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Small effects of electric field on motor
cortical excitability following anodal tDCS

lIkka Laakso,’’-* Keisuke Tani,? Jose Gomez-Tames,*> Akimasa Hirata,*> and Satoshi Tanaka®

SUMMARY

The dose-response characteristics of transcranial direct current stimulation (tDCS) remain uncertain but
may be related to variability in brain electric fields due to individual anatomical factors. Here, we investi-
gated whether the electric fields influence the responses to motor cortical tDCS. In a randomized cross-
over design, 21 participants underwent 10 min of anodal tDCS with 0.5, 1.0, 1.5, or 2.0 mA or sham.
Compared to sham, all active conditions increased the size of motor evoked potentials (MEP) normalized
to the pre-tDCS baseline, irrespective of anterior or posterior magnetic test stimuli. The electric field
calculated in the motor cortex of each participant had a nonlinear effect on the normalized MEP size,
but its effects were small compared to those of other participant-specific factors. The findings support
the efficacy of anodal tDCS in enhancing the MEP size but do not demonstrate any benefits of personal-
ized electric field modeling in explaining tDCS response variability.

INTRODUCTION

Applying a weak galvanic current through the intact scalp generates an electric field that polarizes the brain tissue, resulting in changes in the
excitability of cortical neurons. This phenomenon makes transcranial direct current stimulation (tDCS) a potential therapeutic tool for various
neuropsychiatric illnesses due to its capability to modulate neuroplasticity in humans." The effects of tDCS on neuroplasticity can be most
easily investigated in the motor cortex, where it alters the size of motor evoked potentials (MEPs) measured using transcranial magnetic stim-
ulation (TMS).”® These alterations include both acute effects during and immediately after stimulation and after-effects that can persist for
hours or even longer after the stimulation.”

Physiological mechanism underlying tDCS still remain unclear. However, it has been reported that tDCS induces the changes in the mem-
brane potential of the neurons under the electrodes, which alters the motor cortical excitability resulting in the modification of the MEP size.>”
Previous studies have reported that the increases of the MEP sizes by tDCS were positively associated with the hand motor improvements in
chronic stroke patients.”” Therefore, greater improvement in the MEP sizes may lead to more improvement in functional outcomes in some
clinical settings.

However, the effects of stimulation parameters such as current and duration on inducing long-lasting changes in corticospinal excitability
are not yet fully understood.” Several studies have investigated the relationship between current and the MEP sizes within the range of typical
tDCS currents (0.5-3 mA) and durations (7-20 min). For anodal tDCS, current-dependent differences that are possibly non-monotonic have
been reported.®'? Similarly, non-monotonic effects have also been reported for cathodal tDCS.”'"'? In contrast, multiple studies have re-
ported that anodal tDCS produces similar increases in excitability regardless of the stimulation current.’>'> Additionally, some studies
have reported a lack of significant effects regardless of the stimulation current.”®"” Overall, despite the great variability between studies,
it is evident that larger currents do not necessarily produce stronger aftereffects.'®

The mixed results on dose response may be due to the fact that the prior investigators have measured the tDCS dosage in terms of the
stimulation current, which is an indirect measure of the cortical electric field. Studies using computational current flow modeling have shown
that these electric fields are influenced by the head anatomy, such as scalp, skull, and CSF thicknesses,'” % leading to individual variability in
the dosage when the stimulation current is fixed. Controlling the electric field dosage is possible with computational methods and might be
the key to improve the reliability of tDCS.?* However, the relationship between the electric fields and the tDCS effects is still unclear. At pre-
sent, only a few studies have experimentally investigated whether the variability in the electric fields is related to the variation in MEP sizes
following motor-cortical tDCS, and these studies have reported partly contradictory results.”'**?° For anodal tDCS with the M1—contralateral
orbit montage, a positive dependence between electric field strength and excitability was found for 15 min of tDCS at 0.5-2 mA over the left
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hemisphere,”' a negative dependence for 20 min of tDCS at 1 mA over the right hemisphere,”* and no effect was observed for 10 min of tDCS
at 2 mA over the left hemisphere.”” None of the studies have considered a nonlinear relationship between the electric field dosage and the
MEP size modulation.

Here, our objective was to characterize the dose-response relationship of tDCS aftereffects by studying the changes in MEP sizes using a
wide range of electric field strengths. We used the ‘fixed stimulator output-post hoc modeling’ paradigm,'® where each participant received a
range of fixed currents (0, 0.5, 1.0, 1.5, and 2 mA) and the individual electric field in a location of interest was retrospectively calculated and
correlated with MEP size modulation. To modify this approach,'® we used the anodal M1—contralateral orbit montage with 2 cm diameter
electrodes that was previously found to produce up to 100% higher electric field strength in the targeted M1 than conventional large elec-
trodes.”® The use of smaller electrodes is also expected to increase inter-individual variations in electric fields,* which might lead to larger
variations in MEP sizes and thus aid in the characterization of a potential dose-response relationship. Additionally, we investigated whether
tDCS has differential effects on MEPs elicited by TMS test stimuli applied in the posterior-to-anterior direction (PA-TMS) and in the opposite
direction (AP-TMS), which was previously observed for PA-tDCS and AP-tDCS electrode montages.?’

Our specific research questions were: (Q1) does anodal tDCS with 0.5-2 mA currents change the MEP size compared to sham, (Q2) does
tDCS change the MEP latency compared to sham, (Q3) do the MEP size changes measured using PA and AP test stimuli differ from each other,
(Q4) what is the effect of individually calculated electric field on the MEP size, and (Q5) how large is the effect of the electric field on the MEP
size modulation compared to other factors?

RESULTS

Data were collected from 21 participants who took part in 5 double-blind experimental sessions in counterbalanced order. MEP sizes and
latencies were recorded from the first dorsal interosseous (FDI) muscle before tDCS and at 0, 15, and 30 min after tDCS. The MEP measure-
ments were repeated for two directions of the TMS coil, inducing current in the PA or AP direction in the motor cortex.

To measure the MEPs, the test stimulus (TS) intensity used was 120% of the resting motor threshold (RMT). It is worth noting that the TS
intensity might have slightly exceeded 120% RMT in some cases due to a mistake during the experiments (see STAR methods).

