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Figure 2: Interpolated maps of the effects of TMS location on the median participant rating of muscle

twitches (upper panels) and the mean reaction time (RT, lower panels), averaged across the four coil

orientations.

Legend/Key: The maps in the left column show a 3D interpolation and rendering, viewed from behind
the participant's left ear, of the raw data mapped to the approximate Montreal Neurological Institute
(MNI) coordinates (X, Y, Z, mm), as calculated in FSL, using a 12 degree-of-freedom affine
transformation in FLIRT. The maps in the right column show a 2D plan view (from above) of the same
data, and include the numerical values in the contour maps to show the scale. Dark blue shows low
ratings (upper panels) or RT decrease (lower panels); while bright yellow shows higher ratings (upper

panels) or RT increases (lower panels).
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3.3 Predicting reaction times by scalp location and coil orientation

Random intercepts were fit for each participant to account for participant-by-participant variation in
RTs (variance=1055ms). Following Barr et al (2013) we fit random effects to control for the within
subjects variation in the effects of Scalp Location (variance=1360ms), Trial (trial within each scalp
location, a number between 1-20; variance=425ms), Coil Orientation (variance=15ms), and
Congruence (variance=581ms). To check that Scalp Location could be coded as homologous
locations across Hemispheres, we tested the interaction between Scalp Location and Hemisphere.
The interaction did not significantly improve model fit when compared against a model with Scalp
Location as a main effect only (X2 goodness of fit=21.884, df=24, p=0.59). However, three scalp
locations showed significant differences between hemispheres. CP5&6 (estimate=57.23ms, Standard
Error=24.88ms, df=73, t=2.301, p=0.024), P7&8 (estimate=50.27ms, SE=25.00ms, df=75, t=2.011,
p=0.048) and FC1&2 (estimate=55.54ms, SE=24.88, df=73, p=0.029). In all cases, RT costs under
TMS were greater for the right hemisphere. Therefore, the interaction of Scalp Location and
Hemisphere was retained in the final model as a control. To control for the effect of preceding trials
(i.e. if the previous trial had been particularly painful, or an error trial) we included the reaction time
from the previous trial. This was taken from within each block of 5 trials, so trial 1 had a value of 0 for
the previous trial RT, trial 2 had the RT from trial 1, and so on, up to trial 5. This significantly improved
model fit (X2=158.87, df=1, p<0.001; estimate=0.09, SE=0.01, df=861.7, t=12.57, p<0.001). The main
effect of Task improved model fit (X2=4.443, df=1, p=0.035), the Flanker task showed a marginally
greater impact of TMS on RTs than the CRT task (estimate=34.97ms, SE=16.99, df=17, t=2.06,
p=0.055). The main effect of Congruence was not significant (p=0.366) nor did it improve model fit
(X2=0.8785, df=1, p=0.35). There was no significant interaction between Task and Congruence
(p>0.1) and the interaction term did not improve model fit (X2=1 .92, df=2, p=0.38). The effect of Coil
Orientation was not significant and did not improve model fit (X2=4.86, df=3, p=0.18); there were no
significant differences between any TMS coil orientations (Tukey Contrasts all p>0.6). Coil Orientation
and Congruence were not included as fixed effects predictors in the final model. With random effects

noted as re(), the final model that best explained the data was:

RT Difference under TMS ~ Scalp Location + Scalp Location x Hemisphere + Task + Previous RT +
re(Participant) + re(Location x Participant) + re(Axes x Participant) + re(Congruence x Participant) +

re(Trial x Participant)
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The fixed effects alone had an R? of 0.14, and the full model had an R? of 0.43 (effect size of 0.80;

Champely, 2016; Cohen et al., 2003; Selya et al., 2012; Lefcheck, 2015).

The effect of TMS on RTs varied across Scalp Locations, Figure 3 plots the mean RT difference data
for each location, and Table 1 presents the estimated mean RT effect for each location (least squares
means and standard errors, estimated difference against zero) and the approximate MNI location.
Multiple comparisons (Tukey contrasts) comparing each Scalp Location to each other Scalp Location
are provided in Appendix B. Here we present the estimated differences between each location and
Cz/vertex, as this is a commonly used control location in TMS studies. Researchers wishing to re-
reference the data to other sites and/or orientations can do so with the freely-available raw dataset at

www.tms-smart.info. A number of sites did not differ significantly from Cz/vertex, these were C3&4,

CP1&2, CP5&6, AF, PZ, P3&4, P7&8, FZ, F3&4, FC1&2, OZ, 01&2, TPJ, Lateral Occipital 3&4,
Lateral Inion, and Inion. Six sites showed a greater cost of TMS than Cz/vertex. These were FC5&6
(est. mean=42.62ms, SE=18.58ms, t(383)=2.293, p=0.02); Lateral Occipital 1&2 (est.
mean=53.43ms, SE=18.66ms, t(388)=2.864, p=0.004); ATL (est. mean=7.01ms, SE=18.56ms,
t(381)=3.781, p=0.0002); T7&8 (est. mean=39.55ms, SE=18.62ms, t(386)=2.124, p=0.034), FP (est.
mean=43.47ms, SE=18.70ms, 1(392)=2.325, p=0.02), and F7&8 (est. mean=59.69ms, SE=18.64ms,
t(387)=3.203, p=0.001). One site had faster RTs under TMS, significantly faster when compared
against Cz/vertex. This was PO3&4 (est. mean=-36.69ms, SE=18.56ms, t(380)=-1.977, p=0.048).

