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SI Text Section 1
MEP Recording and Analysis. MEP recording and analysis proce-
dures were identical for all experiments. Electromyographic
(EMG) responses were recorded from the right hand FDI muscle
using two surfaceAg-AgCl electrodes in tendon-bellymontage.An
earth electrode was placed on the right elbow. EMG responses
were band pass-filtered between 10 and 1,000 Hz, with an addi-
tional 50-Hz notch filter; sampled at 5,000 Hz; and recorded using
a CED 1902 amplifier (Cambridge Electronic Design), a CED
micro 1401 Mk.II A/D converter (Cambridge Electronic Design),
and a personal computer running Spike2 (Cambridge Electronic
Design). Analysis of these data concentrated on peak-to-peak
amplitudes of the MEPs measured on TMS trials. Trials with in-
correct responses, trials with premature (RT <150) responses,
trials in which the test pulse failed to elicit a reliable MEP (am-
plitude <0.1 mV), and trials in which participants precontracted
the FDI muscle before application of the TMS pulse (EMG am-
plitude >0.1 mV in the 80 ms before the pulse) were discarded
from the analysis. Analyses of ppTMS/spTMS ratios were carried
out based on the mean of the median normalized MEP ampli-
tudes in each condition. Analyses of both behavioral and elec-
trophysiological data were conducted using ANOVAs, utilizing
repeated measures whenever possible. Significant effects were
identified based on Huynh–Feldt-corrected ANOVA values, us-
ing SPSS 16.0 (SPSS, Inc.). Post hoc two-sided t tests were used to
investigate significant effects in the ANOVAs further.
Even though trialswith excessiveprecontractionof the rightFDI

muscle were discarded from the analyses, an additional analysis
was performed on the remaining trials in the “right inferior frontal
gyrus (rIFG)/M1 interaction experiment” to ensure that none of
the reportedMEP effects were caused by systematic differences in
muscle contraction between conditions. The ANOVAs conducted
on theMEP amplitudes were repeated for the values of the rms of
the background EMG in the 80-ms interval before the application
of the TMS pulses. None of the main effects and interactions
significant in the MEP data reached significance when analyzing
the rms. Therefore, MEP amplitude effects were not confounded
with differences in FDI muscle contraction.

Coil Locations. The position of the test coil over the left M1 in all
experimentswasdetermined functionally. The coil was placedover
the location that yielded thegreatestMEPin the righthandFDI for
a given intensity. In the “rIFG/M1 interaction” experiments,
conditioning coil location in MNI space was, on average, (x= 60,
y= 14, z= 30) and (x= 60, y= 15, z= 29) in the STAY and SWITCH

experiments, respectively. In the experiments varying the IPLs
between conditioning and test TMS pulses, mean rIFG condi-
tioning coil location was (x = 58, y = 15, z = 30) (Fig. 1D).
The rIFG region identifiedwith behavioral stopping is extensive

(1), and its posterior part includes a region that we and others
have frequently identified with PMv (2, 3). It was this region,
immediately posterior to the ventral branch of the inferior pre-
central sulcus (4), and therefore close to the region studied by
Swann et al. (5), that we studied. This region was chosen because
(i) DW-MRI evidence in humans suggests that it is likely to be
interconnected with STN (6), (ii) the only published tracer in-
jection evidence for inferior frontal/STN connections in the
monkey has come from this region’s likely homolog (7), and (iii)
functional MRI studies have indicated that cortex in this area is
concerned with action inhibition and reprogramming even after
controlling for various attentional demands (8). Of course, it re-
mains a possibility that other rIFG and adjacent inferior frontal

junction areas are concerned with other processes necessary for
exerting cognitive control other than the inhibition of cortico-
spinal excitability.
For the IPL experiment focusing on pre-SMA/M1 interactions, the

conditional coil was placed over the medial frontal cortex at mean
coordinates (x= 1, y= 23, z= 60). In the rTMS experiments, the
pre-SMA repetitive TMS coil was placed at coordinates (x = −1,
y = 15, z = 71) and the rIFG conditioning coil was placed at co-
ordinates (x = 59, y = 16, z = 25). In the rTMS Pz control
experiment, the repetitive TMS coil was placed over electrode Pz
(9) at coordinates (x=0, y=58, z=77) and the rIFG conditioning
coil was placed at coordinates (x = 58, y = 17, z = 23).

