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It is critical for survival to quickly respond to environmental stimuli with the most appropriate action. This task becomes most challeng-
ing when response tendencies induced by relevant and irrelevant stimulus features are in conflict, and have to be resolved in real time.
Inputs from the pre-supplementary motor area (pre-SMA) and inferior frontal gyrus (IFG) to the subthalamic nucleus (STN) are thought
to support this function, but the connectivity and causality of these regions in calibrating motor control has not been delineated. In this
study, we combined off-line noninvasive brain stimulation and functional magnetic resonance imaging, while young healthy human
participants performed a modified version of the Simon task. We show that impairing pre-SMA function by noninvasive brain stimula-
tion improved control over impulsive response tendencies, but only when participants were explicitly rewarded for fast and accurate
responses. These effects were mediated by enhanced activation and connectivity of the IFG–STN pathway. These results provide causal
evidence for a pivotal role of the IFG–STN pathway during action control. Additionally, they suggest a parallel rather than hierarchical
organization of the pre-SMA–STN and IFG–STN pathways, since interruption of pre-SMA function can enhance IFG–STN connectivity
and improve control over inappropriate responses.
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Introduction
In the human motor system, fast automatic reactions elicited by
overlearned stimulus-response rules have the advantage of min-
imizing metabolic cost, computational complexity, and process-
ing time. Such routine reactions, however, have to be overridden
if they are in conflict with a new stimulus-response mapping rule.
For instance, when using a computer with different “language
settings,” some letters on the keyboard are assigned to keys,
which are incompatible to the overlearned key-to-letter mapping
rule. In this case, automatic tendencies to press keys according to
the “old” overlearned spatial mapping rule have to be suppressed
to avoid writing mistakes. This is one of many situations in daily
life where the brain networks engaged in motor control have to

solve conflicts between competing response tendencies and to
prioritize a specific action according to task requirements.

Recent studies have provided converging evidence that the
pre-supplementary motor area (pre-SMA) and inferior frontal
gyrus (IFG) play a central but differential role in controlling in-
appropriate response tendencies via their connections to the sub-
thalamic nucleus (STN) (Ridderinkhof et al., 2011). There is
evidence that connectivity in motor control networks is sensi-
tively tuned to the incentives of outcomes, which has been linked
to reward-related improvements in motor performance, e.g., in-
creased response speed (Harsay et al., 2011). However, crucial
knowledge about causal interactions in the pre-SMA–IFG–STN
network and its modulation by motivational incentives is lacking.

Results of previous studies indicate a hierarchical organiza-
tion of the motor control network, in which pre-SMA detects
response conflict and recruits IFG to stop inappropriate actions
via its pathway to the STN (Forstmann et al., 2010; Hikosaka and
Isoda, 2010; Neubert et al., 2010; Swann et al., 2012). When high
response speed is incentivized, such hierarchical models predict
an increase in pre-SMA–STN connectivity to control the in-
creased risk of impulsive errors. Thus, disruption of pre-SMA
should result in decreased response accuracy when fast responses
are rewarded due to a decreased pre-SMA–STN connectivity and
impaired recruitment of the IFG–STN pathway. Conversely, it
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has also been suggested that pre-SMA–STN and IFG–STN con-
nections constitute parallel (though interacting) pathways and
that the IFG–STN pathway takes over control when the pre-
SMA–STN pathway is insufficient in controlling erroneous re-
sponses, e.g., during high response speed (Wiecki and Frank,
2010). Since such parallel models postulate a pivotal role of the
IFG–STN pathway during high response speed, they predict an
increase in IFG–STN connectivity when fast responses are incen-
tivized. Disruption of pre-SMA activity should result in enhanced
IFG–STN connectivity enabling preserved motor control during
prospect of reward for fast responses.

To test these predictions, we acquired functional magnetic
resonance imaging (fMRI) data, while healthy volunteers per-
formed a Simon task with and without financial incentives for
fast and accurate trials (Fig. 1a). Participants performed the task
after 1 Hz repetitive transcranial magnetic stimulation (rTMS)
serving to transiently disrupt pre-SMA function and low-
intensity sham rTMS as a control condition on two different
sessions. This allowed inference on the organization, connectiv-
ity, and causality of the pre-SMA–IFG–STN network during mo-
tor conflict and its modulation by motivational incentives.