Figure 4 presents the RT difference in milliseconds for each scalp location (TMS RT — No TMS RT).

Table 1 presents least squares means for the effect of TMS on RTs, comparing each site against
zero. The sites showing the biggest costs were frontal and lateral sites, some of which showed very
high RT costs for TMS. The sites with the largest slowing of RTs under TMS were the ATL (~75ms
cost), F7&8 (~70ms cost), Lateral-Occipital 1&2 (~65ms cost) and T7&8 (~55ms cost). The sites with
the smallest cost were sites in the midline, some of which showed negligible changes. The standard
error across sites was around 10ms, and the following sites showed a less than 10ms slowing under
TMS: Cz (~2ms), F3&4 (~4.5ms), FC1&2 (~6ms), C3&4 (~3ms), CP5&6 (~5ms). The complete least

squares means broken down by hemisphere and location are provided in Appendix B.
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Figure 3: Effect of TMS by Scalp Location. Legend/Key: A positive difference means slower RTs

under TMS, a negative difference means faster RTs under TMS. Error bars are 95% confidence

intervals.
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Table 1: Least squares estimated means' for the effect of TMS on reaction times (ms) by scalp
location with approximate MNI co-ordinates (mean of left and right hemispheres, with absolute X
coordinates) and scalp-cortex distance (mm)2

Location Estimated t-value' Approximate Mean+/-SD scalp-cortex
mean (ms) MNI distance (mm)
cz -1.96 -0.14 (6,-13,99) 17.7 (16.7,18.6)
Fz 13.96 1.03 (9,44,73) 15.0(14.0,16.0)
Pz -16.83 -1.24 (4,-68,95) 21.2 (19.7,22.6)
0z 11.08 -0.82 (17,-102,42) 13.6 (12.5,14.6)
FP 45.83 3.37* (30,77,25) 13.1(12.1,14.2)
AF 27.51 2.03 (37,64,41) 14.4 (13.3,15.4)
F3&4 4.60 0.34 (41,32,66) 14.2 (13.3,14.9)
F7&8 71.27 5.26* (71,27,21) 13.4 (12.3,14.4)
FC1&2 6.28 0.46 (28,16,86) 15.1(14.1,16.0)
FC5&6 48.48 3.58* (67,5,54) 13.8 (12.9,14.7)
C3&4 2.92 0.21 (47,-18,86) 14.4 (13.3,15.4)
T7&8 56.49 4.15* (78,-26,39) 11.6 (10.6,12.5)
CP1&2 -10.46 -0.77 (28,-48,96) 17.1(16.0,18.1)
CP5&6 5.44 0.40 (65,-47,68) 16.3 (15.2,17.5)
P3&4 -6.25 -0.46 (39,-70,83) 18.9 (17.7,20.0)
P7&8 16.89 1.25 (60,-77,45) 13.6(12.8,14.3)
PO3&4 -22.88 -1.69* (37,-87,66) 16.0(14.9,17.1)
01&2 -9.57 -0.71 (33,-98,43) 13.4 (12.4,14.4)
Inion 35.38 2.61 (20,-115,-41) 21.4 (19.3,23.8)
Lateral-inion 47.74 3.52%* (51,-98,-46) 17.4 (15.9,19.1)
Lateral-Occipital 1&2 65.33 4.80* (58,-66,-42) 15.3 (14.1,16.7)
Lateral Occipital 3&4 9.93 0.73 (59,-101,-11) 11.8 (10.9,12.6)
~TPJ 31.99 2.35 (47,-55,17) 11.7 (11.1,12.4)
~ATL 74.56 5.50* (63,-14,-2) 11.4 (10.7,12.1)

Table 1 Key: * p<0.002 Bonferroni corrected p-value
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Table 1 Key continued:

! Least squares means testing whether RT difference (TMS-No TMS) for each scalp location is
significantly different to zero. Positive numbers indicate slower reaction times under TMS, negative
numbers indicate faster reaction times under TMS. Least squares means have been calculated for a
model that includes Scalp Location X Hemisphere, Task and Trial as predictors.

’Measured in a separate group of 20 participants for whom we had an MRI scan available. The brain
and TMS locations used in the main experiment was registered to each of 19 other brain scans, and
mean scalp-cortex distance was estimated using FLSView.

3.4 Predicting reaction times by ratings of annoyance, pain, twitches, and by visible twitches

To test whether Twitch Ratings are a better explanation for the variation in RTs across Scalp
Locations, we added Twitch Ratings as a fixed effect predictor to the existing model (detailed above).
This significantly improved model fit (X2(1)= 28.81, p<0.001) and showed a significant main effect of
Twitch Ratings (est. mean=14.99ms, SE=2.77, df=5411, t=5.406, p<0.0001). For every increment in
rated Twitch intensity, there was an RT cost of around 15ms under TMS. We tested the interaction
between Twitch Ratings and Task, to explore whether subjective discomfort differentially affected the
two tasks. The interaction was significant (est. mean=7.75ms, SE=2.26ms, df=557, t=3.43, p=0.0007),
with a greater cost in RTs for the Flanker task than the CRT task. The interaction term significantly
improved model fit (X2(1)=12.454, p<0.0005). To illustrate the interaction, Figure 4 plots the effect of

Twitch Ratings on reaction times (ms), by task.
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Figure 4: Reaction time difference (TMS — No TMS) by subjective rating of Twitch intensity for CRT
and Flanker Tasks.