SI Text Section 2
M1/M1 Control Experiment. To test whether changes in M1 excit-
ability attributable to a conditioning pulse over rIFG could be
explained by processes intrinsic to M1, we analyzed spTMS and
ppTMS trial MEP data from anM1 control experiment, with both
the conditioning and test pulses delivered through a coil placed
over M1. This experiment focused on 175-ms SOA, where the
rIFG/M1 interactions were strongest in the original rIFG/M1
interaction experiment. We investigated spTMS and ppTMS
MEP effects during “switch” and “stay” trials. Experimental setup
and stimulation parameters (pulse intensity, IPL) were exactly the
same as in the previous two experiments, with the only difference
being that both test pulses and conditioning pulses were applied to
the same M1.
For the data from this M1 control experiment, an ANOVA on

the FDI MEP ratios with within-subjects factors of hand (left vs.
right hand response) and condition (switch vs. stay trial) revealed
no significant effects. This indicates that the modulation of the
MEP by the conditioning pulse is specific to the conditioning pulse
being given over rIFG, because the effects are not replicated when
the conditioning pulse is givenoverM1.Confirming this specificity,
an ANOVA comparing MEP ratios between the switch trial data
from the rIFG/M1 interaction experiment and the switch trials
from the M1 control experiment with the within-subjects contrast
hand and the between-subjects contrast area (conditioning
pulse over rIFG vs. over M1) revealed a significant effect of area
[F(1,16) = 14.491; P = 0.002]. Furthermore, an ANOVA com-
paring MEP ratios between the stay trials of the rIFG/M1 inter-
action experiment and the stay trials from the M1 control
experiment with thewithin-subjects contrast hand and the between-
subjects contrast area (conditioning pulse over rIFG vs. over M1)
again revealed a significant between-subjects effect of area
[F(1,16) = 14.065; P = 0.002]. Post hoc, one-sample t tests of the
M1 control experiment MEP ratios against a baseline of 1.0 (or
100%) showed that the conditioning pulse over M1 led to global
facilitation of the test pulse MEP amplitude in every condition
(switch and stay, left and right hand responses). These results
demonstrate that the rIFG/M1 interaction effects during action
reprogramming and action execution trials cannot be explained
by mechanisms intrinsic to M1.
It is known that stimulation of themotor cortex ipsilateral to the

target muscle by a TMS conditioning pulse inhibits the size of the
MEPs produced by test pulses over the contralateral motor cortex.
This resting state effect is called interhemispheric inhibition (IHI).
IHI of the contralateral M1 is obtained with IPLs of 7 ms or more
and pulse intensities around the RMT. This type of inhibition is
supposed to be mediated via transcallosal routes that have been
localized with combined resting state ppTMS/diffusion-weighted
(DW)-MRI techniques (10). It has been shown that IHI inhibits
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I2 and I3 waves in the contralateral M1. M1/M1 interhemi-
spheric connectivity was suggested to be involved in bimanual
coordination. However, it seems implausible that M1/M1 func-
tional interactions alone implement executive control during re-
sponse switching and action reprogramming. Our results clearly
suggest rIFG/M1 functional connectivity during response switch-
ing. Davare et al. (11) reported inhibitory interactions between
a very similar area to the one we investigate andM1, at rest, within
one hemisphere. Hence, IFG seems capable of inhibiting ipsi-
lateral M1 as well as contralateral M1. Tracer studies in monkeys
have shown direct connections between the premotor homolog
of the area stimulated here and both ipsilateral and contralateral
motor and premotor areas (12). Based on the relatively short
IPL (8ms) and the areas found in the TMS/DTI correlations (SI Text
Section 6), we suggest that these effects are mediated via direct
transcallosal rIFG/M1 pathways and, at longer latencies, pos-
sibly via rIFG/STN/M1 pathways. However, more research, es-
pecially on M1/M1 interactions during action reprogramming
and response switching, needs to be conducted to answer this
important question.

