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The ability to discard a prepared action plan in favor of an alternative action is critical when facing sudden environmental changes. We
tested whether the functional contribution of left supramarginal gyrus (SMG) during action reprogramming depends on the functional
integrity of left dorsal premotor cortex (PMd). Adopting a dual-site repetitive transcranial magnetic stimulation (rTMS) strategy, we first
transiently disrupted PMd with “off-line” 1 Hz rTMS and then applied focal “on-line” rTMS to SMG while human subjects performed a
spatially precued reaction time (RT) task. Effective on-line rTMS of SMG but not sham rTMS of SMG increased errors when subjects had
to reprogram their action in response to an invalid precue regardless of the type of preceding off-line rTMS. This suggests that left SMG
primarily contributes to the on-line updating of actions by suppressing invalidly prepared responses. On-line rTMS of SMG additionally
increased RTs for correct responses in invalidly precued trials, but only after off-line rTMS of PMd. We infer that off-line rTMS caused an
additional dysfunction of PMd, which increased the functional relevance of SMG for rapid activation of the correct response, and
sensitized SMG to the disruptive effects of on-line rTMS. These results not only provide causal evidence that left PMd and SMG jointly
contribute to action reprogramming, but also that the respective functional weight of these areas can be rapidly redistributed. This
mechanism might constitute a generic feature of functional networks that allows for rapid functional compensation in response to focal

dysfunctions.

Introduction

In an ever-changing world, the ability to rapidly adjust ones ac-
tion to sudden changes in the environment is important for sur-
vival. Reacting to changes requires the cancellation of the present
action plan and its replacement by a new appropriate action.
Previous work has identified several frontal and parietal cortical
areas that contribute to the efficient reprogramming of actions
(Chambers et al., 2007; Forstmann et al., 2008b; Mars et al., 2009;
Neubert et al., 2010; Verbruggen et al., 2010). For instance, it has
been shown that the left dorsal premotor cortex (PMd) is prefer-
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entially involved in nonroutine stimulus-response mapping
(Tacoboni et al., 1998; Dassonville et al., 2001) or more indirect
stimulus-response mapping based on arbitrary relations between
cue and action (Hoshi and Tanji, 2006).

One way of addressing the role of a brain region for action
reprogramming is repetitive transcranial magnetic stimulation
(rTMS). r'TMS provides an effective means to condition (off-line
r'TMS approach) or to perturb (on-line rTMS approach) distinct
cortical regions (Siebner and Rothwell, 2003; Siebner et al., 2009).
Both on-line and off-line rTMS have been successfully used to
study the functional contribution of premotor or parietal areas to
action selection and reprogramming (Rushworth et al., 2001;
Chambers et al., 2007; O’Shea et al., 2007; Buch et al., 2010).
These studies have provided some evidence that left supramar-
ginal gyrus (SMG) and PMd contribute to motor reprogramming
in response to spatial cues. On-line perturbation of left SMG with
high-frequency rTMS prolonged action reprogramming in a spa-
tially precued reaction time (RT) task (Rushworth et al., 2001).
Low-frequency off-line rTMS of left PMd improved action re-
programming in a spatially precued RT task, reducing the num-
ber of errors in invalidly precued trials (Ward et al., 2010). In that
study, functional magnetic resonance imaging during task per-
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formance revealed increased functional coupling between left
PMd and SMG after 1 Hz rTMS over PMd, which correlated with
the individual decrease in error rate (ER; Ward et al., 2010).
However, the causal relevance of an intact interaction between
PMd and SMG during action reprogramming remains unclear.
Motivated by these previous studies, we used a dual-site off-
line—on-line rTMS approach to investigate how the functional
contribution of left SMG to action reprogramming changes in the
presence of a dysfunctional left PMd.

We reasoned that both PMd and SMG are key regions for
nonroutine responses that require the integration of conflicting in-
formation during action reprogramming. Based on previous studies,
we hypothesized that left SMG would be more critical for switching
motor plans (Rushworth et al., 2001), by suppressing the release of a
prepared but incorrect response triggered by an invalid precue. In
contrast, PMd might be more critically involved in rapid stimulus
response mapping requiring the initiation of the correct response
(Christensen et al., 2007; Schubotz, 2007). If this were the case, on-
line rTMS of left SMG should primarily interfere with the suppres-
sion of the prepared but incorrect response, and thus affect accuracy
on invalidly precued trials. Moreover, interference with left PMd
function should limit the brain’s ability to compensate for the dis-
ruptive effect of SMG rTMS on stimulus-driven response activation.
Therefore, after off-line rTMS of left PMd, subsequent on-line rTMS
ofleft SMG should additionally delay the speed of responding to the
unprepared response cue.