Magnetic resonance (MR) images of each participant were obtained prior to the tDCS experiments, to allow neuronavigated positioning of
the TMS coil and the tDCS electrodes. After experiments, the MRl images were used to create individualized anatomical models that were
used to model the electric fields generated in the brain by tDCS using the recorded electrode locations. The modeled electric field data could
then be correlated with the MEP size modulations using linear mixed effect models.

Side effects and tolerability

Stimulation was tolerated by all participants. Some participants reported mild discomfort such as tingling or slight pain in the scalp, which
subsided within a few minutes after the stimulation started. No other side effects were observed.

Baseline data

Average baseline MEP sizes and their standard deviations were 400+233 pV and 4194234 pV for PA- and AP-TMS, respectively. The corre-
sponding TS intensities were 68+ 12% and 83+ 10% of the maximum stimulator output. Neither the baseline MEP sizes nor TS intensities
differed significantly between sessions, which was tested using linear mixed effect models with either the TS intensity or the logarithm of
the baseline MEP size as the dependent variable, condition as a fixed effect, and participant-specific intercepts as random effects. The TS
intensity did not differ significantly between conditions for either PA- or AP-TMS (x?(4) = 0.777, p = 0.9, and x?(4) = 453, p = 0.3).
The same was true for the logarithm of the baseline MEP size (x?(4) = 3.1, p = 0.5, and x?(4) = 0.623,p = 1).

Anodal tDCS increases the normalized MEP size compared to sham
We first investigated whether active tDCS using 0.5-2 mA currents changed the normalized MEP size (MEP size divided by the baseline)
compared to sham and whether there was a difference in the normalized MEP sizes for TS applied using PA- or AP-TMS.

Alinear mixed effect model was used to analyze the dependence of the logarithm of the normalized MEP size on the stimulation current (0,
0.5, 1.0, 1.5, or 2 mA as a categorical variable) and TMS direction (PA or AP). The logarithm of the baseline MEP size, time point (0-30 min after
tDCS), time of day (morning or afternoon), gender, their interactions with current, and session number were also included as predictors. The
generalized extreme Studentized deviate test for the model residuals indicated one outlier data point that had a very small normalized MEP
(participant #14, male, 1.5 mA, PA-TMS, 15 min after tDCS, normalized MEP: 0.17, baseline MEP: 480 uV) and was excluded from all analyses.

The fitted model is visualized in Figure 1A and its coefficients are summarized in Table S1. Likelihood ratio tests showed that the stimu-
lation current (x?(4) = 18.0, p = 0.001) and baseline MEP size (x?(1) = 33.0, p = 9 x 10~7) significantly affected the normalized MEP size.
TMS direction did not have a significant effect on the normalized MEP size (x?(1) = 0.142, p = 0.7). No significant effects were observed for
other fixed effects (Figure 1C).

Inspection of the partial dependence plots (Figure 1A) and model coefficients (Table S1) indicated that active tDCS tended to produce
larger normalized MEP sizes compared to sham. Partial dependence plotin Figure 1B compares the normalized MEP sizes of active conditions
to those of sham, showing that all active tDCS conditions produced significantly larger normalized MEP size than sham. The increase was the
largest for 1 mA current (+36%, 95% Cl: +25-49%).
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Figure 1. Partial dependence plots of the MEP size normalized to the baseline

(A) Partial dependence of the normalized MEP size on current, time point, and TMS direction. Filled and empty markers indicate PA- and AP-TMS, respectively.
Error bars are 95% confidence intervals obtained using bootstrapping.

(B) Comparison of the active conditions to sham. Markers and error bars show the partial dependence of the ratio between the normalized MEP sizes of each
condition and sham with 95% bootstrap confidence intervals. Gray curves show the partial dependencies calculated for each participant.

(C) p-values of the fixed effects from likelihood ratio tests. Colored bars indicate statistically significant effects with false discovery rate of 0.05. See also Figure S1.

Alternative analysis using absolute instead of normalized MEP sizes indicated that the effects of current on the absolute MEP sizes were
qualitatively similar to those observed for the normalized MEP sizes (Figure S1 and Table S3), sham stimulation tending to decrease the ab-
solute MEP size and active conditions producing unchanged or slightly increased MEP sizes compared with the baseline (Figure S1).

TDCS does not affect MEP latency, but time and TMS direction do

Next, we investigated whether tDCS changes the MEP latency differently compared to sham. We used a linear mixed effects model with the
MEP latency difference as the dependent variable (see Table S5). The latency difference was calculated using the baseline time point of PA-
TMS as the reference.

Partial dependencies calculated using the fitted model are illustrated in Figure 2A. Likelihood ratio tests showed no significant interaction
effects of current (Figure 2B), indicating no differences between active and sham tDCS in the MEP latency. However, the MEP latency was
significantly affected by the TMS direction (x?(1) = 27.8, p = 1077) as well as time point (x?(3) = 35.9, p = 8 x 1079). Asillustrated in Fig-
ure 2A, AP-TMS MEPs had significantly longer latency than PA-TMS MEPs, the partial dependence of the difference being approximately
0.7 ms. The latencies of both PA- and AP-TMS MEPs increased with time in similar fashion, the average latency being approximately
0.4 ms longer at 30 min after stimulation than at the baseline.

Electric field has a nonlinear effect on the MEP size

We modeled the electric field in the brain of each participant using the finite-element method in MRI-based models. Figure 3 visualizes the
calculated electric fields.

Our previous study suggested that there was a relationship between the MEP size and the normal component of the electric field calcu-
lated at cortical site activated by TMS.?" Therefore, FreeSurfer was used to map [ — 41, — 7,63], corresponding to the estimated activation site
for the FDI muscle,”® from the standard brain space to the brain of each participant. The normal component of the electric field at this location
was then calculated and is denoted by Eep, in the following. For 1 mA current, the summary statistics of Egp were: mean + SD: 0.56+ 0.20 V/m
and range: 0.29-1.08 V/m.

To investigate how the normalized MEP size depends on individually calculated Egp values, we modeled the effect of the electric field
using a linear mixed effect model (see Table S2). To allow a nonlinear relationship, first, second and third-order orthonormal polynomials
of Erpi and their interactions with other experimental factors (listed in Figure 4D) were included as predictors. Likelihood ratio tests indicated
a significant effect of the electric field on the normalized MEP size (x?(3) = 15.2, p = 0.002). Further investigation using likelihood ratio tests
showed that the third-order term was statistically significant (x?(9) = 13.5, p = 0.003), indicating that the effect of the electric field was
nonlinear. Lower-order terms were not significant (p >0.1).