Materials and Methods
Participants. Fourteen healthy volunteers (7 females; mean age: 23
years � 3.9 years) with no history of major diseases including neurolog-
ical disorders participated in the experiment. All participants were right-
handed as assessed by the Edinburgh Handedness Inventory (Oldfield,
1971). The participants were paid 1000 DKK (�$170) for participation.
Additionally, they could win a monetary reward of a maximum of 500
DKK (�$85) during the experimental sessions. In accordance with the
declaration of Helsinki all participants gave their written informed con-
sent to the study, which was approved by the local ethics committee of the
University of Copenhagen, Denmark (H-KF-01-131/03).

Experimental task. To probe control over inappropriate response ten-
dencies, we used a modified version of the Simon task (Fig. 1 a; Simon,
1967). In the task, participants had to press the right or left button of a
computer mouse with, respectively, the index or middle finger of their
right hand depending on the color of a stimulus, which was presented on
either the left or right side of the screen. Thus, the cue had a relevant
dimension (color) and an irrelevant dimension (spatial position). Stim-
uli were labeled as Corresponding when spatial position and color-based
response side coincided, and Noncorresponding when spatial position
was opposite to the side designated by stimulus color. According to fea-
ture integration theory, response conflict is strongest when one stimulus
dimension alternates between trials, while the other stimulus dimension
stays the same (Hommel et al., 2004). In this case, one has to execute the
alternate response, if the relevant stimulus dimension changed between
trials, or repeat the response of the previous trial if the irrelevant stimulus
dimension changed. Conversely, the response tendency (alternate or
same response as previous trial) elicited by the relevant and irrelevant
stimulus feature is identical, when both stimulus dimensions stay the
same, or both stimulus dimensions change. We refer to the former trials
as incompatible, and to the latter trials as compatible trials. In this study
we focused on data analysis according to feature integration theory, but
we also report results of the analysis according to the classical within-
trials conflict (Corresponding and Noncorresponding trials).

Associations between the color of the cue and the appropriate response
were counterbalanced across subjects and sessions (real and sham
rTMS), but did not change within a session. In 50% of all trials, red and
blue coins were presented instead of circles. In these Prospect-of-reward
trials, the level of extrinsic motivation was increased by financially re-
warding trials in which participants performed faster than the group
average and correctly. No feedback was given during the experiment to
avoid interference between neural activity related to prospect of reward
and activity related to processing of reward outcomes.

One experimental session consisted of three fMRI runs, which com-
prised 168 experimental trials each. Each trial started with a central fix-

ation cross with a variable duration from 1500 –2500 ms. After this
fixation display, the respective stimulus was presented for 1500 ms. After
eight trials of no-reward stimuli (circles), a central fixation cross was
presented for 4000 ms followed by eight trials of prospect-of-reward
stimuli (coins). These small blocks of no-reward and Prospect-of-reward
stimuli were alternating throughout each run. A single fMRI run lasted
�13 min. Stimuli were pseudorandomly generated using E-Prime 2.0
(Psychology Software Tools) and a different stimulus order was gener-
ated for each run. We restricted stimulus generation by presenting each
trial type at an equal probability in each run. We additionally included 24
null trials per run (1 per block), in which only a central fixation cross was
presented. Before the rTMS and fMRI session, participants completed a
training program of 10 min to familiarize themselves with the stimulus-
response associations.

rTMS. Each participant underwent real and sham rTMS, delivered
outside the MRI scanner, on 2 separate days, at least 1 week apart. The
order of intervention was counterbalanced across subjects. In each rTMS
session, 1800 biphasic stimuli were given over the pre-SMA using a
P-Stim 160 stimulator and a figure-eight-shaped coil (double 95 mm;
MAG & More). All participants received 30 min of 1 Hz rTMS, which has
been shown to decrease cortical excitability at the stimulation site (Sieb-
ner and Rothwell, 2003). According to a previous study (Rushworth et
al., 2002) the pre-SMA stimulation site was located 4 cm anterior to
electrode position Cz with the handle pointing from right to left. We
chose this site because activations related to response capture during the
Simon task are localized in the caudal portions of the pre-SMA (Forst-
mann et al., 2008). Stimulation intensity was set to 100% of the individ-
ual resting motor threshold (RMT; motor-evoked potential �50 �V in
5/10 consecutive stimuli) for real rTMS and 30% of individual RMT for
sham stimulation. We used frameless stereotaxy (TMS Navigator; Lo-
calite) to ensure a constant position of the coil throughout the rTMS
session. All participants wore earplugs to protect against TMS-related
noise and to diminish differences in noise induced by real and sham
rTMS. The time from the end of rTMS to the commencement of fMRI
acquisition was �5 min.