Legend/Key: A positive value on the y axis means slower RTs under TMS. Error bars are 95%
confidence intervals.
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Once Twitch Rating was included in the model, significant variation in RTs as predicted by Scalp
Location was substantially reduced. In this model, only one Scalp Location showed a significant
difference to Cz. This was P03&4 (est. mean=-39.77, SE=18.49, df=381, t=-2.150, p<0.05), which
retained significantly speeded RTs under TMS relative to Cz. All Scalp Locations which had shown
slowing under TMS relative to CZ in the previous model were no longer significant.
For this model, the fixed effects had an R® of 0.14 (effect size 0.15) and the full model (i.e., both fixed

and random effects) had an R® of 0.43 (effect size of 0.81).
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Appendix D provides details of a parallel analysis that uses scalp to brain distance instead of Scalp
Location, where we found identical results. Thus, when subjective discomfort is taken into account
(i.e., the inclusion of Twitch Ratings as a predictor), neither Scalp Location nor scalp to brain distance

predict the cost of TMS on RTs.

To check whether individual variation in resting motor threshold (RMT) influenced the results, we
added each participant's RMT as a predictor to this model, both as a main effect (i.e. does a higher or
lower RMT change how much TMS influences overall RTs in the task) and with an interaction
between RMT and Scalp Location (i.e. does the influence of TMS on RTs change for particular scalp
locations when the participant has a higher or lower RMT?). It could be argued that individuals with
lower RMTs would be more likely to experience cortical stimulation from TMS (fixed at 50% of
maximum stimulator output). We might see that a lower RMT would lead to greater changes in RTs
under TMS (a main effect) or particular cortical locations would show greater RT changes under TMS
for individuals with lower RMT (an interaction). We found no such effects, that is, there was no

significant main effect of RMT and no interaction between RMT and Scalp Location.

4.0 Discussion

When mapped across the scalp, subjective ratings and differences in RTs showed minimal changes
along the midline but high interference from TMS at inferior frontal, anterior temporal, and lateral
occipital sites. This confirms previous reports that TMS is more uncomfortable — and often painful —
over frontal scalp locations (Abler et al., 2005; Loo et al., 2008; Machii et al., 2006; Maizey et al.,
2013; Wassermann, 1998). This experiment is the first to provide data that systematically maps these

effects across the scalp.

We found significant differences in how TMS affected reaction times when the pulse was applied to
different scalp locations. Analyses compared each scalp location against Cz/vertex, a commonly used
control site in TMS studies (e.g., Jung et al., 2016), and six locations produced longer RTs under TMS
as compared to Cz/vertex. These results are in line with the argument that TMS over Cz seemingly
does not affect behaviour (e.g., Jung et al., 2016; Silvanto et al., 2008), as Cz showed no substantial
change in RTs when on-line TMS was applied. This makes Cz/Vertex a suitable control for other
similarly benign scalp locations (e.g., FZ, FC1&2, C3&4, etc., see Table 1 in Results). However

Cz/Vertex will only control for limited dimensions of TMS (e.g., the audible click, presence of the
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experimenter) when compared against scalp locations that are more uncomfortable under TMS (e.g.,

Lateral-Occipital, ATL, T7&8).

We found that subjective ratings of annoyance, pain, and twitches were highly correlated; this is
perhaps unsurprising given that participants provided these ratings consecutively. It does however
support previous findings that the discomfort caused by TMS is primarily due to the effect of the TMS
pulse on the skin, nerves, and muscle of the scalp (Abler et al., 2005; Arana et al., 2008; Loo et al.,
2000). Once ratings of muscle twitches was added as a predictor variable, the effect of Scalp Location
disappeared for all areas where TMS caused longer RTs. This means that the increase in RTs seen
for many Scalp Locations under TMS is due to the fact that these locations are more uncomfortable
under TMS. This finding did not change when we included scalp-to-cortex distance rather than scalp
location. Abler and colleagues (2005) found a positive correlation between the number of errors on a
task and subjective ratings of discomfort caused by TMS. Our data provides further support for the

relationship between discomfort under TMS and changes in behavioural performance.

One question that we have been asked is “How do you know it wasn’t brain stimulation that caused
the differences in behavioural response times?” It is likely that cortical stimulation did occur at most
TMS sites. However, the degree of cortical stimulation across different locations was, at best, poorly
controlled due to varying scalp to brain distances (Stokes et al, 2005; Sack et al, 2009). When
compared against other means of localising cortical sites for stimulation (i.e. fMRI guided, MRI guided
and Talairach) the 10:20 anatomical system shows the smallest effect size for effects of TMS (versus
sham) on RTs (Sack et al., 2009). We found no effect of scalp to brain distance and no effect of
resting motor threshold on RT once subjective discomfort was accounted for. The most parsimonious
explanation for the cause of the clear and consistent effects of TMS on RTs is peripheral stimulation

and discomfort.