The effect of the electric field on the normalized MEP size is visualized in Figures 4A-4C. There were relatively large inter-participant dif-
ferences (Figure 4A) and no significant effects of TMS direction (Figure 4B) or time point (Figure 4C) on the relationship between Egp and the
normalized MEP size. On average, the normalized MEP size was the smallest when Erp) was 0 V/m, which corresponds to sham. The largest
normalized MEP size was reached for Erp) of 0.44 V/m (95% Cl: 0.38-0.55 V/m), after which the normalized MEP size decreased. The difference
in the normalized MEP size between 0 V/m and the maximum was +27% (95% ClI: 17-37%). The effects of Erp, on the absolute MEP sizes are
visualized in Figure S2. At the baseline time point, there was no effect of Egp| on the absolute MEP size, and, at post-tDCS time points, the
dependence of the absolute MEP size on Egp| had a similar nonlinear tendency to that observed for the normalized MEP sizes (Figure S2).
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Figure 2. Dependence of the MEP latency on time point and TMS direction

(A) Partial dependence plot of the MEP latency difference calculated using the baseline of PA-TMS as the reference. Shaded areas show the 95% bootstrap
confidence intervals for the partial dependence. Colored curves show the partial dependencies for individual participants.

(B) p-values of the fixed effects from likelihood ratio tests. Colored bars indicate statistically significant effects with false discovery rate of 0.05.

The effect of the electric field is small compared to participant-specific factors

To study which factors have the largest effect on the normalized MEP size, we estimated the variable importance of both fixed and random
effect predictors using the permutation method. The estimated variable importance of each factor is illustrated in Figure 5A. There were three
predictors whose variable importances were greater than or similar to that of the electric field.

The participant-specific intercept had the largest variable importance. Figure 5B illustrates that the effect was a 'level effect’, wherein each
participant tended to respond similarly to each intervention, regardless of the electric field. For instance, the MEP sizes decreased for all Eep,
values in some participants (left side of Figure 5B), but for other participants, the MEP size increased for all conditions (right side of Figure 5B).

The second most important predictor was the fixed effect of baseline MEP size. There was a negative dependence between the normalized
MEP size and the baseline MEP size (Figure 5C), larger baseline MEPs leading to smaller normalized MEP sizes. This effect is not a real phys-
iological effect, but rather a technical consequence of normalization that is well known for TMS protocols that use normalized MEP as the
dependent variable.””*° A large/small initial measurement is more likely to decrease/increase for a second measurement, leading to a nega-
tive slope between the normalized MEP size and the baseline MEP size.?”°

The fourth most important predictor term was the participant-specific effect of Egp|, which modeled the differences in the partici-
pants’ responses to the electric field and is illustrated in Figure 5B. The predicted individual optimal Egp values differed between
participants and their summary statistics were: mean + SD: 0.614+0.44 V/m and range: 0-1.54 V/m. These Egp, values corresponded
to 0-138% (mean + SD: +39+30%, median: +35%) larger normalized MEP sizes than sham, depending on the participant. However,
the participant-specific effect of Erp was likely overestimated by our model because the predictor term also included the variability
due to participant-specific inter-session variations. The reason is that each Erp value was used in only a single experimental session,
and thus, the effects of session and Egp| could not be separated at the participant level. Nevertheless, these inter-participant differences
in the effects of session and/or Erpj, which cannot be easily controlled, had comparable variable importance to the fixed effect of Egp,.

Other predictor terms had minor importance and were not statistically significant.

Method for calculating the electric field has little effect on the prediction

Finally, we studied the sensitivity of the model to the choice of the electric field outcome measure and model parameters. To study the effects
of model parameters on the predicted effect of the electric field, we changed the segmentation method for generating the head models from
MRI data, and decreased/increased the electrical conductivity values of the cerebrospinal fluid (CSF) and bone, which are the tissues/bodily
fluids with the highest and lowest conductivities, respectively. To characterize the effect of the electric field outcome measure, three addi-
tional measures were considered: the strength of the electric field at [- 41, —7,63] (|E|¢p)), the average electric field strength over a spherical
region of interest with 3 cm diameter (Eppere), and the average electric field in a region of interest where the TMS-induced electric field was
greater than 70% of its maximum (Eqvs). Furthermore, we tested the effect of changing the location of interest from [— 41, —7, 63] to various
other locations in the cerebral cortex.

The linear mixed effects models were refitted for each combination of model parameters and outcome measure, and the electric value
(Eopt) producing the largest increase in the normalized MEP size compared with sham (A NMEP) was determined. The results of this sensitivity
analysis are listed in Table 1 and the effects of changing the location of interest are illustrated in Figure S3.

The results in Table 1 and Figure S3 showed that the choice of model parameters, outcome measures, and locations of interest affected
both the mean electric field and Eqp values. The conductivities of CSF and bone had small systematic negative and positive effects, respec-
tively, on the electric field values, but the segmentation method did not have a significant effect. However, the effects of model parameters
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Figure 3. Calculated electric field in each participant for 1 mA current

Panels labeled 1-21 show the electric field strength for each participant at a depth of 2 mm below the surface of the gray matter. Arrows indicate the direction of
the field. The left (blue) and right (red) labels indicate the maximum electric field strength over the precentral gyrus and the Erp; values and their locations,
respectively. The participants are sorted in the ascending order by the Erp, value.

and outcome measure on A NMEP were minor. For instance, none of the alternative model parameters or outcome measures listed in Table 1
increased A NMEP by more than 4 percentage points. Therefore, the relatively weak effect of the electric field on the normalized MEP size was
not due to a suboptimal choice of the model parameters or the outcome measure.

DISCUSSION

Based on the analysis of the experimental data, the answers to our specific research questions were: (Q1) on average, active tDCS conditions with
0.5-2 mA current increased the normalized MEP size compared to sham (Q2), tDCS did not affect the MEP latency differently from sham, (Q3) the
effect of active tDCS or sham on the MEP size did not depend on the direction of TMS test stimuli, (Q4) the individually-modelled electric field
had a nonlinear effect on the normalized MEP size, but (Q5) the effects of electric field were weak compared to those of other factors.