fMRI acquisition and preprocessing. After rTMS, fMRI data were ac-
quired on a 3 T Verio scanner (Siemens). A scanning session consisted of
three runs. In each run 425 functional T2*-echo planar images (EPI; FOV
192 mm, slice thickness 3.5 mm, slice spacing 0.2 mm, TR 1850 ms, TE 26
ms, FA 75°, 36 slices, ascending acquisition order, whole-brain coverage)
were acquired. Visual stimuli were projected on a screen and were viewed
through a mirror attached to the head coil. The fMRI data were prepro-
cessed using statistical parametric mapping (SPM8; Wellcome Trust
Centre for Neuroimaging, London, UK) implemented in MATLAB
7.10.2 (MathWorks). The first three volumes were discarded to allow for
T1-equilibrium effects. The remaining images were realigned to the
mean EPI image of the time series to correct for small head movements.
The resulting images were normalized to a standard EPI template based
on the Montreal Neurological Institute (MNI) reference brain using lin-
ear and nonlinear transform, resampled to 2 � 2 � 2 mm voxels, and
smoothed with an isotropic 8 mm full-width half-maximum Gaussian
kernel, to allow for intersubject anatomical differences and to allow valid
statistical inference according to Gaussian random field theory. Addi-
tionally, the data were filtered in the temporal domain using a high-pass
filter with a frequency of 1/128 Hz to correct for baseline drifts.

Analysis of behavioral data. Mean reaction times (RT) and accuracy
rates were used for statistical analyses. In the Simon task, errors typically
occur due to impulsive fast responses (Ridderinkhof, 2002). Therefore,
accuracy rates were divided into fast and slow responses after a median
split. We refrained from dividing responses into more bins, because we
had to restrict the number of experimental trials due to the limited du-
ration of rTMS-induced aftereffects (Siebner and Rothwell, 2003). Ex-
treme RT values defined as either anticipatory responses faster than 200
ms or excessively delayed responses slower than 1500 ms were removed
from analysis. Main effects of Prospect-of-reward, rTMS, and incompat-
ibility on the independent variable RT were tested in a 2 � 2 � 2
repeated-measures ANOVA. Accuracy rates were tested in a 2 � 2 � 2 �
2 ANOVA with the additional factor Response-speed. In case of signifi-
cant interactions, post hoc comparisons were conducted and corrected
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for multiple comparisons using Bonferroni-
correction when applicable. We used Levene’s
test to ensure equality of distribution of error
variance before conducting the ANOVAs.

Analysis of fMRI data. The statistical analysis
of fMRI data was performed using the general
linear model (GLM). The design matrix was
generated with a synthetic hemodynamic re-
sponse function. Recordings of respiration and
cardiac pulsation were included as nuisance
covariates in the design matrix (Lund et al.,
2006). We also included 24 regressors to re-
move residual movement artifacts. Residual
movement effects were modeled using an ex-
pansion of the estimated movement parame-
ters from the rigid body realignment procedure
(six parameters). The expansion included the
motion parameters, the motion parameters
from the previous volume, squared motion pa-
rameters, and squared motion parameters
from the previous volume (Friston et al., 1996).
Trials following an erroneous trial or a null trial
were modeled as regressors of no interest. Main
effects for Prospect-of-reward (Prospect-of-
reward vs no-reward trials), Incompatibility
(incompatible vs compatible trials), and rTMS
(real vs sham rTMS) were analyzed by com-
puting the respective contrasts on the first
level and a consecutive one-sample t test on
the second level. Results were thresholded at
a cluster-corrected threshold of 0.05 using
the familywise error method implemented in
SPM.