The one scalp location that showed speeded RTs under TMS (PO3&4) remained significant in the
analysis that included subjective ratings. Previous studies have shown that TMS over parietal sites
affects visual attention (Chambers & Heinen, 2010; Taylor & Thut, 2012), so this result could be

explained by cortical stimulation broadly enhancing visual attention or orienting during the task.
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Interestingly, for the parietal sites with faster RTs under TMS (PO3&4) median ratings of annoyance,
pain, and twitches were close to zero. Therefore, at these sites the TMS pulse at stimulus onset may
have acted as a general alerting signal that reduced RTs (Drager et al., 2004; Duecker et al., 2013;

Duecker & Sack, 2013; Marzi et al., 1998; Nikouline et al., 1999; Sawaki et al., 1999). Our data is not

able to distinguish between these two explanations.

The data also showed that greater discomfort (i.e., subjective ratings) produces a greater cost on task
performance, and this cost differed by task. For every unit increase in annoyance there was a 14ms
increase in RTs for the CRT task, and a 21ms increase in RTs for the Eriksen flanker task. Thus,
more difficult tasks are affected more by the TMS-induced discomfort. Models explained ~45% of the
variance in RTs. This is comparable, for example, to the size of the effect of scalp to brain distance on
resting motor threshold (Stokes et al., 2007). Because of this relationship control tasks need to be
carefully matched to experimental tasks in TMS experiments in order for confounds to be managed
(Rossi et al., 2009). We should stress that our findings apply only to online single pulse TMS studies
(i.e., the conditions that we tested), where the TMS pulse is delivered during task performance, close
to stimulus presentation and the preparation and execution of a behavioural response. Whilst online
and offline rTMS, paired-pulse, quadripulse, and other TMS protocols are all likely to induce similar

scalp sensations, their influence on task performance needs to be determined.

We did not measure the participant’s ratings of auditory or visual interference of TMS at each site
(although participants’ wore ear-plugs to mitigate the auditory interference). For sites close to the
ears, the TMS-related sounds would have been louder and more lateralized than sites further away.
For sites close to the eyes, participants' peripheral vision would have been partly occluded by the
TMS coil. These variables may have explained additional variance in the data, and should be studied

further.

The data we have presented systematically maps the peripheral effects of single-pulse TMS across
the scalp. We cannot generalise these results to other TMS stimulation parameters, but note that
studies which use bursts of TMS will tend to result in higher levels of subjective discomfort, which can
lead to even more "side-effects" and annoyance. As noted above, best practice in TMS studies is to

have more than one control condition for a reliable, specific effect of TMS (Sandrini et al., 2011). Our

data provides a tool to select control sites for on-line TMS experiments (www.tms-smart.info) when
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researchers want to control for annoyance, pain and twitches. In an ideal case, the control site will be
a different brain region/scalp location, selected to match for subjective ratings (annoyance, pain, or
twitches), or the effect on RTs. For example, if the experimental TMS site is over the right TPJ with
the coil handle oriented approximately 45 degrees behind the inter-aural axis (SE-NW, median rating
of twitches=3), suitable control sites using the same coil orientation, include the right lateral inion
(7.91cm away, median twitches=3), the right lateral occipital 2 (6.81cm away, median twitches=3), or
FC6 (6.80cm away, median twitches=2.5). The tools on the website allow you to customise the search

for control locations using all our available data, the 10:20 system, and/or MNI co-ordinates.

Once target and control sites have been selected, we would then recommend a systematic pilot
exploration of the effects of TMS intensity and coil orientation on participant-reported levels of
annoyance, twitches, and pain, and on RT. We have provided an example of a systematic exploration
that could be used to select appropriate TMS intensities for different sites (Appendix C). Interestingly,
for scalp locations shown to be the most annoying from our initial data, the effect of TMS intensity on
ratings was linear (see Appendix C). Our data provides a tool to select control sites for on-line TMS

experiments (www.tms-smart.info) when researchers want to control for annoyance, pain and

twitches. The tools on the website allow you to customise the search for control locations using all our
available data, the 10:20 system, and/or MNI co-ordinates. We hope this data and the online resource
will be useful for future TMS studies to properly control for the peripheral effects of TMS, particularly

when those peripheral effects are extremely annoying.
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Appendix A

Table Al: Task by participant summary of mean RT, proportion correct and congruency effects.

Task Participant Mean correct RT Proportion Congruency effect
(ms) correct (Incongruent -
Congruent, ms)

Flanker 1 437 0.99 14.6
2 428 0.91 49.9
3 563 0.99 44.7
4 644 0.99 421
5 578 0.99 -6.2
6 467 0.97 37.0
7 558 1.00 135
8 592 0.96 44.5
9 622 1.00 40.2
10 604 0.97 49.4
Mean (SD) 549 (77.6) 0.98 (0.03) 33.0(18.9)
CRT 11 412 0.96 12.1
12 330 1.00 3.8
13 295 0.86 3.7
14 417 0.98 18.4
15 385 0.98 5.5
16* 629 0.99 20.8
17 286 0.98 -3.3
18 494 0.99 26.4
19* 431 0.99 23.9
20* 485 0.99 50.5
Mean (SD) 416 (103) 0.97 (0.04) 16.2 (15.6)

* Participants who responded to arrow direction rather than side of presentation, data were
recoded to reflect their responses.
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Appendix B

Multiple comparisons for all scalp locations.