Limited value of electric field modeling in predicting MEP sizes

The results revealed statistically significant effects of both the stimulation current and electric field on the normalized MEP size. When using
the stimulation current as the metric for tDCS dosage, a conventional approach in tDCS studies, the largest increases in the normalized MEP
size compared to the sham condition were produced by a 1 mA current (+ 36% increase from sham). This increase aligns with findings from
previous studies using currents in the same range,”'> despite discrepancies in experimental details such as duration, electrode size, TS in-
tensity, and TMS current direction. Moreover, differences between the active conditions were minor, consistent with previous research as

We||‘9,1345
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Figure 4. Effect of the electric field normal component on the normalized MEP size

(A) Partial dependence of the normalized MEP for the electric field normal component (black curve). Shaded area indicates the 95% bootstrap confidence
bounds. The gray curves show the partial dependence for individual participants. The observed Erp, values in each participant are marked with gray dots.

(B and C) Partial dependence of the normalized MEP size on Egp, for PA- and AP-TMS (B) and for each time point (C). Shading indicates 95% confidence bounds.
(D) p-values of likelihood ratio tests. Colored bars indicate statistically significant effects with false discovery rate of 0.05. See also Figure S2.

When assessing the tDCS dosage using the individual Erp value, the statistical model indicated a nonlinear dose-response relationship
characterized by a peak normalized MEP increase at 0.44 V/m. This ‘optimal’ Erp| value led to a +27% increase in the normalized MEP size
compared to the sham condition. The nonlinear nature of the effect resulted in certain ranges where the influence of Egp| on the normalized
MEP size could be either positive, negative, or negligible. This variability might explain the mixed outcomes encountered in prior tDCS
studies that combined experiments with electric field modeling,zw'm'25 yielding positive, no, and negative effects, respectively. Nevertheless,
a direct comparison of these findings to our study is unfeasible due to discrepancies in experimental parameters. The nonlinear effect may be
explained by a model wherein the electric field modulates the polarization of axon terminals of cortical neurons in a nonlinear fashion.”’

Despite the significant effect of Erp), the results do not support the hypothesis that the efficacy of tDCS protocols can be enhanced through
personalized dosing guided by electric field modeling.?****° If Erp were a superior dosage measure compared to the stimulation current, we
would anticipate a significantly larger predicted response when each participant's Erp was fixed to an optimal value (0.44 V/m) than when their
current was fixed to its optimal value (1 mA). However, this was clearly not the case; the predicted effect of the fixed Ep| was, on average, a
smaller increase in the normalized MEP size compared to the sham condition than that observed with a fixed current. Additionally, the linear
mixed effect models indicated that the effect of Egp| was participant-specific, suggesting that the optimal Egpy, if it exists, varies between par-
ticipants. This observation negates much of the potential benefits of personalized tDCS dosing based on electric fields, given that the optimal
electric field dose for each new subject will be unknown. These inter-individual variations may be caused, e.g., by the angle between the elec-
tric field and directions of the affected cortical neurons,”’ which would be difficult to measure in the intact brain.

If the electric field in the brain is the physical agent of tDCS, then why did its impact appear limited compared with that of the stimulation
current alone? A likely explanation was that the inter-individual variability in the sensitivity, discussed above, masked the effects at the group
level. Another potential explanation could be that the dose-response characteristics are so complex'® that they could not be satisfactorily
represented using the present model. We tested whether the effect of the electric field could be strengthened by using various electric field
outcome measures and model parameters, but none of the tested measures/parameters provided a substantially different fit between the
electric field and the normalized MEP size. Nevertheless, it is still possible that the electric field can have a larger effect than that reported
in our study, but it remains an open question how the electric field data should be processed to obtain key values having good predictive
power for tDCS responses.®

In future studies of dose-response characteristics, it would be advantageous to focus on the range of 0-0.3 V/m, where the predicted effect
of the electric field was strongest (displaying the steepest derivative). Employing multiple electrode configurations, even ones that ‘'miss’ the
intended M1 target, could help identify suitable location(s) of interest and confirm whether the electric field is a better dosage measure than
current. Finally, we note that our models have been fitted in the range of 0-2 mA and cannot be used for extrapolation to larger currents/
electric fields, e.g., to 4 mA used in some recent studies.>>*°

No effect of TMS coil direction on MEP size modulation

The modulation of the normalized MEP size due to tDCS was insensitive to the orientation of the TMS coil, tDCS facilitating the MEPs of both
PA-TMS and AP-TMS in the same way. Despite no differences in the MEP size modulation, we found a consistent, approximately 0.7 ms, la-
tency difference between the PA- and AP-TMS MEPs measured in resting muscles.

For suprathreshold stimuli in active muscles, the PA-AP latency difference is already visible at the cervical level in the spinal cord, where
suprathreshold AP-TMS generated the same I-waves as PA-TMS but with a 0.2-0.7 ms longer latency.”” The latency difference pointed to the
activation of two different cortical circuits by PA- and AP-TMS,*” perhaps different inputs to the same or different corticospinal tract cells.*
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Figure 5. Effects of the most important non-electric field factors on the normalized MEP size

(A) Variable importance (arbitrary units) of various predictors on the coefficient of determination obtained using the permutation method. Ten predictors with the
largest variable importance are shown. The importance of fixed and random effect predictors are indicated by blue and yellow bars, respectively. The fourth most
important predictor is written in parentheses as it includes the combined effects of both electric field and Session (see text).

(B) Partial dependence plot of the participant-specific intercepts and the estimated participant-specific effect of Egpy in the range of 0-1 V/m. The participants are
sorted in the ascending order by the intercept.

(C) Partial dependence of the normalized MEP on the baseline MEP size. Overall partial dependence and its 95% confidence bounds are indicated by the thick
black line and the shaded area, respectively. Gray line segments show the partial dependence for each participant. Vertical line segments indicate the measured
values of the baseline MEP for each participant for PA- and AP-TMS. Participant numbers are shown in both ends of the line segments, and they correspond to
those in B and in Figure 3.