SI Text Section 3
Additional Data Analyses Relating to rIFG/M1 Interaction and IPL
Experiments. The two rIFG/M1 interaction experiments inves-
tigated time courses of functional interactions between rIFG and
M1 during action reprogramming (switch) and action execution
(stay) trials. RIFG/M1 interactions during switch and stay trials
were studied in two separate experiments involving different
participants: the rIFG/M1 interaction switch experiment and the
“rIFG/M1 stay experiment.” This was necessary because obtain-
ing an adequate number of both switch and stay trials with left and
right hand responses, at three different SOAs, with both single
and paired pulses would have resulted in (i) the participants re-
ceiving a very large number of TMS pulses and (ii) an exceedingly
long experiment.
During the rIFG/M1 switch experiments, pulses (both single

pulses to M1 and paired pulses to rIFG and M1 together) were
almost exclusively deliveredon switch trials [180 trials per block, 30
TMS trials (24 TMS trials per block delivered on switch trials, 6
TMS trials per block delivered on stay trials)] and only switch trial
MEPs were analyzed. In the rIFG/M1 stay experiments, pulses
were almost exclusively delivered on stay trials (24 TMS trials per
block delivered on stay trials, 6 TMS trials per block delivered
on stay trials) and only stay trialMEPs were analyzed. However, in
the rIFG/M1 switch experiments, we delivered a small number
(n = 6) of pulses on stay trials and administered a small number
of switch trials (6) without TMS being delivered. A complimen-
tary procedure was used in the stay experiment (24 TMS trials
per block delivered on stay trials, 6 TMS trials per block delivered
on switch trials). This prevented the subjects from reporting, on
subsequent questioning, any relationship between trial type and
TMS delivery.
However, perhaps the two most important points to note are,

first, that the presence or absence of TMS could not serve as
a precue indicating trial identity, because the pulses were only
applied after the center color cue had already indicated a switch or
stay trial. Second, it must be remembered that the focus of all
analyses is the change in MEP size between single- and paired-
pulse trials on a given trial type. Both the paired pulses on paired-
pulse trials and the single pulses on single-pulse trials were de-
liveredat the same timeafter central color cueonset.By calculating
the ppTMS/spTMS MEP ratio, we were able to obtain M1 ex-
citability changes attributable to an (artificial) activity burst in
rIFG. Hence, by reportingMEP changes instead of absoluteMEP
values, we also control for general TMS-related effects.
The task was the same in all experiments. The main text reports

the behavioral data in the rIFG/M1 interaction experiment,
showing that participants responded slower andmademore errors

on switch trials as compared with stay trials, confirming the ef-
fectiveness of our experimental manipulation. These results were
replicated in each of the other experiments: ANOVAs of median
RTs in the two IPL experiments on correct trials and on error rates
(incorrect responses/total number of trials) with “trial type”
(switch vs. stay) and “experiment” (pre-SMA/M1 IPL experiment
vs. rIFG/M1 IPL experiment) as within-subjects factors showed
a main effect of trial type [F(1,15) = 111.659; P < 0.001 for RTs
and F(1,15) = 46.828; P< 0.001 for error rates) but nomain effect
of experiment and no interaction between experiment and trial
type (P > 0.45). A post hoc paired-samples t test on the behavioral
data confirmed that subjects were significantly slower on switch
trials than on stay trials (RT = 416.2 ms on switch vs. 302.5 ms on
stay trials, t(15) = 9.96; P < 0.001) and made significantly more
mistakes (error rate of 22.1% on switch trials vs. 2.1% on stay
trials, t(15) = 6.65; P < 0.001). These behavioral results also
replicate our previous study using this paradigm (13).
The experimental paradigm relies on the fact that participants

prepare a response based on the sequence of color changes in the
previous trials. Hence, switch and stay trials were defined on the
basis of whether the central fixation took the same (stay) or dif-
ferent (switch) color as the previous trial, independent of which
hand was actually used. An alternative way to classify switch and
stay trials would be to classify them according to whether the hand
used to make the response was the same (“motor stay”) or dif-
ferent (“motor switch”) as in the previous trial. To rule out the
possibility that participants solved the task in this manner, we
analyzed the behavioral and MEP data with the trials sorted
according to these criteria. Analyzed in this way, the behavioral
data showed no effect of condition (switch or stay) on RT or on
error rate (both P > 0.1; Fig. S1 A and B). In addition, an AN-
OVA on the ppTMS/spTMSMEP ratios with the within-subjects
factors of trial type (motor switch vs. motor stay), hand (left vs.
right), and “SOA” (75, 125, and 175 ms) revealed a significant
effect of SOA [F(2,8) = 5.287; P = 0.034] but no effect of trial
type (P= 0.504) and no trial type × SOA interaction (P= 0.642).
To investigate further whether there was any significant differ-
ence of ppTMS effects in any hand (left or right) at any given time
point (75-, 125-, and 175-ms SOA) between motor switch and
motor stay trials, we performed paired-samples t tests. These
paired-samples t tests did not show any significant difference in
rIFG/M1 interaction between motor switch and motor stay trials
(all P > 0.3; Fig. S1). These results indicated that participants
solved the task as we originally intended, by preparing their re-
sponses on the basis of previous cue colors and switching when
these expectations were violated.
It is also very important to note that we recordedMEPdata only