Based on the results from the behavioral
data (see Results), we then conducted fMRI co-
variance analysis. In covariance-based fMRI
analyses individual differences in performance
are considered to provide important informa-
tion for elucidating neural correlates of behav-
ior rather than merely modeling individual
differences as error variance (Kosslyn et al.,
2002). Contrast maps for the contrast “Prospect-
of-reward vs no-reward trials” for incompatible
trials were computed for each participant in a
first-level analysis and entered into a paired sam-
ples t test for the sham and real rTMS condition
on the second level. Crucially, the reward-related
benefit in accuracy on incompatible trials was en-
tered as a covariate in the regression model. It was
defined as (AccuracyReward � AccuracyNeutral)/
AccuracyNeutral based on Harsay et al. (2011).

Based on our a priori hypothesis, we defined
IFG and STN contralateral to the moving hand
as regions of interest using a 12 mm sphere.
Since IFG activation during motor control has
often been reported to be right lateralized
(Aron, 2011), we applied the same analysis to
the ipsilateral (right) IFG and STN. Coordi-
nates were based on a meta-analysis of IFG ac-
tivation during response inhibition (IFG coordinates in MNI space: �49
11 4; Rubia et al., 2001) and an anatomical atlas (STN coordinates in MNI
space: �10 �15 �5; Lucerna et al., 2002), respectively.

Analysis of effective connectivity. Dynamic causal modeling (DCM) was
applied to assess changes in effective connectivity. DCM models the hid-
den neural dynamics underlying changes in the fMRI signal based on a set
of differential equations, comprising an A-matrix (baseline coupling), a
B-matrix (contextual modulation of the connections; here, Prospect-of-
reward and rTMS), and a C-matrix (direct inputs to the system; here
onsets of compatible and incompatible trials; Friston et al., 2003). Based

on our SPM results and previous neuroimaging studies (Aron et al., 2007;
Neubert et al., 2010), we constructed a DCM including the IFG, STN, and
pre-SMA in the left hemisphere as a parsimonious neural model for
motor control. The coordinates of IFG and STN were based on the local
activation peaks from the fMRI covariance analysis. The coordinates for
pre-SMA were based on the peak activation during the contrast “sham vs
real rTMS” on the second-level fMRI analysis (�8 10 52, MNI; Puncorrected �
0.005). The fMRI time series were extracted from all voxels within a 4 mm
radius of these coordinates, from each subject, using the first eigenvari-
ate. We refrained from using a bigger sphere or displacement of the

Figure 1. Experimental task and behavioral results. a, Experimental task. During fMRI, subjects performed a Simon task, which
required subjects to make a correct response while suppressing an inappropriate response. On each trial a cue was presented on
either the left or right side of the screen. Depending on the color of the cue, participants had to respond with a button press of the
index or middle finger of their right hand. When one cue dimension (e.g., color) alternated between trials, while the other cue
dimension (e.g., spatial position) was repeated (incompatible trials), there was an increased risk of impulsive inappropriate
responses compared with consecutive trials where both cue dimensions change or stay the same (compatible trials). The level of
motivation was manipulated by the presence or absence of a financial incentive. Participants could win a monetary reward in 50%
of the trials, which were indicated by a coin instead of a circle. b, Mean RTs after sham (left) and real rTMS (right). Error bars indicate
SEM. c, Mean accuracy rates after sham (left) and real rTMS (right) for fast responses. Trials were divided into slow and fast
responses after a median split. The gray box shows a selective improvement in accuracy after real rTMS for trials with a high level
of response conflict (incompatible trials) and a high level of motivation (rewarding context). Error bars indicate SEM.
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centers of the spheres due to the small size of the STN. We included a
direct connection from both pre-SMA and IFG to the STN (Monakow et
al., 1978; Jahfari et al., 2012; Lambert et al., 2012), and a reciprocal
connection between IFG and pre-SMA (Johansen-Berg et al., 2004; Aron
et al., 2007). Input (C-matrix) was set to pre-SMA, because motor
control-related activation of pre-SMA precedes activation of the IFG
(Neubert et al., 2010; Swann et al., 2012).