Hence, it is likely that the latency difference observed herein using suprathreshold TMS in resting muscles was also due to activation of
different structures at the cortical level, although it is still unclear what these activated structures were.>’

The nearly identical effects of PA- and AP-TMS imply that the outputs of both pathways were comparably influenced by tDCS. This suggests
that the effect of tDCS was not selective at the cortical level. Previous findings have indicated distinct effects of 1 mA tDCS on PA- and AP-TMS
MEPs when utilizing a bipolar electrode configuration.”” However, the bipolar electrode setup might target different subregions of M1
compared to the unipolar montage used in our study,”* which may explain the absence of difference between PA- and AP-TMS responses.

Delayed MEP latency indicates changes in body temperature

We found that the time point after stimulation significantly affected the MEP latency, later time points producing approximately 0.4 ms (at
30 min after stimulation) longer latency than at the baseline. The latency delay was similar for all active conditions and sham. The effect
was remarkably consistent between participants and experimental sessions.

The most likely explanation for the delay in latency is that, because the participants were sitting still, the temperature of the arms slightly
decreased due to physical inactivity. The decrease in the temperature slowed down the conduction velocity in peripheral nerves, leading to a
longer latency. The relative increase in the latency was approximately 1.6-2%, which corresponds to a 0.3°C-0.4°C decrease in temperature”’
and is well within the normal physiological range.

Despite the robustness of the effect, we are not aware of previous studies reporting MEP latency changes following tDCS. It was previously
shown that local cooling of the scalp by 12.5°C during 10 min had no effect on the MEP latency.”” However, such local cooling is unlikely to
affect the nerve conduction velocity at the periphery.

If the decrease in the temperature also occurred in the brain, it could have led to a decreased MEP size that was observed following sham
stimulation. Namely, local cooling of the scalp has been shown to depress corticomotor excitability,”” although such local cooling did not
affect the MEP latency.”” We also note that body temperature is correlated with cognitive performance and alertness,”® which could also
be related to the reduction of the MEP size following the sham condition.

To confirm that the latency change is not specific to some undocumented experimental factor such as room temperature, we invite others
to report MEP latencies and/or body temperature changes in future studies. If the body temperature changes during the experiment, it may
need to be considered in the experimental design.

Individuals tend to respond similarly regardless of condition
The variability of the participant-specific intercepts was the largest variance component and resulted in some participants consistently
decreasing or increasing the normalized MEP size, regardless of the stimulation current or electric field. This participant-specific baseline ef-
fect was not caused by the order of the experimental sessions, sex, variations in the baseline MEP size, or time of day effects,** as these were
controlled using a linear mixed effects model. Additionally, this effect was not explicable by possible skin sensations or issues related to blind-
ing (see 'limitations of the study’), as it was consistent across all active conditions and the sham condition.

Potential differences in individual attentional levels during tDCS might offer an explanation, as the tDCS effect on the MEP size is influ-
enced by the attention to the target hand.”® We controlled the participants’ attention level by asking them to direct their attention to the
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Table 1. Sensitivity of the findings to the parameters used for the electric field modeling

Model Measure Mean + SD Eopt A NMEP
1 (default) Erpi 0.56+0.20 0.44 +27%
|E|eor 0.7440.20 0.60 +28%
Esphere 0.64+0.14 0.49 +31%
Erms 0.86+0.18 0.67 +29%
2 (alternative segmentation) Erp 0.54+0.19 (N.S.) 0.55 +24%
|Elor 0.7040.22 (N.S.) 0.68 +25%
Esphere 0.59+0.19 (N.S.) 0.56 +26%
Erms 0.77£0.22* 0.70 +25%
3 (ocse: — 10%) Erpi 0.59+0.21*** 0.46 +27%
|Elror 0.78+0.20%+ 0.62 +28%
Ephere 0.67 £0.14*** 0.52 +31%
Erms 0.914+0.18*** 0.71 +29%
4 (ocsr: +10%) Erpi 0.53+0.19*** 0.42 +27%
|E|ep) 0.7040.19*** 0.57 +28%
Ecphere 0.61+0.13*** 0.47 +31%
Etms 0.82+£0.18*** 0.64 +29%
5 (Gpone: — 50%) By 0.45+0.14% 0.35 +27%
|Eleor 0.5840.14%* 0.46 +28%
Bt 0.5140.11%** 0.39 +31%
Erus 0.6640.14%%* 0.51 +29%
6 (hone: +50%) - 0.62+0.23%* 0.49 +27%
15 0.8340.23%* 0.68 +28%
Bt 0.70+0.16*** 0.55 +30%
Erus 0.97 +0.20%** 0.77 +28%

Models 1-6 correspond to different choices of model parameters and measures correspond to different outcome measures (see text). The mean and standard
deviation of each electric field measure are reported for 1 mA current. The means are compared to those of Model 1 using paired Student's t-tests (N.S.: p > 0.05,
*:p<0.05,**:p<0.01,***: p <0.001). Eqpy is the electric field value that maximizes the normalized MEP size and A NMEP is the change in the normalized MEP size
compared with the sham condition for Eqpt. See also Figure S3.

right FDI muscle. However, the attention level might have varied more among participants than among experimental sessions. This difference
could have led to inter-individual trends of the tDCS effect including the sham condition. The relatively high consistency between sessions
within participants could also be linked to robust intra-individual reliability of anodal tDCS, participants tending to respond similarly to mul-
tiple applications of the same condition.”*®

The large baseline effect indicates that the normalized MEP size alone is a poor measure of an individual’s response to tDCS. For instance,
a normalized MEP size smaller than unity might actually mean that tDCS had a facilitatory effect on the MEP size, depending on the individ-
ual’s baseline level. If the baseline effect is not specific to the experimental conditions of this study, future investigations of individual tDCS
dose-response should feature multiple experimental sessions, including the sham condition, so that the participants’ baseline levels can be

accurately characterized.