from the right hand FDImuscle and appliedM1 test pulses only to
the left motor cortex. Hence, our analyses on rIFG/left M1
interactions during response switching and action reprogramming
focus on MEP data from the right hand FDI muscle recorded on
left and right hand response trials. Fig. 2 A and B shows ppTMS
MEP changes from the right hand FDI muscle pooled over left
and right hand responses. We pool the data over left and right
hand responses because in both the pre-SMA/M1 SOA and the
rIFG/M1 SOA experiments, we did not find a statistically signif-
icant effect of hand in the ANOVA on ppTMS/spMSMEP ratios
with the within-subjects factors hand (left vs. right) and SOA
(75, 125, and 175 ms) and the between-subjects factor condition
(switch vs. stay). We used a one-sample two-tailed t test of the
right hand FDI MEP ratios from left and right hand response
switch trials (Fig. 2A) against baseline (MEP ratio of 1.0 or 100%)
to analyze rIFG/M1 interactions during action reprogramming.
When pooling left and right hand responses, we found significant
inhibition of right hand FDIMEPs at 175-ms SOA [t(9) =−3.578;
P = 0.006; Fig. 2A, asterisk] during action reprogramming. To
check if this inhibition of right hand FDI MEPs was significant in
both right and left hand response switch trials, we carried out
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a one-sample one-tailed t test against a baseline of 1.0 (100%) for
left and right hand responses separately. We found significant in-
hibition of right hand FDI MEPs for both left [t(9) = 3.563; P =
0.003] and right [t(9)= 1.960; P=0.041] hand response trials. This
does not, of course, necessarily mean that the rIFG/M1 interaction
is identical during left and right hand responses. To follow up on
this issue, we designed a more sensitive test for whether there are
significant differences in the inhibitory influences exerted by rIFG
on the motor cortex depending on whether the hand to be stopped
is contralateral or ipsilateral to that motor cortex. We pooled data
from the rIFG/M1 SOA experiment and rIFG/M1 IPL experiment
from switch trials at 175-ms SOA with an IPL of 8 ms (rIFG/M1
SOA experiment) and 9 ms (rIFG/M1 IPL experiment), re-
spectively. Data from 26 participants could be included in this
analysis, and a paired-samples t test showed a significantly greater
effect of rIFG/M1 inhibition at 175-ms SOA and 8- or 9-ms IPL
when subjects were switching away from right hand (i.e., the hand
contralateral to the stimulated M1) compared with left hand re-
sponses [t(25) = −2.331; P = 0.028]. However, because we do not
find this significant difference between left and right hand re-
sponses in the rIFG/M1 interaction experiment alone, we present
the data in Fig. 2A pooled over left and right hand responses.

SI Text Section 4
Additional Data Analyses for the Combined rTMS/ppTMS Experiments.
Analysis of the behavioral data in the combined rTMS/ppTMS
experiments indicates no effect of the rTMS stimulation on be-
havior. ANOVAs ofmedianRTs on correct trials and of error rates
with within-subjects factors trial type (switch vs. stay) and “rTMS”
(before 1-Hz rTMS application to pre-SMA vs. after 1-Hz rTMS)
and between-subjects factor experiment (pre-SMA rTMS experi-
ment vs. Pz control experiment) showed a main effect of trial type
[F(1,12) = 96.714; P < 0.001 for RTs and F(1,12) = 22.865; P <
0.001 for error rates] but no main effect of rTMS, no interaction
between rTMS and trial type, no effect of experiment, and no in-
teractions with the factor experiment (P > 0.5).
The changes in rIFG/M1 functional connectivity following 15

min of 1-Hz rTMS over pre-SMA reported in the main text were
not present following 15minof 1-Hz rTMSover the control site Pz.
AnANOVA on the pre-SMA rTMS data with “pre/post” and trial
type (switch vs. stay) as within-subjects factors shows a significant
trial type × “pre/post interaction” [F(1,7) = 11.918; P= 0.011]. In
an ANOVAwith pre/post and trial type (switch vs. stay) as within-
subjects factors and area (pre-SMA vs. Pz) as a between-subjects
factor, we found a significant pre/post × area [t(1,12) = 8.339; P=
0.014] interaction. Testing the Pz results in an ANOVA with pre/
post and trial type (switch vs. stay) as within-subjects factors
showed a main effect of trial type [F(1,5) = 7.931; P = 0.037].