Materials and Methods

Subjects. 20 volunteers (9 females, mean age = 25.2 years, age range = 21-30
years) with no history of neurological disorders or head injury participated in
the main experiment comparing the effects of dual-site TMS of both PMd
and SMG. For comparing the effects of dual-site TMS of ventral premotor
cortex (PMv) and SMG, a subset of 12 subjects was reexamined after 3—4
months with identical experimental procedures. A different subset of six
subjects was reexamined to test the effects of focal on-line rTMS over PMv
after 6 months to minimize repetition and familiarity effects. All subjects
were right-handed (laterality index of >80%) according to the Edinburgh
Handedness Inventory (Oldfield, 1971) and naive to TMS. During the ex-
periments, subjects were equipped with earplugs. Written informed consent
was obtained before the experiment. The study was performed according to
the guidelines of the Declaration of Helsinki and approved by the Ethics
Committee of the Medical Faculty of the Christian-Albrechts University of
Kiel.

Experimental design and task. Figure 1 illustrates the study design. After
a short training session, we reversibly perturbed activity in left PMd or
vertex through low-frequency 1 Hz rTMS before the task (off-line rTMS;
Figure 1 A, C) in two separate sessions. Control condition was 1 Hz rTMS
over the vertex. After 1 Hz off-line rTMS, participants performed a spa-
tially precued RT task. The task required spatially congruent button
presses, as quickly and accurately as possible, in response to a visually
presented right- or left-sided target stimulus (S2). A directional precue
(S1) indicated the probable position of the target stimulus. In 75% of the
trials, S1 validly predicted the position of S2 and subjects were instructed
to prepare for the response indicated by S1 (Fig. 1 B). The task consisted
of 2 X 240 trials: 2 X 180 trials with right valid or left valid precues and
2 X 60 trials with right invalid and left invalid precues (Fig. 1B). The
intertrial interval was 1 s.

During the task, four-pulse bursts of focal high-frequency 10 HzrTMS
were applied to left SMG on 50% of trials (vs 50% sham TMS trials),
starting 20 ms after the presentation of the cue (on-line rTMS, Fig. 1C,D).
Stimulus presentation and response recording was obtained using
E-PRIME software (Psychology Software Tools).

TMS. Biphasic TMS pulses were applied using two P-Stim 160 stimu-
lators connected to a figure-of-eight shaped coil (type Q.C.) with each
half-wing having a diameter of 90 mm (Mag & More GmbH). The TMS
protocols were within the published safety limits (Rossi et al., 2009).
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Stimulation intensity was set to 90% of individual resting motor thresh-
old of the right first dorsal interosseous muscle for off-line and on-line
r'TMS. Neuronavigation was used to position the TMS coils and maintain
their exact location and orientation throughout the experiment (see be-
low). Each participant received 30 min of 1 Hz off-line rTMS (1800
stimuli) either over left PMd or vertex. We chose the vertex as control site
because this area is associated with leg movements rather than hand
movements and has been previously introduced as valid control condi-
tion in different motor studies (Bestmann et al., 2002; Grefkes et al., 2010;
Ward etal., 2010). The two off-line rTMS sessions were applied in coun-
terbalanced order at least 5 d apart. The off-line rTMS protocol was
identical to the protocol used by Siebner et al. (2003) because it resulted
in a suppression of neuronal activity in the stimulated PMd and con-
nected brain regions for at least 1 h after the end of stimulation (Siebner
et al,, 2003; O’Shea et al., 2007). Off-line rTMS targeted left PMd using
the mean stereotactic coordinates from a recent rTMS-functional mag-
netic resonance imaging study (Ward et al., 2010) (Fig. 1C).

Focal on-line rTMS consisted of a four-pulse train of effective or sham
10 Hz rTMS. The 10 Hz rTMS train was applied over left SMG 20 ms after
the onset of S2 (Fig. 1 D). Since the on-line rTMS protocol was motivated
by a previous study targeting left SMG with high-frequency rTMS (Rush-
worth etal., 2001), we used the mean stereotactic coordinates reported in
that study (Fig. 1C). Stereotactic coordinates for left PMv (x,y,z = —62, 4,
20 mm; MNI space) were obtained from a recent meta analysis (Mayka et
al., 2006). Effective and sham rTMS trials were equally frequent (50%
each) and pseudorandomly intermingled. Sham on-line rTMS was given
through an additional coil, which was placed over the first coil at an angle
of 90°. Stimulation intensity was set 15% higher for sham as compared
with effective on-line rTMS to produce a comparable acoustic stimulus
without effectively stimulating the brain.

Neuronavigation. Neuronavigated TMS (TMS-Navigator; Localite) was
based on the registered individual T1-weighted MR image. Before the exper-
iment, a high-resolution MRI scan of the whole brain was acquired for each
subject using an MPRAGE sequence in sagittal orientation (slice thickness 1
mm; in-plane resolution 1 X 1 mm; TE/TR = 3.78/8.25 ms). Individual
stimulation sites were determined by calculating the inverse of the normal-
ization transformation and transforming the mean coordinates derived
from the studies described above from standard to “individual” space for
each subject. To this end, individual T1-weighted images were segmented
using the standard tissue probability maps provided in the Statistical Para-
metric Mapping software (SPM 5; http://www.fil.ion.ucl.ac.uk/spm/) imple-
mented in MATLAB 7.7 (Mathworks) (Friston et al., 1995) with a very light
bias regularization. Afterward, the resulting image was normalized and resa-
mpled to 1 X 1 X 1 mm? voxels. A recently developed algorithm
(http://r-forge.r-project.org/projects/rniftilib/) calculated the stimulation
“entry coordinates” with the shortest distance from the target coordinate in
the brain to the head surface for each subject. The coils were placed over these
entry coordinates on the surface of the head. The coils targeting PMd or
SMG were placed tangentially on the head with the handle pointing at 45° to
the sagittal plane, with the second phase of the biphasic pulse inducing a
posterior to anterior current flow in the stimulated cortex.