Limitations of the study

There were two main limitations. First, following an experimental oversight, the TS intensity might have slightly exceeded the planned inten-
sity of 120% RMT depending on the experimental session and participant, which could have led to more variability in the MEP sizes. However,
the effect appeared to be minor. Variability between participants in the MEP size had a coefficient of variation (CV) of 57%, which was com-
parable to the average CV of 52% in TMS studies using TS intensity of 120% RMT.?* Additionally, larger than planned TS intensity could have
led to atypical MEP sizes. This did not seem to be case either. At the baseline, the mean and standard deviations of the MEP sizes were 409 +
234 V. Typically, the average MEP size for 120% RMT is 870 uV, and the average MEP sizes vary between studies with a CV of 29%.°° Given
these large inter-study variations, the MEP sizes in this study are comparable to those obtained using 120% RMT. They fall into the low end of
the normal MEP size range, but are not unexpectedly small (— 1.8 SDs from the average). Therefore, our findings should be comparable to
studies that have used TS intensity of 120% RMT.
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The second main limitation was that we did not collect quantitative data on skin sensation or reliability of blinding. Previous data on scalp
sensations does not currently exist for 2 cm diameter electrodes in the M1-contralateral orbit montage. However, data from larger electrode
sizes (16 cm? vs. 35 cm?) suggested that smaller electrodes do not lead to stronger skin sensations when the current is fixed in the range 0.5-
1.5 mA.*” Additionally, multiple studies on high-definition (HD) tDCS have used electrode sizes similar to or smaller than those used in our
study and have reported no quantitative differences in scalp sensations compared to conventional tDCS for 2 mA**4? and 1 mA™ currents.
Therefore, we expected no major differences in scalp sensations compared to earlier studies, but effects due to skin sensations cannot be fully
excluded.

Finally, we note that the TMS coil placement was done based on anatomical images only, necessitated by the use of both PA- and AP-
TMS, whereas the coil is more typically positioned at the functional hotspot in tDCS studies. This difference may need to be considered
whenever our results are compared to previous or future data. A different coil location might have resulted in a gentler slope of the MEP
input—output curve, or a lower ceiling for the MEP size, and may have contributed to the smaller than average MEP sizes, mentioned
above.
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Deposited data

Data for ‘Small effects of electric field on motor This paper; Mendeley Data https://doi.org/10.17632/y2nr4gzsjt. 1
cortical excitability changes following anodal

transcranial direct current stimulation’

Software and algorithms

MATLAB version R2022a The MathWorks, Inc. https://www.mathworks.com
Voxel-based finite-element method solver with Laakso and Hirata™' https://version.aalto.fi/gitlab/ilaakso/
geometric multigrid vgm-fem

FreeSurfer version 7.1.1 Dale et al.”?; Fischl et al.>*** https://surfer.nmr.mgh.harvard.edu
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, llkka Laakso (ilkka.laakso@
aalto.fi).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e Measured and calculated data have been deposited at Mendeley Data and are publicly available as of the date of publication. DOls are
listed in the key resources table.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Twenty-one (12 males, 9 females, aged 21-28 years) healthy right-handed volunteers participated in this study. All participants were medical
or nursing students of Japanese descent, were naive to the purpose of this study, and had no neurological and cognitive disorders. After a full
explanation of the experimental procedures, written informed consent was obtained from all participants. This study was approved by a local
ethics committee of Hamamatsu University School of Medicine and was conducted in accordance with the Declaration of Helsinki.

METHOD DETAILS

Imaging

Prior to the experiments, all participants underwent structural magnetic resonance imaging (MRI). T1 and T2 weighted MR images for each partic-
ipant were obtained using a 3.0 T MRl scanner (Discovery MR750 3.0 T, GE Healthcare Japan, Japan). The scan parameters for T1 were as follows:
repetition time (TR)/echo time (TE)/Alip angle (FA)/field of view (FOV)/voxel size = 7.2 ms/2.1 ms/15°/256 mm % 256 mm/1 mm X 1 mm X 1 mm
T2-weighted image was acquired with the following parameters: TR/TE/FA/FOV/voxel size = 2500 ms/75.5 ms/90°/256 mm X 256 mm/1 mm X
Tmm X 1T mm.

tDCS

The present study was designed as double-blind and sham-controlled to assess the current-dependent effect of anodal tDCS on the cortico-
spinal excitability.

Anodal tDCS was applied for each participant using a DC STIMULATOR PLUS (neuroConn GmbH, limenau, Germany) with five conditions
(sham, 0.5, 1.0, 1.5, and 2.0 mA). Anode and cathode electrodes (neuroConn GmbH), 2 cm in diameter and made from conductive rubber,
were placed via Ten 20 electrode paste (Weaver and Co., Aurora, CO, USA) on the scalp above the hand M1 in the left hemisphere and on the
contralateral forehead (2 cm above the right orbit), respectively. The position of the anode was anatomically determined as the center of the
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'hand knob'™® projected on the scalp using the individual T1-weighted MRI and Brainsight neuronavigation system (Rogue Research Inc.,
Canada).

Stimulus duration was 10 min with fade-in and -out of 15 s in accordance with previous studies (e.g., . In the sham condition, electric
current (1 mA) was applied only for the first 30 s with the same duration of feed-in and-out phases. During the simulation, participants were
asked to be seated and to direct their attention around the right FDI muscle to enhance the effect of tDCS on corticospinal excitability.”” Each
participant underwent all five conditions with a wash-out period of at least five days. The order of conditions was counterbalanced across
participants according to a Latin square.

The experimental sessions took place either during morning (49 sessions, starting between 9:00a.m. and 11:30a.m., median: 10:30a.m.) or
in the afternoon (56 sessions, starting between 12:30p.m. and 6:00p.m., median: 2:00p.m.). The sessions for single participants were not
necessarily delivered at the same time of the day (1 participant was always stimulated in the morning, 2 always in the afternoon, and the re-
maining 18 took part in both morning and afternoon sessions).

17,56)

TMS and MEP recordings

To evaluate corticospinal excitability, MEPs were elicited from the relaxed FDI muscle using Magstim stimulator (Magstim 200,” Magstim Co.
Ltd, the United Kingdom) with a figure-eight coil (70 mm in diameter). The magnetic coil was oriented at an angle of approximately 45° from
the midline with its center on the scalp above the anatomically-determined center of the hand knob, such that the induced current was in the
posterior—anterior (PA) or anterior—posterior (AP) directions. At the beginning of each experimental session, the resting motor threshold
(RMT) was measured for both current directions. The RMT was defined as the lowest intensity that elicited MEPs with peak-to-peak amplitudes
greater than 50 uV in at least 5 of 10 stimuli.>’

A technical error was made during the experiments. Due to the error, the electromyogram amplifier model was set incorrectly to ‘model
1,2" in the Brainsight software (Rogue Research Inc., Canada) instead of ‘'model 3’, which was the model actually used. Due to the incorrect
setting, the recorded MEP sizes were too small by a factor of 4444/13500, which might have resulted the measured RMT to be greater than the
true RMT. This possible overestimation of the RMT concerned rare cases where the true MEP sizes were greater than 50 uV but less than
13500/4444 x50 nV, which would be incorrectly classified as being below the RMT, depending on the experimenter’s judgment. In these
cases, the TS intensity might have slightly exceeded the planned intensity of 120% of the true RMT. The effect of the deviation from the study
protocol was expected to be small (see ‘limitations of the study’). To correct the error, the recorded MEP sizes were scaled with a factor of
13500/4444 for all subsequent analyses.