We created and compared several alternative models (Fig. 3a). The
critical difference was whether Prospect-of-reward, rTMS, or both mod-
ulated corticosubthalamic connectivity and whether the pre-SMA–STN
connection, IFG–STN connection, or both were modulated. We also
included a null model, which postulated that there was no modulation of
neural connectivity. This resulted in 10 different models for each partic-
ipant. To model rTMS as a modulatory input in the DCM, fMRI data of
the sham and real rTMS sessions were concatenated in a new GLM and all
models were then fitted to the fMRI data. We used Bayesian model selec-
tion (BMS) to detect the model that best explained the data taking into
account model complexity (Penny et al., 2004). Differences in free energy
(�F) � 5 indicate very strong evidence for a given model (Friston et al.,
2007). Having identified the most likely model, the connectivity param-
eters (B-matrix) of the best model were extracted to test whether modu-
lation of corticosubthalamic connectivity predicted the observed changes
in performance. To specifically assess predictions of variance, which was
not already explained by difference in neural activity, we applied hierar-
chical multiple linear regression analysis. Here, we added the individual
B-values, reflecting, respectively, modulation by Prospect-of-reward and
rTMS, into a regression model containing the eigenvariates from the
covariance-based fMRI analysis (see above, Analysis of fMRI data) as
independent variables (predictors). This allowed testing whether predic-
tions of the reward-related benefit in performance after rTMS were sig-
nificantly improved by including modulation of neural connectivity.

Results
Performance
In line with previous work (Hommel et al., 2004), participants
needed to slow down their motor response to inhibit the incor-
rect response tendency evoked by the recent history of the irrel-
evant stimulus dimension, and to execute the appropriate
response (Fig. 1b). Mean RT (�SD) was 595 ms (�55 ms) in
incompatible trials compared with 562 ms (�63) ms in compat-
ible trials, resulting in a significant main effect of Incompatibility:
F(1,13) 	 21.127, p 	 0.001. Of note, this between-trial effect on
RT (33 ms) was much more pronounced than the classical
within-trial effect of response conflict, i.e., the Simon effect, with
RTs being 9 ms slower in Noncorresponding compared with Cor-
responding trials (F(1,13) 	 5.646, p 	 0.034).

As expected from the effects of monetary outcomes on re-
sponse speed (Harsay et al., 2011) prospect of reward had a strong
effect on RT, with RT being 23 ms faster in the Prospect-of-
reward condition than in the No-reward condition (Main effect
of Prospect-of-reward: 567 � 55 ms vs 590 � 61 ms, F(1,13) 	
16.65, p 	 0.001; Fig. 1b). There was no main effect of rTMS on
RT (p 	 0.386) or any interactions between Prospect-of-reward,
rTMS and response conflict (neither for Incompatibility nor for
the Simon effect).

In a next step, we analyzed accuracy rates to assess control over
inappropriate responses. When analyzing the classical within-
trial conflict, there was no main effect of Correspondence
(F(1,13) 	 0.2, p 	 0.662), or interactions of Correspondence with
rTMS (F(1,13) 	 1.479, p 	 0.246) or Prospect-of-reward
(F(1,13) 	 1.967, p 	 0.184). On the other hand, incompatibility
between trials (according to the feature integration approach)
had a significant effect on accuracy rates, which were significantly
lower in incompatible trials compared with compatible trials
(Main effect of Incompatibility: 96.6 vs 99.1%, F(1,13) 	 8.939,

p 	 0.01; Fig. 1c). There was a statistical trend of Prospect-of-
reward (F(1,13) 	 3.891, p 	 0.07), but no significant effects of
Response-speed (F(1,13) 	 1.131, p 	 0.307) or rTMS (F(1,13) 	
0.034, p 	 0.856).

Since Response-speed modulated the crucial interaction be-
tween the effects of rTMS and Prospect-of-reward, F(1,13) 	
4.709, p 	 0.049, we also analyzed accuracy data separately for
fast and slow responses. There was an interaction between rTMS
and Prospect-of-reward (F(1,13) 	 4.711, p 	 0.049) and a statis-
tical trend for the interaction rTMS � Prospect-of-reward �
Incompatibility (F(1,13) 	 4.377, p 	 0.057) during fast responses,
but not during slow responses (respectively, p 	 0.168 and p 	
0.978). Post hoc comparison revealed that this interaction during
fast responses was driven by a reward-related increase in accuracy
rates after real rTMS compared with sham rTMS in incompatible
trials (t 	 2.249, p 	 0.03, two-tailed t test), with accuracy rates
increasing from 94.7 to 97.9% after real rTMS (Fig. 1c, gray box).
This improvement was not correlated with rTMS-induced
changes in the reward-effect on RTs (p 	 0.409) and can there-
fore not merely be explained by an increase in response caution or
general effects of rTMS on response speed. Thus, prospect of
reward led to improved response speed both after real and sham
rTMS. However, prospect of reward only led to improved motor
control (as indexed by accuracy rates during fast responses) after
real rTMS of the pre-SMA.