Data analysis. For each experimental condition, mean RTs and ERs
were calculated. For RTs and ERs, separate repeated-measures ANOVAs
and post hoc t tests were performed using SPSS Software (version 13). RTs
for trials with correct responses and ERs were separately analyzed for
validly and invalidly precued trials and the validity effect (i.e., the differ-
ence between invalidly and validly precued trials) using 2 X 2 repeated-
measures ANOVAs including the within-subject factors off-line rTMS
(off-line 1 Hz rTMS of PMd or vertex) and on-line rTMS (effective or
sham 10 Hz rTMS of SMG). A threshold of a = 0.05 was considered
significant for all comparisons. All reported p values are two tailed.

Delta plots for accuracy and RTs. To further explore the differential
effects of rTMS over SMG and PMd on accuracy and RTs on invalidly
precued trials, we used delta plots within the theoretical framework of a
dual-process model and the activation suppression hypothesis (Rid-
derinkhof, 2002a) to determine effect size as a function of response
speed. Dual-process models have been previously used to capture
stimulus-response compatibility effects in conflict tasks with delta plots
(Ridderinkhof, 2002b; Forstmann et al., 2008a). A schematic representa-
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Experimental design
A Timeline of the experiment

session 1
60 trials of valid 1 Hz offline rTMS to left PMd task: 2x240 stimuli
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Figure1. Experimental design. A, The experiment consisted of two sessions that were performed at least 5 d apart in counterbalanced order. In both sessions, 1 Hz off-line rTMS was applied either
to left PMd (blue) or vertex (yellow). During the experimental task, on-line 10 Hz rTMS was applied to left SMG (red). B, Subjects performed a visually precued two-choice RT task. A directional precue
(S1) appeared for 250 ms on the screen and indicated the probable position of a target stimulus (S2). Then 750 ms after S1, 52 appeared for 250 ms. In 75% of the trials, the precue validly predicted
the target’s position and subjects were instructed to prepare for the response indicated by S1. Participants made a spatially compatible button press with their right index finger (left-sided target)
or middle finger (right-sided target) according to the position of S2. The order of event types was pseudorandomized. €, Stimulation sites for left PMd and SMG were based on mean stereotactic
coordinates obtained from two recent studies (Rushworth et al., 2001; Ward et al., 2010): the PMd site was located at x, y, z = —28, 8, and 64 mm and the SMGsite atx, y,z = —52, —36,and 56
mm within MNI space. D, A four-pulse train of 10 Hz rTMS to left SMG, starting 20 ms after the onset of S2. ant, anterior; post, posterior.
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Effect of dual-site rTMS over PMd and SMG
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Figure 2.

bars indicate onefold SE from the mean (SEM). *p << 0.05; two tailed.

tion of our dual-process model is shown in Figure 5A. This model as-
sumes that the controlled processes of stimulus-response translation via
a deliberate response activation route are paralleled by a direct activation
route. Both routes converge at the level of response activation processes.
Within the framework of this model, we assumed that on invalidly precued
trials, the direct response activation route would be activated by the invalid
precue (S1) whereas the deliberate response decision processes would be
activated by the target stimulus (S2).

The activation suppression hypothesis (Ridderinkhof, 2002a) states
that the selective suppression of direct stimulus activation takes some
time to build up and varies from trial to trial. Given these dynamics,
interference effects (i.e., activation of the direct response based on the
invalid precue) are more effectively controlled by selective suppression
when subjects make slow as opposed to faster responses (Ridderinkhof et al.,
2005). The processing dynamics within the dual-route model can be ex-
plored by examining the points in time where delta plots diverge between
different experimental conditions. Delta plots for accuracy usually have a
positive slope indicating accuracy decreases as a function of response speed
(i.e., speed-accuracy trade-off).

To construct delta plots for accuracy and response times, RT's for both
correct and incorrect responses were rank ordered per rTMS condition for
each subject and then divided into four equal-sized RT quartiles. Mean RT
and accuracy were determined for each quartile in each condition. Finally,

C Invalid-Valid Precues

Vertex
(offline rTMS)

F Invalid-Vvalid Precues

Vertex PMd
(offline rTMS)

Effect of rTMS over SMG and PMd. Mean RTs and ERs for the different trial types: validly precued trials (4, D), invalidly
precued trials (B, E), and validity effect (C, F), after off-line rTMS to PMd or vertex and effective or sham on-line rTMS to SMG. Error
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we constructed delta plots for accuracy and RTs
by plotting the validity effect (i.e., accuracy or
mean RTs on invalidly precued trials versus val-
idly precued trials) as a function of RT (i.e., the

* average of mean RTs in invalidly and validly pre-
1 i .