SI Text Section 5
DW-MRI and TBSS: Rationale and Validation. To elucidate the white
matter pathways mediating the functional interactions between
pre-SMAand rIFGon the one hand andM1 on the other hand, we
used a TMS/FA correlation technique pioneered by Boorman
et al. (14). The aim of this combination of methods is to find
structural brain markers that correlate with a specific functional
marker. In this case, the structural marker is the diffusion of water
in a given voxel in the brain, as indexed by the FA. This is a useful
index because it is known that water diffusion is directionally
dependent in brain white matter. In a coherent fiber bundle,
diffusion is less restricted along the fiber axis than across it; hence
more diffusion will be measured along the fiber axis, resulting in
a higher FA (15). Previous studies have demonstrated that this
structural measure shows topographically specific correlations
with certain skills, such as reading ability, visuospatial attention,
or mental object rotation (16–19). Rather than correlating FA
with a behavioral measure, we correlate it with the MEP ratio as
an index of the functional interactions among brain regions. The

rationale of the analysis is that a stronger white matter tract, as
reflected in a higher FA value, results in a stronger influence of
one brain region on another, as reflected in a higher MEP ratio.
Boorman et al. (14) validated this technique by looking at in-

teractions between dorsal premotor cortex (PMd) and M1. It is
well established that PMd is important for the selection of actions
based on arbitrary learned stimulus-response mappings, referred
to as conditional action selection, but not during simple action
execution (20, 21). In macaques, PMd ablations influence condi-
tional action selection but not simple action execution (22). In
humans, imaging studies have shown strong increases in activity in
PMd and the posterior parietal cortex during conditional as
compared to simple action selection (23–25) and rTMS over PMd
influences conditional action selection but not normal action ex-
ecution (26). Consistent with these results, ppTMS studies have
shown an influence of PMd on M1 that is especially prominent
during conditional action selection (27, 28). Boorman et al. (14)
then reasoned that these functional interactions should correlate
with white matter pathways within the conditional action selection
network. Correlating the physiological marker of functional in-
teractions, the change in MEP, with individual differences in FA,
these investigators indeed found the white matter tracts that are
presumed to underlie these changes, including the white matter
underlying PMd and the adjacent superior longitudinal fascicle
connecting the intraparietal sulcus and premotor cortex. Their
study thus demonstrated the feasibility of this method for in-
vestigating the relationship between structural measures of white
matter density and physiological measures of functional inter-
actions among brain regions. Following this early study, sub-
sequent studies in different laboratories have used this technique
to demonstrate the specificity of white matter tracts in the corpus
callosum mediating interhemispheric interactions between the
primary motor areas (10) and white matter circuits mediating
parietal/M1 interactions during grasping (29), further demon-
strating the specificity of the effects that can be obtained with this
method. It is important to appreciate that the technique works
because (i) subjects carry out the action reprogramming in a rel-
atively consistent way even across several testing sessions and (ii)
the effect of a given type of conditioning pulse in a given cognitive
context is constant in a given subject (Fig. 2 and Fig. S2).
First, individual consistency inaction reprogramming is revealed

by comparing subjects’ RTs on two occasions on which they per-
formed the task. There was a very high correlation between the
RTs recorded in the two IPL experiments (pre-SMA and rIFG
IPL), even though at least 1 wk elapsed between experimental
sessions, including significant correlations for RTs in general [ρ=
0.891, P(16) < 0.001], RTs in stay trials [ρ= 0.840, P(16) < 0.001],
RTs in switch trials [ρ= 0.899, P(16) < 0.001], RT switching costs
[difference in switch RTs and stay RTs: ρ= 0.898, P(16) < 0.001],
and error switching costs [ρ = 0.637, P(16) = 0.008] (Fig. S2A).
This suggests there are reliable individual differences in action
reprogramming that may be attributable to individual differences
in anatomical and functional networks of executive control and
action reprogramming.
Second, individual consistency in the effects of conditioning