Neural activity
In a first step, we computed the main effects of Prospect-of-
reward, Incompatibility, and rTMS, which are listed in Table 1.
Prospect of reward induced activation in the bilateral basal gan-
glia (BG), bilateral cerebellum, and the visual cortex. Response
conflict during incompatible trials was linked to activation of a
frontoparietal network comprising left SMA extending to the

Table 1. Regions activated by Prospect-of-reward, Incompatibility and rTMS

Neural region Side

MNI coordinates
Max
z-scorex y z

Main effect of Prospect-of-reward
(Prospect-of-reward vs
no-reward)

Cerebellum Right 26 �44 �28 6.02
Cerebellum Left �30 �40 �32 5.78
Caudate Right 20 10 16 4.98
Putamen Left �26 �4 �10 4.71
Occipital cortex Right 38 �84 2 4.41
Putamen Right 20 10 4 3.94
Pallidum Right 20 12 0 3.87
SN/STN Right 16 �8 �10 3.53
Caudate Left �20 12 18 3.29

Main effect of Incompatibility
(incompatible vs compatible
trials)

Postcentral gyrus Left �42 �36 48 5.52
IPC Left �52 �26 46 4.87
SMA* Left �4 �6 56 4.40
IPC Right 36 �34 36 4.16
Cingulate cortex Left �8 6 38 3.77

Main effect of rTMS (real vs
sham rTMS)

— — — — — —

Results are shown at a threshold of p � 0.05 familywise error (FWE) corrected at the cluster level. SN, substantia
nigra; IPC, inferior parietal cortex. *SMA activation peaked at y 	 �6, but also extended into the pre-SMA. There
was no significant main effect of rTMS even at a lower threshold of Puncorrected � 0.001.
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pre-SMA, left cingulate cortex, bilateral
inferior parietal cortex, and left postcen-
tral gyrus. There were no main effects of
rTMS.

Then, to specifically assess the neural
mechanisms underlying the behavioral
improvement in action control, we ap-
plied fMRI covariance analysis using the
reward-related benefit in accuracy as our
covariance of interest. The analysis re-
vealed that activity in left IFG (peak acti-
vation in MNI space: �58 22 4) and left
STN (peak activation in MNI space: �14
�12 �6) was predicted by individual dif-
ferences in the rTMS-dependent reward-
related benefit in accuracy (Fig. 2). The
higher the benefit in motor control, the
stronger both areas were activated. Of
note, this was only significant for the left
hemisphere in line with a lateralization of
motor control to the contralateral side of
the executed movements. This result con-
firmed that pre-SMA, left IFG, and left
STN are critical nodes in a neural network
mediating motor control, which we aimed
to study in more detail in the final step of
the analysis.

Neural connectivity
To study the functional interplay between
pre-SMA, left IFG. and left STN and to
assess whether the improvement in motor
control was mediated by adaptive changes
in neural connectivity we used DCM of
effective connectivity (Friston et al.,
2003). �-Estimates and t scores for the main effects in the mod-
eled regions are shown in Table 2. The DCM analysis comprised
two steps. First, several models with different connectivity profiles
between pre-SMA, left IFG, and left STN were created (Fig. 3a) and
compared using BMS (Penny et al., 2004). BMS can be used to iden-
tify the model that best explains the data taking into account model
complexity. Second, the connectivity parameters of the best model
were extracted to test whether adaptive changes within our network
of interest improved predictions of the observed benefit in motor
control.

The network model that best explained the data postulated
modulatory effects of both Prospect-of-reward and rTMS on the
connection from left IFG to left STN (Fig. 3b, model 9). Accord-
ing to differences in the free energy approximation to the log-
model evidence, there was strong evidence for this model (�F 	
40 between the best model and second best model (model 3))
resulting in a posterior model probability of �1. We therefore
based further analysis of network parameters on model 9. This
model explained 19.3% variance of IFG activity, 14.2% variance
of pre-SMA activity, and 17% variance of STN activity. No “flat-
line-fits” were present in any of the participants. Coupling pa-
rameters (A-matrix and B-matrix) of model 9 are illustrated in
Figure 3c.