& cued trials per quartile). Slopes were computed
for the delta plot segments connecting the data
points of quartile 1 and 2, quartile 2 and 3,
and quartile 3 and 4 (Ridderinkhof, 2002b).
Repeated-measures ANOVAs were used to inves-
tigate the effects of rTMS on the slopes of the delta
plots for accuracy and RTs, including the factors
off-line rTMS (1 Hz rTMS of PMd or vertex),
on-line rTMS (10 Hz effective or sham rTMS
over SMG), and slope segment (quartile 1-2,
quartile 2-3, and quartile 3—4).

Control experiments. In two follow-up experi-
ments, we tested for the local specificity of the
effects evoked by dual-site rTMS targeting the
PMv. More specifically, the first control experi-
ment tested whether the priming effect of off-line
rTMS over PMd was mediated by PMyv, an area
previously associated with the processing of vi-
sual signals for action planning (Hoshi and Tanji,
2004, 2006; Pardo-Vazquez et al., 2008). If this
were the case, dual-site 'TMS combining off-line
. a rTMS of PMv with on-line rTMS of SMG should

induce a similar or even stronger effect than dual-
site 'TMS combining off-line rTMS of PMd with
on-line rTMS of SMG. The second control exper-
iment addressed regional specificity of the on-
line rTMS effect over left SMG. If the role to
efficiently suppress the prepared but invalid re-
sponse was specific for SMG, we would expect an
increase in ERs after on-line rTMS of SMG but
not PMv.

PMd

Results
Effects of dual-site rTMS over left PMd
and SMG on motor updating
We analyzed the disruptive effects of dual-
site rTMS on task processing separately
for correct and incorrect responses (i.e.,
error trials) to investigate whether off-line
rTMS of PMd and on-line rTMS of SMG
differentially affected RTs and ERs. In val-
idly precued trials, effective relative to sham on-line rTMS signifi-
cantly decreased RTs independent of the off-line rTMS site (main
effect of on-line r'TMS; F, 4y = 19.77; p = 0.0001; Fig. 2A). On
invalidly precued trials, we did not find any main effects on RTs.
However, a significant interaction between off-line and on-line
tTMS (F(, 19y = 8.14; p = 0.01) showed that off-line rTMS of left
PMd sensitized the ipsilateral SMG to the acute disruptive effects of
high-frequency on-line rTMS on response initiation. This finding
indicates that a perturbation of both areas was necessary to delay task
performance. RTs were significantly increased with effective on-line
rTMS to SMG ( post hoc paired t test: t ;) = 2.10; p = 0.045), but not
with sham rTMS to SMG (p = 0.59) after off-line 1 HzrTMS of PMd
relative to vertex. Of note, the delaying effect of on-line rTMS over
left SMG (vs sham) on response initiation critically depended on the
type of off-line rTMS, because it only led to RT increases when pre-
ceded by off-line rTMS to PMd (¢,4) = 2.24; p = 0.04; Fig. 2 B) but
not off-line rTMS over the vertex.

Combined disruption of both PMd and SMG increased the
RT cost for invalidly precued trials (i.e., the validity effect or
difference in RTs between invalidly and validly precued trials:
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main effect of off-line rTMS: F, ;o) =
6.03; p = 0.024), but the type of off-line
r'TMS interacted with the type of on-line
rTMS (F,, 10, = 10.03; p = 0.005; Fig. 2C).
The significant interaction between off-
line and on-line rTMS again showed that
an intact function of left PMd could com-
pensate for a disruption of ipsilateral
SMG on stimulus-driven initiation of the
unprepared response unless it was dis-
rupted with off-line rTMS. Consequently,
the RT difference between invalidly and
validly precued trials was enhanced only if
effective on-line rTMS to SMG was pre-
ceded by off-line rTMS of left PMd rela-
tive to vertex (f 5, = 4.44; p = 0.0001).
This was not the case for sham on-line
rTMS to left SMG (p = 0.35). The sensi-
tizing effect of off-line 1 Hz rTMS over left
PMd on the response delay induced with
on-line r'TMS of left SMG was further
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Influence of the recency effect
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contrast to stimulus-driven initiation of
the unprepared response, the detrimental
effect of effective on-line rTMS on the
ability to suppress the prepared but inappropriate response was
not influenced by the type of off-line rTMS (i.e., no significant
interaction between on-line and off-line rTMS and no main ef-
fect of off-line rTMS). The validity effect also showed that effec-
tive on-line rTMS impaired the inhibition of the prepared
invalid response regardless of the type of off-line rTMS, result-
ing in significantly increased ERs after effective relative to sham
rTMS (main effect of on-line rTMS: F(, ,4) = 17.50; p = 0.001;
Fig. 2 F).