Adjusted P values using Tukey HSD to control for family wise error rate.

For each comparison, the null hypothesis is that the difference between the Test Location
and Reference is O.

A positive estimate means that the Test Location shows a greater cost of TMS (i.e. longer
RTs under TMS) than the Reference. A negative estimate means that the Test Location
shows less cost (i.e. shorter RTs under TMS) than the Reference.

ADJUSTED P VALUES

Test Reference Estimate Std Error z-value Pr(>|z]) Sig. codes:

Location for Q= ***

comparison 0.001 = **

0.01=*
0.05=.

FC5.6 (074 44.8541 20.1587 2.225 0.8585

Inion (074 13.2431 20.2043 0.655 1

LatIn (074 35.6462 20.1804 1.766 0.9873

LatOc (074 55.2387 20.2466 2.728 0.4928

V5 (074 -2.9647 20.1519 -0.147 1

TPJ (074 13.9263 20.1827 0.69 1

ATL (074 71.6026 20.1584 3.552 0.0647

C34 (074 -20.3417 20.2203 -1.006 1

T7.8 (074 40.288 20.2311 1.991 0.949

CP1.2 (074 -16.2257 20.1627 -0.805 1

CP5.6 (074 -21.3591 20.168 -1.059 1

P3.4 (074 -16.4929 20.1526 -0.818 1

P7.8 (074 -7.7011 20.1813 -0.382 1

PO3.4 (074 -41.1535 20.1698 -2.04 0.9358

01.2 (074 -23.8884 20.1737 -1.184 1

FP (074 42.5712 20.2215 2.105 0.9129

FZ (074 -8.6627 20.2111 -0.429 1

AF (074 22.5426 20.185 1.117 1

F3.4 (074 6.1978 20.1776 0.307 1

F7.8 (074 62.4987 20.2189 3.091 0.2381

FC1.2 (074 -20.0655 20.1582 -0.995 1

Pz (074 -20.8473 20.1747 -1.033 1

oz (074 -23.5049 20.157 -1.166 1

Inion FC5.6 -31.6111 20.1877 -1.566 0.9974

LatIn FC5.6 -9.2079 20.1642 -0.457 1

LatOc FC5.6 10.3845 20.2299 0.513 1

V5 FC5.6 -47.8188 20.1359 -2.375 0.7682

TPJ FC5.6 -30.9278 20.1668 -1.534 0.9981
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Appendix B

Least squares means for all scalp locations and scalp locations x hemisphere.

Uncorrected p values and Bonferroni correction are reported.

For each comparison, the null hypothesis is that the value for each Scalp Location is 0.

A positive estimate means that the Scalp Location shows a greater cost of TMS (i.e. longer RTs under TMS). A negative estimate means that the
Scalp Location shows an advantage under TMS (i.e. shorter RTs under TMS).

Scalp Location Estimate St. Err DF t-value Lower CI Upper CI Uncorrected Sig. with
p value Bonferroni
corrected
p <0.002

Ccz -1.955 13.538 73.3 -0.14 -28.934 25.02 0.886

FC5.6 48.482 13.557 73.8 3.58 21.467 75.5 6.00E-04 *

Inion 35.381 13.553 73.7 2.61 8.374 62.39 0.011

LatIn 47.743 13.55 73.6 3.52 20.741 74.74 7.00E-04 *

LatOc 65.332 13.604 74.8 4.8 38.229 92.43 2E-15 *

V5 9.928 13.547 73.5 0.73 -17.067 36.92 0.466

TPJ 31.986 13.585 74.4 2.35 4918 59.05 0.021

ATL 74.564 13.552 73.7 5.5 47.559 101.57 2E-15 *

C34 2.917 13.581 74.3 0.21 -24.143 29.98 0.831

T7.8 56.49 13.623 75.2 4.15 29.353 83.63 1.00E-04 *

CP1.2 -10.46 13.536 73.3 -0.77 -37.435 16.52 0.442

CP5.6 5.44 13.548 73.6 0.4 -21.557 32.44 0.689

P3.4 -6.252 13.533 73.2 -0.46 -33.222 20.72 0.645

P7.8 16.892 13.552 73.6 1.25 -10.112 43.9 0.216

PO3.4 -22.888 13.532 73.2 -1.69 -49.857 4.08 0.095

01.2 -9.569 13.53 73.2 -0.71 -36.533 17.39 0.482

FP 45.827 13.603 74.8 3.37 18.727 72.93 0.001 *
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FZ 13.96 13.578 74.2 1.03 -13.094 41.01 0.307

AF 27.506 13.547 73.5 2.03 0.511 54.5 0.046

F3.4 4.604 13.553 73.7 0.34 -22.403 31.61 0.735

F7.8 71.272 13.562 73.9 5.26 44.248 98.3 2E-15 *

FC1.2 6.28 13.542 73.4 0.46 -20.707 33.27 0.644

Pz -16.83 13.533 73.2 -1.24 -43.799 10.14 0.218

oz -11.081 13.531 73.2 -0.82 -38.047 15.89 0.415

Scalp Location x Hemisphere Estimate St.Err  DF t-value Lower Upper Uncorrected Sig. with