Including modulation of effective connectivity (Prospect-of-
reward and rTMS) in a hierarchical multiple linear regression
analysis significantly improved predictions of the behavioral ben-
efit in motor control compared with a regression model contain-
ing only modulation of neural activity in IFG and STN based on

the fMRI covariance analysis (R 2 change 	 0.124, p 	 0.036).
Together, the model including modulation of neural activity and
connectivity of IFG and STN predicted �88% variance (R 2 	
0.886, adjusted R 2 	 0.835, p � 0.001), which is illustrated in
Figure 4.

Discussion
Combining off-line rTMS of pre-SMA with fMRI, we assessed
how corticosubthalamic motor control networks mediate inhibi-
tion of inappropriate response tendencies induced by conflicting
stimulus features. Noninvasive brain stimulation and prospect of
reward for fast and accurate responses improved control over
impulsive response tendencies. This effect was mediated by mod-
ulation of IFG–STN activity and connectivity reflecting network
reorganization remote to the site of stimulation. We discuss these
findings in the context of theories of action control.

Dual-process models have been developed in an attempt to
explain the mechanisms underlying the resolution of decision
conflict induced by competing response tendencies (Kornblum
et al., 1990). According to these models an automatic uncondi-

Figure 2. fMRI covariance analysis. Regions showing significant correlation with individual differences in the reward-related
benefit in accuracy. For illustration purposes only, the SPM is thresholded at Puncorrected � 0.005 and the rTMS-induced behavioral
benefit is plotted against the rTMS-induced change in neural activity of, respectively, left IFG (�: 0.769) and left STN (�: 0.776). L,
left; R, right.

Table 2. t-scores and �-estimates of main effects in modeled regions

Prospect-of-reward Incompatibility TMS

Pre-SMA 4.91 (
1.5) 4.87 (
1.2) 2.90 (�1.5)
IFG 4.72 (
1.5) 4.11 (
1.2) 2.14 (
1.6)
STN 3.44 (
0.4) 5.18 (
0.5) 2.11 (
0.9)

The t-scores reflect the effects of the respective conditions in a random-effects analysis comprising data of all
participants (one-sample t test). �-Estimates are given in parentheses.
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tional response tendency elicited by the (irrelevant) spatial posi-
tion of the stimulus has to be inhibited when it is in conflict with
the relevant stimulus dimension (here color). Since the automatic
response is processed more quickly than the appropriate response,
subjects have to slow down their motor responses and “hold their
horses” when a conflict between response tendencies has been de-
tected (Ridderinkhof, 2002; Frank et al., 2007). If subjects fail to do
so, the impulsive response might be committed through the motor
system, resulting in an erroneous and rapid response.

In the current study, we only observed a behavioral effect of
rTMS for between-trials conflict according to feature integration
theory (Hommel et al., 2004), but not for the classical within-trial
conflict (Simon, 1967). One possible explanation is that the behav-
ioral effects of between-trials conflict on RT and accuracy rates were
more pronounced than the corresponding within-trial conflict.
Thus, performance on Corresponding and Noncorresponding trials
might have been too similar to allow a differential modulation by
rTMS. On the other hand, a recent study has shown that the pre-
SMA is particularly important in resolving response conflict between
trials, i.e., when a Noncorresponding trial follows a Corresponding trial
in the flanker task (Soutschek et al., 2013). This view is in line with
studies demonstrating a central role of pre-SMA in switching stimulus-
response rules between trials (Rushworth et al., 2002; Neubert et al.,
2010) and is also compatible with our observations.