Dual-site rTMS does not influence the recency effect for
correct responses

Additional ANOVAs investigated potential influences of the ef-
fector (i.e., the responding finger: right middle vs index finger) or
the validity of the precue in the preceding trial (i.e., recency ef-
fect) on task performance. RT is usually shorter when a mem-
ber of the same compatibility class is presented on the next
trial, i.e., for a valid-valid or an invalid-invalid sequence
(Praamstra et al.,, 1999). Specifically, we wanted to test
whether the effect of a previous trial on the following one
would be modulated by rTMS. Using mean RTs and ERs as

trials (B, E), and validity effect (C, F), after off-line rTMS to PMd or vertex and effective or sham on-line rTMS to SMG. Error bars
indicate onefold SE from the mean (SEM). *p << 0.05; two tailed.

dependent variables, repeated-measures ANOVA did not re-
veal any significant influence of the responding finger on RTs
or ERs (all p > 0.27).

We found a main effect of recency on RTs in validly precued
trials only (F, ;o) = 13.68; p = 0.002; Fig. 3A), indicating that
RTs for validly precued trials were significantly increased when
these trials were preceded by invalidly precued ones regardless of
the type of off-line or on-line rTMS. The recency effect did not
affect the validity effect or RTs in invalidly precued trials, and
there was no interaction with off-line or on-line rTMS in either
condition (all p > 0.23; Fig. 3B,C).

There was no influence of recency on ERs in validly precued
trials (Fig. 3D). However, a main effect of recency in invalidly
precued trials indicated that ERs were significantly increased
when invalidly precued trials were preceded by validly precued
ones (F(, 1) = 13.41; p = 0.002; Fig. 3E). The critical contribu-
tion of the left SMG to the rapid on-line updating of motor plans
was further corroborated by an interaction between the effect of
recency and on-line rTMS (F, ;4 = 5.86; p = 0.03; Fig. 3E). This
interaction indicated that effective compared with sham on-line
r'TMS over left SMG led to significantly more errors when inval-
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idly precued trials were preceded by validly precued ones, but this
was independent of the type of off-line rTMS (t,4) = 2.98; p =
0.029). Comparable results were found for the validity effect:
Again, both the main effect of recency (F, ;o) = 12.19; p = 0.003)
and the interaction between on-line rTMS and recency (F, 4y =
5.65; p = 0.03) reached significance, with the latter indicating
that effective compared with sham on-line rTMS increased errors
when invalidly precued trials were preceded by validly precued
ones, but this was independent of the type of off-line rTMS
(t10) = 2.87; p = 0.029; Fig. 3F).

On-line rTMS of SMG decreases RTs for incorrect responses
In an additional analysis, we further investigated the differential
effects of off-line rTMS and on-line rTMS on RTs and ERs. To
this end, we directly compared RTs for trials with correct versus
incorrect responses in invalidly precued trials. The ANOVA
yielded a significant interaction between on-line rTMS (i.e., ef-
fective vs sham rTMS to SMG) and response type (i.e., correct vs
incorrect responses) (F, o) = 6.86; p = 0.021). In invalidly pre-
cued trials, effective on-line rTMS of SMG significantly decreased
RTs for incorrect responses (i.e., responses based on the invalid
S1 precue) compared with RTs for correct responses (i.e., re-
sponses based on the valid S2 target stimulus) (¢, = 3.17; p =
0.021; Fig. 4). Of note, the decrease in RT's for incorrect relative to
correct responses was not significant for sham on-line rTMS (p =
0.18). This interaction provided further evidence for a key role of
left SMG in suppressing inappropriate response tendencies based
on invalid precues. This interaction was independent of the type
of off-line rTMS as it did not interact with the factor off-line
r'TMS, and there were no main effects of on-line or off-line rTMS
(all p > 0.12).

Changes in accuracy and RT as a function of response speed

The relative increase in ERs for incorrectly precued trials as op-
posed to correctly precued trials was higher for fast responses.
This speed—accuracy relationship is illustrated in the delta plots
for accuracy (Fig. 5B). The three-factorial ANOVA, which as-
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sessed the effects of 'rTMS on the slopes of the delta plots, showed
a main effect of slope segment (F, 4, = 5.73; p = 0.012). This
was caused by an overall increase in the slopes for the earlier
compared with the later RT quartiles across all rTMS conditions
(quartile 1-2 vs quartile 2-3: £, = 2.45; p = 0.019; quartile 1-2
vs quartile 3—4: £,y = 3.56; p = 0.001). While off-line rTMS over
PMd did not modify the slopes of the delta plots for accuracy,
on-line rTMS over SMG had a consistent effect on the increase in
ERs with response speed (F; o) = 14.04; p = 0.001). Relative to
sham r'TMS, effective on-line rTMS of left SMG caused a stronger
increase in ERs with response speed for incorrectly as opposed to
correctly precued trials. A significant interaction between the
type of on-line rTMS and slope segment showed that effective
rTMS of SMG had a differential effect on the speed—accuracy
relationship depending on the slope segment (F, ;) = 4.93;p =
0.02). Effective on-line rTMS was associated with steeper accu-
racy slopes than sham on-line rTMS over SMG for the earlier RT
quartiles (quartile 1-2: t,4) = 3.44; p = 0.003; quartile 2-3:
ta9y = 2.05; p = 0.055) but not for the later quartile (quartile 3—4:
p = 0.11). This effect of on-line rTMS was not modified by the
type of off-line rTMS.