Twenty MEP signals were measured for each direction in four time windows: pre-tDCS baseline, and post-tDCS time windows starting at 0,
15 and 30 min after tDCS. The order of PA and AP stimulation was balanced across participants. Jitter was applied on the inter-stimulus in-
terval to avoid anticipatory effects (mean + SD of inter-stimulus interval: 4.7 +0.8 s, minimum: 3.5 s). The electromyogram signals were ampli-
fied, bandpass filtered between 16 and 470 Hz, and sampled at 3 kHz. For each time window and direction, the MEP size was calculated as the
mean peak-to-peak MEP amplitude over the twenty signals. The MEP latency was determined by calculating the mean signal over the twenty
MEP traces and using cross-correlation in MATLAB (MathWorks Inc., Natick, MA) to find the delay of the mean MEP signal from that of the
baseline of PA stimulation.

Generation of volume conductor models

The MR images were segmented to generate volume conductor models using an approach described previously.”® Briefly, white matter and
gray matter surfaces were reconstructed using FreeSurfer software (version 7.1.1).°*> Custom MATLAB scripts and manual processing were
used for the reconstruction of the inner and outer surfaces of the skull and the outer surface of the head. It was ensured that the brain was
separated from the skull by at least 0.5 mm.

We note that the CSF—skull and skull-scalp boundaries were affected by the chemical shift artifact in T1-weighted images, which made the
skull thickness appear different in the T1 and T2 weighted images (see Figure S4). Therefore, the T2 weighted images were used for skull
segmentation, as they produce a more realistic estimate of the skull thickness, as has been shown by a comparison with X-ray computed to-
mography images.”’

After the generation of the surfaces, a model of the dura matter (1 mm thickness) was inserted between the CSF and skull compartments.
The compartment between the dura mater and gray matter was segmented into CSF and blood by thresholding the T1 and T2 weighted
image data and applying image processing methods, such as region growing and closure. Similarly, the skull was segmented into cortical
bone and cancellous bone using the T2 weighted image data, and the compartment between the outer surface of the skull and the outer
surface of the head was segmented into fat, muscle, and scalp.

To generate volume conductor models, the head was divided into a regular grid of 0.5 mm x 0.5 mm X 0.5 mm elements. The electric
conductivity of each element was calculated from the proportions of tissues inside the element. For instance, if an element on the gray
matter—CSF boundary consisted of 80% gray matter and 20% CSF, its conductivity was a weighted average of the gray matter and CSF con-
ductivities. This approach for setting the element conductivities was used at the boundaries of white and gray matter, gray matter and CSF,
CSF and dura, dura and compact bone, scalp and electrode paste, electrode paste and rubber, electrode paste and air, and electrode rubber
and air. Any other boundaries were modeled using the conventional staircase approximation (see Figure S5B for an example).

As the method for generation of the volume conductor models can affect the estimated electric field values, alternative versions of all head
models were generated from the T1-and T2-weighted images using charm,”” an automatic segmentation method. The default settings were
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used and no manual corrections were applied to the models generated using charm. To study the sensitivity of the findings to the segmen-
tation method, all calculations were repeated for the alternative models. For these calculations, the models were upsampled to a grid of
0.5mm x 0.5 mm X 0.5 mm elements.

For the volume conductor models, including the alternative models, the conductivity values assigned to the tissues and bodily fluids were
identical to our previous study on tDCS dose response®” and were (unit: S/m): gray matter: 0.2, white matter: 0.14, CSF: 1.8, blood: 0.7, dura:
0.16, compact bone: 0.008, cancellous bone: 0.027, scalp: 0.08, fat: 0.08, muscle: 0.16, and eye: 1.5.

The electrical conductivity values are uncertain, and various estimates have been used in the literature.®” To assess the sensitivity of the
findings to the conductivity values, the conductivities of the tissues with the highest (CSF) and lowest (bone) conductivities were varied.
The conductivities of cortical and cancellous bone were modified by +50%, approximately corresponding to the lowest and highest
estimates in the literature.”” The CSF conductivity was varied by +10%, giving values that are close to commonly used estimates of
1.654 S/m®! and 2 S/m.*

Modeling of stimulation electrodes

TDCS electrodes, including the rubber and a layer of paste, were inserted in the volume conductor models at the coordinates recorded using
Brainsight. The dimensions of the electrode models were based on measurements using a digital caliper and are visualized in Figure S5A. A
2mm thick layer of electrode paste was added between the scalp and the rubber. The radius of the paste layer was 1 mm larger than the radius
of the rubber to simulate the paste application in the experiments. The electric current was fed to the electrodes through needle-shaped
connectors located inside the electrode rubber, simulating the metal connectors of the real electrodes. For the finite-element simulations,
block models of the needles were constructed by finding all elements that were penetrated by the needles. Dirichlet boundary conditions
were applied at the nodes of the block models. The current density under the electrode is illustrated in Figure S5C.

The conductivities of electrode rubber and paste were determined based on measurements that were performed in rubber (N = 9) and
paste (N = 6) samples at the frequency of 20 Hz using an impedance analyzer (E4990A, Keysight Technologies, Santa Rosa, CA). The ob-
tained mean values were directly used in the volume conductor model. They and the standard deviations were 28.3+1.4 S/m for rubber
and 0.504 £0.005 S/m for the electrode paste.

Electric field modeling

The electric scalar potential ¢ generated by tDCS was modeled by solving the scalar potential equation V+aV¢ = 0 with Dirichlet boundary
conditions at the anode and cathode and homogeneous Neumann boundary conditions elsewhere. The finite-element method with first-or-
der 0.5 mm x 0.5 mm x 0.5 mm cubical elements and a geometric multigrid solver implemented in MATLAB®" were used for obtaining the
numerical solution with a relative residual norm of 10~¢. The electric field was obtained from E = — V¢ and scaled so that the current flowing
into the head matched the desired stimulation current.