Hemisphere Cl Cl p value Bonferroni
corrected
p < 0.001

Ccz Left -4.112  19.149 734 -0.21 -42.273 34.05 0.831

FC5.6 Left 40.742 19.132 73.1 2.13 2.614 78.87 0.037

Inion Left 9.131 19.18 73.9 0.48 -29.087 47.35 0.635

LatIn Left 31.535 19.156 73.5 1.65 -6.638 69.71 0.104

LatOc Left 51.127 19.226 74.6 2.66 12.824 89.43 0.01

V5 Left -7.076  19.126 73 -0.37 -45.194 31.04 0.713

TPJ Left 9.815 19.158 73.5 0.51 -28.362 47.99 0.61

ATL Left 67.491 19.132 73.1 3.53 29.362 105.62 7.00E-04 *

C34 Left -24.453 19.197 74.1 -1.27 -62.702 13.8 0.207

T7.8 Left 36.176  19.209 74.3 1.88 -2.096 74.45 0.064

CP1.2 Left -20.337 19.136 73.2 -1.06 -58.474 17.8 0.291

CP5.6 Left -25.471 19.142 733 -1.33 -63.618 12.68 0.187

P3.4 Left -20.605 19.126 73 -1.08 -58.722 17.51 0.285

P7.8 Left -11.813 19.156 73.5 -0.62 -49.987 26.36 0.539

PO3.4 Left -45.265 19.144 733 -2.36 -83.416 -7.11 0.021



http://dx.doi.org/10.1101/191320
http://creativecommons.org/licenses/by-nc/4.0/

Running head: TMS-SMART Pre-print on biorxiv see www.tms-smart.info for full data

01.2 Left -28 19.148 734 -1.46 -66.159 10.16 0.148
FP Left 38.46 19.199 74.2 2 0.206 76.71 0.049
FZ Left -12.774  19.187 74 -0.67 -51.006 25.46 0.508
AF Left 18.431 19.16 73.6 0.96 -19.75 56.61 0.339
F3.4 Left 2.086 19.152 735 0.11 -36.081 40.25 0.914
F7.8 Left 58.387 19.196 74.1 3.04 20.14 96.63 0.003
FC1.2 Left -24.177 19132 73.1 -1.26 -62.306 13.95 0.21
Pz Left -24959 19.149 734 -1.3 -63.12 13.2 0.197
oz Left -27.617 19.13 731 -1.44 -65.742 10.51 0.153
(074 Right 0.202 19.142 733 0.01 -37.944 38.35 0.992
FC5.6 Right 56.221 19.214 744 2.93 17.94 94.5 0.004
Inion Right 61.63 19.154 73.5 3.22 23.461 99.8 0.002
Latin Right 63.951 19.17 73.7 3.34 25.752 102.15 0.001
LatOc Right 79.537 19.253 75 413 41.182 117.89 1.00E-04
V5 Right 26.933 19.191 74 1.4 -11.305 65.17 0.165
TPJ Right 54.157 19.268 75.2 2.81 15.775 92.54 0.006
ATL Right 81.638 19.2 742 4.25 43.383 119.89 1.00E-04
C34 Right 30.287 19.217 744 1.58 -8 68.57 0.119
T7.8 Right 76.804 19.322 76 3.97 38321 115.29 2.00E-04
CP1.2 Right -0.582 19.149 734 -0.03 -38.742 37.58 0.976
CP5.6 Right 36.351 19.177 73.8 1.9 -1.86 74.56 0.062
P3.4 Right 8.1 19.151 73.4 0.42 -30.065 46.26 0.674
P7.8 Right 45.597 19.174 73.8 2.38 7.391 83.8 0.02
PO3.4 Right -0.511 19.132 73.1 -0.03 -38.64 37.62 0.979
01.2 Right 8.862 19.121 73 0.46 -29.246 46.97 0.644
FP Right 53.194 19.275 75.3 2.76  14.798 91.59 0.007
FZ Right 40.694 19.218 74.4 2.12 2.406 78.98 0.038
AF Right 36.582 19.156 73.5 191 -1.592 74.76 0.06
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F3.4
F7.8
FC1.2
Pz
oz

Right
Right
Right
Right
Right

7.121
84.157
36.737
-8.701
5.455

19.18
19.164
19.172
19.127
19.142

73.9
73.6
73.8
73.1
73.3

0.37
4.39
1.92
-0.45
0.28

-31.098
45.969
-1.466
-46.821
-32.691

45.34
122.35
74.94
29.42
43.6

0.712
2E-15
0.059

0.65
0.776
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Appendix C / Supplementary materials 3: Effect of varying TMS intensity on ratings of

annoyance, pain, and muscle twitches

Following reviewers' comments on an earlier version of this manuscript, we studied, in one volunteer,
the effect of varying TMS intensity on subjective ratings of annoyance, pain, and twitches, and on
visible twitches. This approach could be used to further refine the choice of control site for an

experiment.
Methods

From the original dataset, we chose 6 scalp locations that spanned the full range of median twitch
ratings (Table C1).