We also constructed delta plots for the RT interference effect
(Fig. 5C) and assessed the effects of on-line and off-line rTMS on
the change in RT interference effects with a three-factorial
ANOVA and the slope of the RT delta plots as dependent vari-
ables. This ANOVA showed an interaction between the type of
on-line rTMS and slope segment (F, ;5) = 4.86; p = 0.04). Dur-
ing sham on-line rTMS of SMG, the slopes of the RT delta plots
were negative for all slope segments, showing a weaker validity
effect of the precue on RT at slower response times (Fig. 5C). This
relationship between the RT cost for incorrectly precued trials
and response speed was inverted by effective on-line rTMS over
SMG. Now the validity effect on RT was more pronounced at
slower response times. Accordingly, post hoc t tests showed that
effective on-line rTMS of SMG was associated with higher RT
slopes than sham on-line rTMS for the early and middle quartiles
(quartile 1-2: ¢4y = 3.23; p = 0.004; quartile 2-3: ;o) = 2.33;
p = 0.031). A similar trend was also found for the latest quartile
(quartile 3—4: p = 0.06).

Relative to off-line rTMS over the vertex, off-line rTMS over
left PMd increased the RT cost for invalidly precued trials with
increasing response time across all RT segments, but only if the
left SMG was additionally perturbed with effective on-line rTMS
(Fig. 5C). This interaction between on-line and off-line rTMS
was strongest for the middle slope segment (i.e., quartile 2-3).
Accordingly, the three-factorial ANOVA revealed a main effect of
off-line rTMS (F, 5, = 5.05; p = 0.035), a two-way interaction
between the type of off-line rTMS and the type of on-line rTMS
(F1.9) = 9.07; p = 0.006), and a three-way interaction between
the type of off-line rTMS, type of on-line rTMS, and the slope
segment (F(, 5 = 4.95; p = 0.037). The sensitizing effect of
off-line 1 Hz rTMS over left PMd on the response delay induced
with on-line rTMS of left SMG was further substantiated by post
hoc pairwise comparisons. When contrasting the two off-line
PMd conditions, effective on-line rTMS of SMG significantly
increased the slope for all three slope segments compared with
sham on-line rTMS of SMG with the strongest effect on the mid-
dle quartile, and this effect was only significant after off-line
r'TMS of PMd relative to vertex (quartile 1-2: t, = 4.91; p =
0.001; quartile 2-3: t5, = 6.11; p = 0.0001; quartile 3—4: t4), =
4.71; p = 0.0001).
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Control experiment 1: off-line rTMS over PMv and on-line
rTMS over SMG

In this experiment (n = 12), we asked whether off-line 1 Hz rTMS
of left PMv (vs vertex) would also make additional perturbation
of left SMG more likely to delay the successful updating of motor
plans. The vertex session was taken from the main experiment.
Replicating the results of the main experiment, on-line disrup-
tion of left SMG with rTMS significantly decreased RTs in validly
precued trials independent of the type of off-line rTMS (F, ;) =
5.75; p = 0.035; Fig. 6A). However, neither on-line rTMS of SMG
alone nor dual-site rTMS of both PMv (off-line rTMS) and SMG
(on-line rTMS) influenced invalidly precued trials. Conse-
quently, dual-site rTMS over left PMv and SMG had no effect on
stimulus-driven response initiation in invalidly precued trials
(Fig. 6 B) or the validity effect (Fig. 6C). This demonstrates the
specific role of PMd but not PMv in the type of action reprogram-
ming required by our experimental task.

ERs were not significantly different in validly precued trials (Fig.
6D). In invalidly precued trials, a main effect of on-line rTMS again
confirmed that effective on-line rTMS of SMG interfered with effec-
tive suppression of the prepared but invalid responses. Errors for
effective relative to sham on-line rTMS to SMG increased for incor-
rectly precued trials independent of the type of off-line rTMS (main
effect of on-line rTMS: F, |, = 8.27; p = 0.015; Fig. 6 E). The valid-
ity effect also confirmed increased ERs for effective relative to sham
on-line rTMS of SMG (F, ,;, = 7.56; p = 0.019; Fig. 6 F).

To further validate the local specificity of the TMS-induced
lesion effects, we directly compared the effects of off-line rTMS

over PMd and PMv in invalidly precued trials. A significant in-
teraction (F(,;,, = 3.76; p = 0.044) between off-line rTMS
(r'TMS over PMd vs PMv) and on-line rTMS (effective vs sham
rTMS of SMG) showed that the increase of RTs with effective
on-line rTMS relative to sham on-line rTMS of SMG was found
after off-line rTMS of left PMd (¢, ,, = 3.14; p = 0.043) but not
after off-line rTMS of left PMv (p = 0.21).