Our previous study indicated that the changes in the MEP size following tDCS are mediated by the normal component of the electric field
at the activation site of TMS.?* Therefore, for statistical analysis, we calculated the normal component of the electric field at the average
cortical activation site of the FDI muscle, rep) = [— 43, — 1 ‘I,éO],ZS’63 which was mapped from the Montreal Neurological Institute (MNI) space
to each participants’ brain (at the depth of 2 mm below the pial surface) using FreeSurfer. This electric field value is denoted by Ep,.

To test the sensitivity of the results to the choice of the electric field outcome measure, we repeated the statistical analyses described
below for additional outcome measures. The studied measures were: (1) |E|¢p,, the strength of the electric field at repi; (2) Esphere. the electric
field strength averaged over the intersection of the gray matter of the precentral gyrus and a sphere with 3 cm diameter, centered at repy; (3)
Etvs, the electric field strength averaged over the cortical region where the TMS-induced electric field strength was larger than 70% of the
maximum; and (4) Erp; and |E|p; when the location of rep was varied in each participant’s left hemisphere.

For (3), the electric fields induced by TMS were modeled using the finite element method with the same parameters as those used for
oA

R
4, Where A is the magnetic vector potential

modeling tDCS. The electric scalar potential was determined by solving VeaVgp = — V.o

N
of the figure-of-eight coil.”® The boundary condition was 7'« (Vw +%) = 0, where 7 is the normal vector on the body surface. The TMS

N
electric field was determined from E = — Vo — 2A The electrical conductivity values used for modeling TMS differed slightly from those
at Yy 9 ghtly

used for tDCS and were (unit: S/m)?%: gray matter: 0.215, white matter: 0.142, CSF: 1.79, blood: 0.7, dura: 0.18, compact bone: 0.009, cancel-
lous bone: 0.034, scalp: 0.43, fat: 0.15, muscle: 0.18, and eye: 1.5.

For (4), the electricfield calculated in each participant’s left hemisphere (2 mm below the pial surface) was first mapped to the surface of the
MNI template,58 and new rep locations were then selected on this template (see Figure S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

We used linear mixed effects models in MATLAB to investigate the effect of Eppy, current, and other experimental factors on the normalized
MEP size and MEP latency.

For all models, maximum likelihood was used to estimate the model coefficients. The generalized extreme Studentized deviate test for the
model residuals was used to detect outliers, and if any were found, they were excluded from the model fit. Normal probability plots were
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investigated to verify the normality of residuals, and log transforms were used in cases where there were clear violations of normality. Likeli-
hood ratio tests were used to investigate the statistical significance of the fixed effects by comparing the full model with an alternative model
that excluded the fixed-effect predictor under investigation. The level of statistical significance was chosen as p = 0.05. All reported p values
are uncorrected for multiple comparisons, but we used the Benjamini-Hochberg procedure® for controlling the false discovery rate (FDR) at a
level of 0.05 whenever multiple tests were performed.

The details of the fitted models, including the formulas as well as all coefficient estimates, are provided in Tables S1-S5.

Effect of current on the normalized MEP size

To study the effect of stimulation current, we fitted a model where the dependent variable was the MEP size that was normalized to the base-
line by dividing the MEP size with the value at the baseline. The normalized MEP size was further log transformed to ensure the normality of
residuals.

The fixed effects were the stimulation current (sham, 0.5, 1, 1.5, or 2 mA as a categorical variable with five levels), TMS direction (PA or AP),
time point (0, 15, or 30 min after tDCS), and all their interaction effects. Gender, its interaction with current, and session number (1-5) were also
included as fixed effects.

As the time of day can affect the individual responses to tDCS,"* the time of day (morning or afternoon) and its interaction with stimulation
current were included as fixed effects to control possible chronotype differences.

The normalized MEP size is affected by the baseline MEP size.*° To control for this effect and possible current-dependent differences, the
logarithm of the baseline MEP size and its interaction with current were included as fixed effects.

The random effects were an intercept and slopes for stimulation current, TMS direction, time point, time of day, and baseline MEP for each
participant. The interaction terms could not be included as random slopes due to the lack of data. Random correlations were dropped from
the model, as the full model failed to converge.65 Furhermore, the random effect standard deviations for each stimulation current were
assumed equal. The model is summarized in Table S1.

Effect of electric field on the normalized MEP size

Another model was used to study the relationship between the individual Erp) value and the logarithm of the normalized MEP. The model was
otherwise similar to the model described above, but current was replaced by the first, second, and third order polynomials of Egp (continuous
variables). The rationale for using polynomial dependency was that the dependence of the MEP size on the electric field can be non-linear.
The polynomials were orthonormal with respect to the observed values of Erp.*° The model is summarized in Table S2.

Effects of current or electric field on the absolute MEP size

Alternative linear mixed effects models were fitted to study the effects of current and electric field on the absolute (non-normalized) MEP sizes.
The dependent variable was the MEP size, which was log-transformed as normal probability plots of the residuals indicated violations of
normality.

The fixed effects were the time point (including the baseline time point), TMS direction, current or the electric field, and all their interaction
terms. Session number, gender, and time of day were also included to control possible differences in the baseline MEP level. The random
effects were by-subject intercepts and slopes for time point, direction, time of day, and session number. The models are summarised in
Tables S3 and S4.

Effects of current on the MEP latency

The effects on the MEP latency were studied using a similar model to the effect-of-current model described above, but the dependent var-
iable was the MEP latency difference from the baseline of PA stimulation, and thus, no terms featuring intercepts were included. The model is
summarized in Table S5.

Estimation of variable importance

The variable importance of predictors was estimated with the permutation method®’ using the coefficient of determination as the perfor-
mance metric. Briefly, the values in the input dataset corresponding to a predictor of interest were permuted randomly, after which a new
prediction was calculated using the permuted data, without refitting the model. The variable importance was calculated as the difference
between the coefficients of determination calculated from the original and new predictions. This process was repeated 1000 times for
each predictor term and the mean value was then calculated.

Visualization and confidence bounds

Partial dependence plots®® were used for visualization. Bias corrected and accelerated percentile method with 10000 bootstrap data samples
was used to calculate 95% confidence bounds for the partial dependence plots and other quantities calculated from the plots.
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