pulses is revealed by comparing the modulating influences of the
conditioning pulses on two occasions when conditioning was ap-
plied to the same brain region in the same behavioral context. We
analyzed ppTMS/spTMS MEP ratios at 175-ms SOA and at 8- or
9-ms IPL as well as left and right hand responses from the (i)
“rIFG/M1 SOA interaction experiment” (8-ms IPL, 175-ms
SOA), (ii) rIFG/M1 IPL experiment (9-ms IPL, 175-ms SOA),
(iii) “pre-SMA rTMS experiment” (rIFG/M1 connectivity before
rTMS application: 8-ms IPL, 175-ms SOA), and (iv) “Pz rTMS
control experiment” (rIFG/M1 connectivity before rTMS appli-
cation: 8-ms IPL, 175-ms SOA). Altogether, 17 subjects partici-
pated in at least two of these four experiments, and could thus
be included in the analysis. After rejection of two outliers using
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Grubb’s test, we found significant correlations for left hand re-
sponse ppTMS/spTMSMEP ratios [ρ=0.689, P(15) = 0.002] and
right hand response MEP ratios [ρ = 0.889, P(15) < 0.001]. This
also suggests high intraindividual test-retest reliabilities and very
stable individual patterns of functional connectivity during action
reprogramming and response switching (Fig. S2B).

SI Text Section 6
DW-MRI and TBSS: Data Acquisition and Analysis. DW-MRI data
(three acquisitions of 60 directions, b-value= 1,000 s/mm2, 2× 2×
2-mm voxels, 60 slices) were acquired from the 16 participants
taking part in the rIFG/M1 and pre-SMA/M1 IPL experiments on
a 3-T Siemens Trio MR scanner at the Oxford Centre for Clinical
Magnetic Resonance (OCMR). Image analysis was carried out,
and FA values were calculated with the Oxford Centre for
Functional Magnetic Resonance Imaging of the Brain’s (FMRIB)
diffusion toolbox from FMRIB’s Software Library (FSL) (30).We
then performed TBSS (31, 32). Individual FA maps were aligned
into standard space, and a mean FA image was created that un-
derwent “skeletonization” so that only the centers of tracts (i.e.,
the maximal FA values) were spared and voxels with lower FA
values were suppressed. Each participant’s FA image was then
projected onto this mean skeleton, which enabled statistical
comparison of FA values from homologous regions of the FAmap
across participants. To test whether there was a relationship be-
tween functional connectivity, as found in the TMS experiment,
and FA values across participants, we followed the procedure
outlined by Boorman et al. (14) and previously used by Mars et al.
(13) and Buch et al. (33). To test for local correlations between
MEP effect size and FA values, we used permutation testing (34)
as implemented in the FSL. Directionality of the effects was
chosen such that we searched for correlations between FA and
size of the MEP effect (i.e., increasing facilitation following pre-
SMA stimulation and increasing inhibition following rIFG stim-
ulation). Effects were reported as significant at a one-tailed sta-
tistical threshold of P ≤ 0.001 (uncorrected). This threshold is
similar to that used in many functional MRI studies, where the
number of voxels, and thus the possibility of a false-positive result,
is an order of magnitude greater. In addition, we note that it is not
possible to use the correction for the multiple comparisons that
are standard in functional neuroimaging studies because of the
skeletal nature of the FA maps. As an extra precaution against
false-positive results, we only report clusters with an extent of >10
voxels. These cutoffs are identical to those of Boorman et al. (14).
All significant correlations between FA value and MEP effect
were also significant at the cluster level and remained significant
after partitioning out variance related to the possible confounding
factors of participants’ age and intensity of the test coil stimulation.
We investigated correlations between FA and functional inter-

actions between rIFG/M1 and pre-SMA/M1 at both 6- and 12-ms
IPLs in a single multiple regression analysis. A complete list of
areas with significant correlations is reported in Table S1. These
results indicated the involvement of direct cortical routes medi-
ating rIFG/M1 and pre-SMA/M1 interactions at 6 ms and more
indirect routes, including subcortical areas, at 12 ms. These con-
clusions are corroborated by contrasts illustrating the differential
localization of areas of correlated FA in the 6-ms as compared
with 12-ms IPLs, as shown in Table S2. White matter clusters
correlating better with TMS effects at the 6-ms IPL were found
exclusively in the major white matter tracts known to link cortical
areas and subjacent to cortex, whereas clusters correlating better
with TMS effects at the 12-ms IPL were found not just in similar
regions but in deeper regions of white matter adjacent to the basal
ganglia and around STN.
To investigate further the white matter tract to which these

clusters belonged, we performed probabilistic diffusion tractog-
raphy (PDT) (35) using either the rIFG [masks from the study of