Control experiment 2: effect of on-line rTMS over left PMv
An additional experiment tested for the specificity of the on-line
lesion effect (n = 6). In this experiment, effective or sham on-line
rTMS was applied to left PMv during the task without any pre-
ceding off-line rTMS. We did not find any disruptive effects of
PMv rTMS. On the contrary, relative to sham rTMS, effective
on-line rTMS of left PMv significantly decreased RTs in both
validly precued trials (¢5, = 4.62; p = 0.007; Fig. 7A) and inval-
idly precued trials (¢, = 2.82; p = 0.037; Fig. 7B) but did not
affect the validity effect (p = 0.20; Fig. 7C) or ERs (all p > 0.12;
Fig. 7D-F).

Discussion

This study used a dual-site TMS approach, which targeted left
PMd (off-line rTMS) and left SMG (on-line rTMS) to examine
the causal involvement of these brain areas in rapid action repro-
gramming. Regardless of the type of preceding off-line rTMS,
on-line rTMS of SMG induced a selective increase in errors when
subjects had to reprogram their action because of an invalid pre-
cue. This indicates a critical involvement of left SMG in effectively
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activity in monkeys have shown that both
PMv and PMd are involved in preparing
and selecting actions (Boussaoud and
Wise, 1993a,b; Hoshi and Tanji, 2006).
However, recent work has demonstrated
that cue-related activity of PMv neurons is
more closely linked to information about
the target location, whereas neurons in
PMd encode a combination of informa-
tion about target location and motor ef-
fector (Hoshi and Tanji, 2006). It was
hypothesized that PMv is primarily in-
volved in matching the motor act directly
with cue information about target loca-
tion or target features (direct sensorimo-
tor matching), whereas PMd supports
more arbitrary cue-action associations
(indirect sensorimotor matching). In ac-
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bars indicate onefold SE from the mean (SEM). *p << 0.05; two tailed.

suppressing the release of a prepared but incorrect response. The
notion that SMG plays a key role in preventing the release of
inappropriate responses extends previous work showing that
SMG is important for the on-line control of actions, including the
rapid updating of motor plans (Rice et al., 2006; Tunik et al.,
2007).

Another key finding of our study is that only a combined
disruption of PMd and SMG significantly delayed successful ac-
tion reprogramming. On-line rTMS over SMG increased RTs for
correct but invalidly precued responses, but only after 1 Hz rTMS
had induced an additional dysfunction of PMd. The additional
premotor dysfunction increased the functional relevance of SMG
during action reprogramming and hereby made the subsequent
on-line perturbation of SMG more likely to delay successful ac-
tion reprogramming. These findings provide causal evidence that
left PMd and SMG contribute to the successful updating of motor
plans, and that the functional significance of one area for action
reprogramming depends on the functional integrity of the other.

The rTMS-induced lesion effects on action reprogramming
were anatomically and functionally specific since rTMS failed
to show any disruptive effects when given over vertex or PMv.
This is somehow surprising as intracortical recordings of neural

Invalid-Valid Precues

Vertex
(offline rTMS)

Effect of rTMS over PMv and SMG. Mean RTs and ERs for the different trial types: validly precued trials (4, D), invalidly
precued trials (B, E), and validity effect (C, F), after off-line rTMS to PMv or vertex and effective or sham on-line rTMS to SMG. Error

cordance with the putative role of PMv in
direct sensorimotor matching, a recent
dual-site TMS study showed functional
interactions between human right PMv
and left primary motor cortex during the
reprogramming of naturalistic grasping
actions prompted by a change in target
size (Buch et al., 2010). In contrast, we did
not find evidence for an involvement of
PMv in another form of action repro-
gramming, namely of switching the mo-
tor effector based on invalid “arrow” cues.
A possible explanation for the discrepancy
is that action reprogramming in our mo-
tor paradigm preferentially involved indi-
rect sensorimotor matching subserved by
PMd.

On-line and off-line rTMS only af-
fected trials that required action repro-
gramming. These findings suggest that
both SMG and PMd are key regions for
the integration of conflicting informa-
tion. This is compatible with previous
studies showing that PMd is involved in nonroutine stimulus-
response mapping (Iacoboni et al., 1998; Dassonville et al., 2001). In
contrast, we did not find any evidence for a contribution of SMG and
PMd to routine stimulus-response mapping of a prepared response
since rTMS did not influence validly precued trials. We attribute this
negative finding to the fact that validly precued trials did not require
the integration of conflicting information because precue and target
triggered the initiation of the same action. Alternatively, the absence
of any disruptive effects on validly precued trials might be related to
task difficulty. The rTMS effects might have been too weak to
efficiently disrupt simple stimulus-response mapping.