Table C1: Sites chosen for control study of TMS intensity

Median twitch rating (n=10 per hemisphere)

Rank Site Left Right
1 ATL1/2 6.4 5.5
5 TPJ1/2 3.6 28
10 AF3/4 24 1.3
14 C3/4 1.1 1.5
19 Cz A
23 CP1/2 0 0

One participant who had taken part in the main experiment was recruited. The participant received 5
single pulses of biphasic TMS at ~0.2Hz at each location (in both left and right hemispheres for all
sites except Cz), with the handle of the coil pointing South. After each set of 5 TMS pulses, the
participant rated the subjective annoyance, pain, and twitches just as in the main experiment. An
experimenter observed the participant, and noted down how many of the trials were accompanied by

observable muscle twitches in the face, scalp, neck, or body of the participant.

After each set of 5 trials, the TMS coil was repositioned and the intensity of the TMS was changed
according to a fully-randomised sequence. Five TMS intensities were used: 30, 40, 50, 60, and 70%

of the maximum stimulator output. The mean ratings as a function of TMS intensity are shown in
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Figures C1 (mean across all 11 sites for 4 different ratings) and C2 (mean across left and right

hemispheres for each site, excluding Cz).
Results & Discussion

For each variable averaged across TMS sites, mean ratings increased linearly as a function of TMS
intensity — s ranged between 0.90 (twitches) to 0.99 (visible twitches), all two-tailed ps<.05. The
effect of TMS intensity was also approximately linear for ATL1/2 (r(3)=.912, p=.031), AF1/2
(r(3)=.982, p=.0029), TPJ1/2 (r(3)=.979, p=.0036, CP1/2 and Cz (both r(3)=.884, p=.047), but not for
C3/4 (r(3)=.707, p=.18.

Data like this could be used, for example, to set TMS intensity for the control site to produce a
comparable level of annoyance or muscle twitches to that of the target site (e.g., if control site cannot
be varied freely). Further, these data support the assumption of a linear effect of TMS intensity on
subjective annoyance, pain, and twitches, although for sites associated with low annoyance (midline
and/or superior scalp locations), there may be an additional threshold of TMS intensity under which

TMS is not at all annoying.

Figures
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9 * Pain /10
@ Twitch /10
84 VisibleTwitch /10
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Figure C1: Mean across TMS sites as a function of TMS intensity (%sMax) for subjective ratings of
annoyance (black triangles), pain (red asterisks), and muscle twitches (blue diamonds), as well as
observed twitches (grey circles). Visible twitches have been multiplied by two to show on the same

scale.
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Figure C2: Mean across left and right hemispheres for each TMS site as a function of TMS intensity

(%Max) for subjective ratings of annoyance. Black triangles: ATL1/2; Grey circles: AF3/4; Orange
crosses: TPJ1/2; Blue diamonds: C3/4; Red asterisks: CP1/2; Maroon trianges: Cz.
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Appendix D / Supplementary materials 4: Scalp-to-brain distance for the 43 sites
stimulated

Methods

Twenty participants from an MRI dataset including the original TMS-SMART participant
(NPH) were selected (10 females with a mean+SE age of 25.61£2.2 years; 10 males with a
mean+SE age of 25.61£2.6 years).

Each participant's anatomical MRI scan (MPRAGE, 1x1x1mm) was registered to NPH's
brain using 12 degree of freedom affine transformation in FLIRT (66). The resulting
transform matrix was inverted using InvertXFM, then this inverted transform was applied to
the 43 original locations used for TMS-SMART using ApplyXFM. This resulted, for each
participant, in the approximate locations of scalp and brain sites targeted in the original
experiment.

For each of 20 participants, the closest voxel on the scalp of the participant's MRI to the
transformed target location was estimated (x, y, and z coordinates in scanner anatomical
space). From this scalp voxel, the closest voxel of grey matter (cortical or cerebellar) was
estimated. The distance between scalp and grey matter was calculated, and plot in the
images below.

Results 1: Scalp to brain distances and correlations with Twitches and RTs

The meantSE distance from scalp to brain across all 43 locations was 14.761£0.39 cm. The
means and bootstrapped 95% confidence intervals are given in Table 1, main text.

28 4

26 +

24
22
20 ]
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n| ml[lill il HH““\

104

Mean distance to cortex (mm)

cz oz AF4 F8 FC6 T8 CP6 P8 o2 AF3 F7 FC5 T7 CP5 P7 o1 Latin2 Latinl LatOc4 TPJ2 ATL2
FZ PZ FP2 Fa FC2 ca cP2 P4 PO4 FP1 F3 FC1 c3 CP1 P3 PO3 Inion LatOc2 LatOcl LatOc3 TPJ1 ATL1

Scalp location
Figure D1. Mean scalp-to-brain distance for all 43 target locations. N=20. Solid horizontal
line shows group mean. Error bars show 99.9% confidence intervals (i.e., p<.05, bonferroni
corrected for 43 locations).

The mean across coil orientations of the median ratings of twitches (rated on a scale of 0-
10) from the main experiment, and the mean effect of TMS on reaction times (in seconds)
were correlated across the locations targeted. These data were taken from a different
groups of participants (i.e. those who participated in the original study).
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These two variables were significantly correlated with scalp-to-brain distance. For twitches,
there was a significant negative correlation (r(41)=-.525, p=.0003); as mean distance to
cortex increases, ratings for twitches decrease (Figure D2). For the RT difference caused by
TMS, there was a significant negative correlation (r(41)=-.400, p=.008); as mean distance to
cortex increases, the RT difference under TMS decreases.

