct current
stimulation in healthy participants. Physiological reports 4 (2016).

11. Ammann, C., Lindquist, M. A. & Celnik, P. A. Response variability of di erent anodal transcranial direct current stimulation
intensities across multiple sessions. Brain Stimul 10, 757-763 (2017).

12. Datta, A. et al. Gyri-precise head model of transcranial direct current stimulation: Improved spatial focality using a ring electrode
versus conventional rectangular pad. Brain Stimul 2, 201-7 (2009).

13. Truong, D. Q., Magerowski, G., Blackburn, G. L., Bikson, M. & Alonso-Alonso, M. Computational modeling of transcranial direct
current stimulation (tDCS) in obesity: Impact of head fat and dose guidelines. Neuroimage Clin 2, 759-766 (2013).

14. Opitz, A, Paulus, W, Will, S., Antunes, A. & ielscher, A. Determinants of the electric eld during transcranial direct current
stimulation. Neuroimage 109, 140-150 (2015).

15. Laakso, I., Tanaka, S., Koyama, S., De Santis, V. & Hirata, A. Inter-subject variability in electric elds of motor cortical tDCS. Brain
Stimul 8,906-913 (2015).

16. Laakso, I. et al. Electric elds of motor and frontal tDCS in a standard brain space: A computer simulation study. Neuroimage 137,
140-51 (2016).

17. Bikson, M. et al. E ects of uniform extracellular dc electric elds on excitability in rat hippocampal slices in vitro. J Physiol (Lond)
557, 175-190 (2004).

18. Fritsch, B. et al. Direct current stimulation promotes BDNF-dependent synaptic plasticity: potential implications for motor learning.
Neuron 66, 198—204 (2010).

19. Nitsche, M. A. et al. Pharmacological modulation of cortical excitability shi s induced by transcranial direct current stimulation in
humans. J Physiol (Lond) 553, 293301 (2003).

20. Datta, A, Truong, D., Minhas, P, Parra, L. C. & Bikson, M. Inter-individual variation during transcranial direct current stimulation
and normalization of dose using MRI-derived computational models. Front Psychiatry 3, 91 (2012).

21. Simis, M. et al. Motor cortex-induced plasticity by noninvasive brain stimulation: a comparison between transcranial direct current
stimulation and transcranial magnetic stimulation. Neuroreport 24, 973-975 (2013).

22. Monte-Silva, K. et al. Induction of late LTP-like plasticity in the human motor cortex by repeated non-invasive brain stimulation.
Brain Stimul 6, 424-432 (2013).

23. Nitsche, M. A. et al. Transcranial direct current stimulation: State of the art 2008. Brain Stimul 1, 206—23 (2008).

24. Geladi, P. & Kowalski, B. R. Partial least-squares regression: a tutorial. Anal Chim Acta 185, 1-17 (1986).

25. Wold, S., Sjostrém, M. & Eriksson, L. PLS-regression: a basic tool of chemometrics. Chemom Intell Lab Syst 58, 109-130 (2001).

26. Worsley, K. J. et al. A uni ed statistical approach for determining signi cant signals in images of cerebral activation. Hum Brain
Mapp 4, 58-73 (1996).

27. Fischer, D. B. et al. Multifocal tDCS targeting the resting state motor network increases cortical excitability beyond traditional tDCS
targeting unilateral motor cortex. Neuroimage 157, 34—44 (2017).

28. Mikkonen, M. et al. TMS motor thresholds correlate with TDCS electric eld strengths in hand motor area. Front Neurosci 12, 426
(2018).

29. Old eld,R.C. eassessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia 9, 97-113 (1971).

30. Rossini, P. M. et al. Applications of magnetic cortical stimulation. the international federation of clinical neurophysiology.
Electroencephalogr Clin Neurophysiol Suppl 52, 171-85 (1999).

31. Dale, A. M., Fischl, B. & Sereno, M. I. Cortical surface-based analysis. I. Segmentation and surface reconstruction. Neuroimage 9,
179-94 (1999).

32. Fischl, B., Sereno, M. |., Tootell, R. B. & Dale, A. M. High-resolution intersubject averaging and a coordinate system for the cortical
surface. Hum Brain Mapp 8, 272-84 (1999).

SCIENTIFIREPORTS



33. Fischl, B. & Dale, A. M. Measuring the thickness of the human cerebral cortex from magnetic resonance images. Proc Natl Acad Sci
USA 97, 11050-5 (2000).

34. Desikan, R.S. et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions
of interest. Neuroimage 31, 968—980 (2006).

35. Fonov, V., Evans, A., McKinstry, R., Almli, C. & Collins, D. Unbiased nonlinear average age-appropriate brain templates from birth
to adulthood. Neuroimage 47(Supplement 1), 102 (2009).

36. Fonov, V. et al. Unbiased average age-appropriate atlases for pediatric studies. Neuroimage 54, 313-27 (2011).

37. Laakso, I. & Hirata, A. Fast multigrid-based computation of the induced electric eld for transcranial magnetic stimulation. Phys
Med Biol 57, 7753-65 (2012).

38. Abdi, H. Partial least squares regression and projection on latent structure regression (PLS regression). Wiley Interdiscip Rev Comput
Stat 2, 97-106 (2010).

39. Diekho , S. et al. Functional localization in the human brain: Gradient-echo, spin-echo, and arterial spin-labeling fMRI compared
with neuronavigated TMS. Hum Brain Mapp 32, 341-57 (2011).

40. Batsikadze, G., Moliadze, V., Paulus, W, Kuo, M.-F. & Nitsche, M. A. Partially non-linear stimulation intensity-dependent e ects of
direct current stimulation on motor cortex excitability in humans. J Physiol (Lond) 591, 1987-2000 (2013).

41. Kidgell, D.J.etal. Di erent current intensities of anodal transcranial direct current stimulation do not di erentially modulate motor
cortex plasticity. Neural Plast 2013, 603502 (2013).

42. Jamil, A. et al. Systematic evaluation of the impact of stimulation intensity on neuroplastic a er-e ects induced by transcranial
direct current stimulation. J Physiol (Lond) 595, 1273-1288 (2017).

43. Rawiji, V. et al. tDCS changes in motor excitability are speci ¢ to orientation of current ow. Brain Stimul 11, 289-298 (2018).

44. Woods, A. J. et al. A technical guide to tDCS, and related non-invasive brain stimulation tools. Clin Neurophysiol 127, 1031-1048
(2016).

45. Lépez-Alonso, V., Fernandez-Del-Olmo, M., Costantini, A., Gonzalez-Henriquez, J. J. & Cheeran, B. Intra-individual variability in
the response to anodal transcranial direct current stimulation. Clin Neurophysiol 126, 2342-2347 (2015).

Acknowledgements
is work was supported in part by KAKENHI, No. 17H00869 (A.H. and S.T.) and No. 16H03201 (S.T.).

Author Contributions

I.L. designed the study, analysed the data and wrote the manuscript. M.M. analysed the data and assisted in
writing the manuscript. S.K. collected and analysed the data. A.H. designed the study and assisted in writing
the manuscript. S.T. designed the study, assisted in writing the manuscript and supervised the experiments. All
authors reviewed the manuscript.

Additional Information
Competing Interests: e authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional a liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
| jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. e images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© e Author(s) 2019

SCIENTIFIREPORTS

10



	Can electric fields explain inter-individual variability in transcranial direct current stimulation of the motor cortex?

	Methods

	Subjects. 

	Results