Our on-line rTMS train was given shortly after the appearance
of the target to interfere with the capability of SMG to inhibit the
prepared incorrect response and activate the alternative response
based on the target. In the absence of an off-line premotor rTMS
session, supramarginal on-line rTMS primarily increased errors
in invalidly precued trials. We infer that on-line rTMS disrupted
the capability of SMG to efficiently suppress the release of the
prepared but inappropriate response. Accordingly, supramar-
ginal on-line rTMS decreased RTs for incorrect responses com-
pared with RTs for correct responses. The interaction between
recency effect and on-line rTMS further corroborates the notion

PMv
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of a critical contribution of SMG to action
reprogramming. The recency effect for in-
validly precued trials indicated a strong
priming effect of the preceding validly
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accuracy to response speed. On-line per-
turbation of SMG resulted in a steeper in-
crease of the “accuracy slopes” at earlier
quantile segments of the RT distribution,
suggesting that on-line rTMS of left SMG
attenuated the ability to suppress the pre-
pared but incorrect response.

This was further substantiated by our
finding that during sham rTMS of SMG,
the RT validity effect was stronger for
faster response times, whereas the validity
effect on RT became more pronounced
for slower response times during effective 04
rTMS of SMG. The change in the slopes of
the RT delta plots suggests that effective
on-line rTMS selectively decreased the
suppression of direct response activation,
which should have its strongest impact on
slow responses (Ridderinkhof, 2002b).

On-line rTMS of SMG also revealed a contribution of left
SMG in the initiation of the correct action in response to the
target in invalidly precued trials, but only when left PMd had
been additionally perturbed by off-line rTMS. The delta plots
relating the RT validity effect with response speed confirm that a
combined on-line—off-line perturbation of SMG and PMd was
necessary to interfere with deliberate response decision processes.

We suggest that the “lesion effect” caused by acute disruption
of neural processing in SMG was not sufficient to impair response
updating because intact neural processing in PMd was still suffi-
cient to maintain a normal level of deliberate response activation.
The additional impairment oflocal processing in PMd prevented
effective compensation and slowed down the initiation of cor-
rect responses in invalidly precued trials. Hence, the observed
increase in RTs after dual-site rTMS of PMd and SMG can be
explained by a summation effect of the “lesion effects” induced by
both rTMS protocols. In the context of a pre-existing PMd lesion
(induced by oftf-line rTMS), an additional on-line perturbation
increased the total lesion load in the neural network subserving ac-
tion reprogramming and rendered it more challenging to maintain
task performance. Thus, a combined impairment of PMd and SMG
was required to result in less efficient deliberate response activation.
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Of note, the additional perturbation of PMd did not further enhance
errors. This might indicate a preferential cooperation between PMd
and SMG in terms of correct stimulus-response mapping, but not
for the suppression of inappropriate preplanned responses, which
might be supported by other areas.

Previous dual-site TMS studies investigated interhemispheric in-
teractions between homologous areas (Strens et al., 2003; O’Shea et
al., 2007), indicating that on-line rTMS over a homolog cortical site
can unmask an off-line lesion effect by blocking compensatory pro-
cesses (Sack et al., 2005). Focusing on intrahemispheric frontopari-
etal interactions, we show that multiple areas contribute to rapid
action reprogramming and that the weight of the relative contribu-
tion of a single area can rapidly change, indicating a general flexibility
of brain networks in terms of distributed processing.

Our study was motivated by a recent study reporting reduced
errors in invalidly precued trials after premotor off-line rTMS. It was
suggested that this error reduction was mediated by increased func-
tional coupling between left PMd and SMG (Ward et al., 2010).
However, rather than producing a reduction in errors, premotor
off-line rTMS increased RTs for correct responses in invalidly pre-
cued trials when preceding supramarginal on-line rTMS in our
study. Several differences between the two studies may account for
the different results. First, we disrupted SMG during task perfor-
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mance, while the previous study did not interfere with task process-
ing in SMG. Second, while subjects were asked to respond as quickly
as possible in the previous study, we also put strong emphasis on the
accuracy of the response. It is possible that the stronger focus on
correct responses might have attenuated possible beneficial effects of
premotor off-line rTMS on errors.

In sum, our results provide novel evidence for an intrahemi-
spheric synergistic interaction between left PMd and SMG during
action reprogramming. We show that SMG is primarily engaged
in the suppression of the prepared but incorrect response. The
additional increase in RTs after dual-site rTMS of both PMd and
SMG indicates that SMG also supports the initiation of the ap-
propriate action during action programming. However, our re-
sults show that the correct response initiation is possible with
either an intact PMd or SMG. Only if normal functioning of PMd
is impaired by rTMS, does SMG become essential for the rapid
initiation of appropriate actions. This demonstrates for the first
time that the ability of the motor system to acutely compensate
for a transient virtual lesion can be effectively blocked by off-line
r'TMS to another critical node within the same intrahemispheric
network. Hence, the dual-site TMS approach combining off-line
and on-line rTMS provides a powerful tool to assess the capacity
of the motor system to acutely compensate for focal dysfunction.
Specifically, this approach can unravel the causal role of func-
tional interactions within networks, and ultimately might con-
tribute to the understanding of how such networks reorganize
after long-term disruption such as occurring after stroke.
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