Tomassini et al. (3), kindly provided by the authors] or the right
pre-SMA [masks from the study of Johansen-Berg et al. (36),
kindly provided by the authors] as a seed mask and the individual
clusters from the TBSS analysis as waypoints. In this way, we could
investigate tracts originating from the rIFG of the pre-SMA and
traveling through the clusters indicated to mediate our functional
interaction effects. PDT estimates a probability distribution func-
tion on fiber direction at each voxel. A multifiber model was fit to
the diffusion data at each voxel, allowing for the tracing of fibers
through regions of fiber crossing or complexity. Here, we drew
1,000 streamline samples from our seed masks via the waypoint
clusters to form an estimate of the probability distribution of
connections from the masks via each individual waypoint cluster.
The masks (pre-SMA and rIFG) and the correlated clusters
identified with TBSS were transformed into each individual par-
ticipant’s space using the FSL nonlinear registration tool
“FNIRT.” PDT was run using the FSL PDT toolbox “Probtrackx”
with 1,000 streamline samples, 2,000 steps per sample, a step
length of 0.5 mm, and a curvature threshold of 0.2. When these
streamlines reach a voxel in which more than one direction is
estimated, they follow the direction that is closest to parallel with
the direction at which the streamline arrives (if it does not exceed
the curvature threshold). Tracts generated by PDT are volumes,
wherein values at each voxel represent the number of samples (or
streamlines) that passed through that voxel. For the elimination of
spurious connections, tractography in individual subjects was
thresholded to include only voxels through which at least 10
samples had passed [of 1,000 total samples; cf. Boorman et al.
(14)]. These individual tracts were then binarized, transformed
back into MNI standard space using FNIRT, and summed across
subjects to produce group probability maps for each pathway. In
these maps, each voxel value represents the number of subjects in
whom the pathway passes through that voxel.
To quantify the probability of fibers reaching STN, we per-

formed a ROI analysis. In each hemisphere, we defined the STN
region as a box sized 10 × 10 × 10 mm that is centered at MNI
coordinates (x = ±10, y = −15, z = −5) (1). For each individual
participant and each cluster-derived tractography result, we de-
termined the number of voxels that lay in the STN ROI. We then
added together the number of ROI voxels for each condition (pre-
SMA vs. rIFG: 6 vs. 12 ms). An ANOVA on the total number of
ROI voxels with the within-subjects contrast of “IPL” (6 vs. 12 ms)
and area (rFG vs. pre-SMA) revealed a significant effect of IPL
[F(1,15) = 252.084; P < 0.001] and of area [F(1,15) = 12.108; P=
0.003]. To correct for number of FA clusters significantly corre-
lated with TMS effects, we divided the total number of voxels in
each condition by the number of clusters. An ANOVA on the
“cluster-corrected” number of ROI voxels with the within-sub-
jects contrast of IPL (6 vs. 12 ms) and area (rFG vs. pre-SMA)
revealed a significant effect of IPL [F(1,15) = 112.375; P < 0.001]
and a significant IPL × area interaction [F(1,15) = 24.428; P <
0.001]. Post hoc paired-samples t tests on the corrected number of
ROI voxels confirmed that tractography derived from rIFG 12-ms
IPL clusters rather than tractography derived from rIFG 6-ms IPL
clusters [t(15) = 2.701; P = 0.016] and tractography derived from
pre-SMA 12-ms IPL clusters reached the ROI significantly more
often than tractography derived from pre-SMA 6-ms IPL clusters
[t(15) = 11.455; P < 0.001]. There was also a significant difference
between tractography derived from rIFG 6-ms IPL clusters and
pre-SMA 6-ms IPL clusters [t(15) = 4.775; P < 0.001; rIFG > pre-
SMA] and a significant difference between tractography results
derived from rIFG 12-ms clusters and pre-SMA 12-ms clusters
[t(15) = −3.231; P = 0.006; rIFG < pre-SMA]. However, these
differences might also be driven by the “cluster correction,” be-
cause we found the largest number of significantly correlated FA
clusters in the rIFG 12-ms IPL condition (Table S1).
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Fig. S1. Behavioral data from the rIFG/M1 interaction experiments. (A) Median RTs in motor switch and motor stay trials. (B) Error rates in motor switch and
stay trials. Median RTs (C) and error rates (D) in action reprogramming and action execution trials. Asterisks indicate significant (P < 0.05) differences in
a paired-samples t test. (Fig. 2E) Time course of rIFG/M1 interactions on color switch trials, separately for motor switch and stay trials. Asterisks indicate sig-
nificant inhibition (significantly smaller than 1.0 in a one-sample one-tailed t test of MEP ratios).