Mean of median twitch ratings (/10)

F
b ¥
P o

L
T T T 1

12 14 16 18 20 22 24 26 28

Mean distance to cortex (mm)

Figure D2. Mean+SE scalp-to-brain distances (mm) for 43 target locations (N=20) and
meantSE of median twitch ratings across the four coil orientations in the main experiment.
Error bars show standard error. The relationship between the two variables was significant,
r(41)=-.525, p=.0003.
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Figure D3. Mean+SE scalp-to-brain distances (mm) for 43 target locations (N=20) and
meantSE RT effects across the four coil orientations in the main experiment. Error bars
show standard error. The relationship between the two variables was significant, r(41)=-.400,
p=.008.

Results 2: Scalp to brain distance as a model covariate

To check whether scalp to brain distance provides a better explanation for RT differences
under TMS than subjective ratings of Twitches, we repeated our analyses (detailed in 3.3
and 3.4 main text). We replaced Scalp Location with Scalp to brain distance. It was not
possible to enter Scalp Location and Scalp to brain distance together, as the two variables
are perfectly collinear (i.e. there is one scalp to brain distance measure per location, so the
two variables are perfectly predictable from each-other). For these models, Scalp to brain
distance and Twitches were scaled to reduce collinearity.

The models replicated our previous finding. When Scalp to brain distance was entered
alone, it was a significant predictor of RT differences under TMS (see Table D1; estimate = -
10.70, 95% CIl = -18.52 - -2.88). As Scalp to brain distance decreases, the RT effects of
TMS increase. Just as in our original models, Scalp Location accounted for significant
variation in RT differences under TMS. The effect of Task was marginal, with the Flanker
task having a trend for longer RTs (estimate = 34.87, 95% Cl = -10.54 — 80.27).
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Predictor Estimate SE df t p

Fixed Effects

Intercept -0.26 12.66 18.00 -0.02 0.98
Scalp to brain Distance -10.70 3.09 426.00 -3.47 0.0006*
Scalp to brain x 0.79 4.37 429.00 0.18 0.856
Hemisphere interaction

Previous Trial RT 0.09 0.01 8623.00 12.81 <0.0001*
Task 34.87 17.91 18.00 1.95 0.067
(Flanker > CRT)

Random Effects (intercepts) Variance SD

Subject 1193.68 34.55

Scalp Location x 1890.29 43.48

Subject

Trial x Subject 426.16 20.64

Coil Orientation x 14.28 3.78

Subject

Congruence x Subject 580.20 24.09

Model formula: RT Difference ~ re(Subject) + re(Scalp Location x Subject) + re(Coil
Orienation x Subject) + re(Congruence x Subject) + re(Trial x Subject) +
scale(Scalp to brain distance) + scale(Scalp to brain distance) x Hemisphere + previous trial

RT + Task

We then added Twitch ratings to this model as a main effect and its interaction with Task
(Table D2). In this model, Scalp to brain distance was no longer a significant predictor
(estimate = 1.33, 95% CIl = -6.10 — 8.76). Twitch ratings significantly predicted the RT
difference under TMS (estimate = 20.10, 95% CI = 13.14 — 26.95), for every unit increase in
Twitch ratings the RT cost of TMS increased by ~20ms. The interaction of Twitch ratings and
Task was also significant (estimate = 12.25, 95% CI = 2.87 — 21.63). A unit increase in
Twitch ratings had a greater cost on the Flanker task, increasing RTs by ~13ms more than
for the CRT task (estimate = 12.25, 95% Cl = 2.86 — 21.63).
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Table D2: Model including Scalp-to-brain distance and Twitch ratings

Predictor Estimate SE df t p

Fixed Effects

Intercept -0.35 13.10 18.00 -0.03 0.98
Scalp to brain Distance 1.33 2.80 436.00 0.48 0.64
Scalp to brain x -0.35 3.77 422.00 -0.09 0.93
Hemisphere interaction

Previous Trial RT 0.09 0.01 8643 12.52 <0.0001*
Twitch Ratings 20.10 2.60 632.00 7.71 <0.0001*
Twitch Ratings x Task  12.25 3.54 605.00 3.46 0.0006*
interaction

(Flanker > CRT)

Random Effects (intercepts) Variance SD
Subject 1327.26 36.43
Scalp Location x 1309.03 36.18
Subject

Trial x Subject 434.05 20.83
Coil Orientation x 15.71 3.96
Subject

Congruence x Subject 581.26 2411

Model formula: RT Difference ~ re(Subject) + re(Scalp Location x Subject) + re(Coil
Orienation x Subject) + re(Congruence x Subject) + re(Trial x Subject) +

scale(Scalp to brain distance) + scale(Scalp to brain distance) x Hemisphere + previous trial
RT + scale(Twitch ratings) + Task x scale(Twitch ratings)

Conclusion

We found that Scalp to brain distance was significantly correlated with both subjective
ratings of twitches and RT differences under TMS. This is likely a product of physiology —
areas of the brain closest to the scalp (frontal and inferior sites) also have a greater density
of muscles and nerve fibres; this leads to greater discomfort. However, in models where
both are taken into account, subjective discomfort is the stronger predictor of RT costs under
TMS. This supports our original analysis (see 3.3 and 3.4 in the main text).
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