Fig. S2. Consistency of behavioral and TMS measures across experimental sessions. (A) Significant correlation for RTs at stay (red) and switch (blue) trials
between rIFG/M1 IPL and pre-SMA/M1 IPL experiments. (B) Significant correlation between left and right hand response ppTMS/spTMS MEP ratios at 8- or 9-ms
IPL and 175-ms SOA in different rIFG/M1 experiments.
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Table S1. White matter clusters correlating with rIFG/M1 and pre-SMA/M1 functional interactions at 6- and
12-ms IPLs

Region

MNI coordinates
Cluster size
(voxels)

Correlation
(whole cluster)x y z

rIFG/M1, 6-ms IPL
White matter under rIFG 36 28 −7 10 0.505
White matter under rIFG/PMv 35 10 18 11 0.508
Dorsomedial white matter −14 −27 60 10 0.720

rIFG/M1, 12-ms IPL
White matter in the vicinity of STN −19 −3 −10 30 0.588
White matter in the vicinity of STN 20 −4 −10 14 0.580
Extreme capsule 35 −12 −5 19 0.686
White matter underlying ventrolateral PFC 30 36 0 18 0.536
White matter underlying ventrolateral PFC −30 35 8 13 0.517
Anterior PFC white matter 20 35 27 28 0.536
Anterior PFC white matter −18 33 29 32 0.887
Superior longitudinal fascicle 36 −13 33 17 0.872
White matter underlying intraparietal sulcus −31 −54 34 11 0.528
White matter underlying PMd 29 −8 44 25 0.718
White matter underlying PMd, pre-SMA 18 −3 46 25 0.649
White matter underlying pre-SMA −9 29 52 27 0.620
White matter near M1 −18 −33 53 26 0.679
White matter near M1 21 −20 56 14 0.690

Pre-SMA, 6-ms IPL
SLF III −39 −26 31 15 0.652
Dorsomedial white matter 28 −18 36 12 0.582

Pre-SMA, 12-ms IPL
White matter underlying anterior superior temporal sulcus 46 −7 −13 17 0.638
White matter adjacent to pallidum −28 −20 −7 11 0.698
Dorsomedial white matter −19 −4 36 18 0.708
Dorsomedial white matter −21 4 36 12 0.663
White matter underlying intraparietal sulcus −23 −48 39 21 0.638
Dorsomedial white matter 18 5 40 54 0.724

PFC, prefrontal cortex; PMv, ventral premotor cortex; SLF, Superior Longitudinal Fascicle.

Table S2. Differential white matter effects at 6- and 12-ms IPLs

Region

MNI coordinates
Cluster size
(voxels)x y z

(rIFG/M1, pre-SMA/M1) 6-ms IPL > (rIFG/M1, pre-SMA/M1) 12-ms IPL
Anterior PFC white matter −19 44 −8 17
White matter under rIFG 26 18 −1 48
White matter under rIFG 35 10 18 18
Dorsomedial white matter 37 −23 30 65
Dorsomedial white matter −27 −23 29 12
White matter near M1 −47 −18 50 12

(rIFG/M1, pre-SMA/M1) 12-ms IPL > (rIFG/M1, pre-SMA/M1) 6-ms IPL
White matter in the vicinity of STN 16 −2 −10 16
White matter in the vicinity of STN −17 −22 −9 11
White matter under anterior rIFG −30 36 0 18
White matter under rIFG −45 10 13 12
White matter underlying pre-SMA 18 33 28 13
White matter underlying pre-SMA −21 36 27 30
SLF 40 −5 32 14
White matter underlying intraparietal sulcus 22 −50 36 96
White matter near M1 −37 −16 34 16
White matter underlying per-SMA −19 1 43 54
Dorsomedial white matter 17 −33 53 43
White matter near M1 −32 −14 52 13
White matter underlying pre-SMA 8 29 51 23
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