Neurobiologically, it has been sug-
gested that the BG are key in controlling
inappropriateresponsetendencies(Nambuet
al., 2002; Ridderinkhof et al., 2011).
Within the BG, the STN is optimally posi-
tioned within the network for stopping
impulsive responses, since it receives di-
rect afferents from higher order cortical
regions in a hyperdirect pathway, allow-
ing a rapid activation of STN by cortical
regions (Nambu et al., 2002; Magill et al.,
2004). Via diverging axons to the palli-
dum, STN activation leads to a broad in-
hibition of thalamocortical projections
resulting in a global movement inhibition
(Aron, 2011). Studies have shown that
STN activation coincides with activation
of pre-SMA and IFG during response
conflict and movement inhibition (Aron
et al., 2007; Forstmann et al., 2008). Since
both pre-SMA and IFG have a hyperdirect
pathway to the STN (Aron et al., 2007), it

was proposed that pre-SMA, IFG, and STN constitute a neural
network controlling inappropriate responses (Aron et al., 2007;
Ridderinkhof et al., 2011). This was supported by studies showing
that deep-brain stimulation of the STN in patients with Parkin-
son�s disease disrupts pre-SMA activation and behavioral deci-
sion (Cavanagh et al., 2011) and motor thresholds (Ballanger et
al., 2009; Wylie et al., 2010), whereas it strengthens IFG activation
and behavioral inhibitory efficiency (van den Wildenberg et al.,
2006; Wylie et al., 2010; Swann et al., 2011, 2012). Effective con-
nectivity modeling of stop-related brain activity in healthy indi-
viduals shows that connection strengths for the pre-SMA–STN
and IFG–STN pathways are opposite in sign (Jahfari et al., 2012).
However, there is considerable disagreement about how these
regions interact to control inappropriate responses.

On the one hand, it has been suggested that the pre-SMA is
the “highest” hub in a hierarchically organized motor control
network, which sets inhibitory motor processes into operation
when response conflict has been detected. Activity in the pre-
SMA has been found to precede activity in the IFG during
action override (Neubert et al., 2010) and action inhibition
(Swann et al., 2012). When action tendencies conflict, the
pre-SMA may send rapid signals to the BG (Hikosaka and
Isoda, 2010) to increase response thresholds (Forstmann et al.,

Figure 3. BMS. a, Models that were compared using BMS. The models differed with regards to the modulated connection (pre-SMA–STN, IFG—STN, or both) and the experimental modulator
(Prospect-of-reward, TMS, or both). We also created a null model (M-1), which postulated that no connections were modulated. The models did not differ with regards to endogenous coupling
(A-matrix) or driving inputs (C-matrix; set to pre-SMA). b, Comparison of all considered models. There was strong evidence for the model postulating that both Prospect-of-reward and TMS
modulated the connection from IFG to STN (model 9). c, Model parameters. Endogenous coupling (A-matrix) is indicated by yellow lines connecting the different regions. Contextual modulation
(B-matrix; effect of Reward and TMS) is indicated by red lines modulating IFG–STN. The yellow arrow entering the network via pre-SMA indicates the driving inputs (compatible and incompatible
trials). Coupling values are given in mean (SD).

Figure 4. Hierarchical multiple linear regression analysis. a, Illustration of the predictors. The original regression model in-
cluded modulation of neural activity in IFG and STN as observed in the covariance-based fMRI analysis (R 2 	 0.762). Entering
connectivity values from the DCM analysis reflecting modulation of coupling by Prospect-of-reward and TMS (B-matrix) signifi-
cantly improved model predictions of the behavioral benefit (reward-related benefit in accuracy after rTMS) with an R 2-change of
0.124 ( p 	 0.036). The independent variables (predictors) of the regression model are marked in red. b, Regression model
predictions. The regression model comprising modulation of activity and connectivity of the IFG-STN pathway predicted �88%
variance of the behavioral benefit ( p � 0.001).
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2010) while recruiting the IFG to suppress and override the
inappropriate urge.

On the other hand, a parallel network model of the
pre-SMA–STN and IFG–STN pathway proposes that the acti-
vation of the IFG–STN connection during response conflict–
though not independent from pre-SMA function– does not
critically depend on pre-SMA activation and might thus be-
come particularly valuable when pre-SMA is insufficient in
controlling erroneous responses. For instance, trial-by-trial
variability in IFG–STN interaction may be complemented
through compensatory recruitment of pre-SMA–STN interac-
tion (Wiecki and Frank, 2010).

The results of the current study provide causal evidence for a
parallel organization of the pre-SMA–STN and IFG–STN pathways,
since improved control over impulsive responses was linked to an
enhanced IFG–STN connectivity after pre-SMA had been disrupted.
The hierarchical model, which proposes that pre-SMA activates the
IFG–STN pathway to override the inappropriate response, would
have predicted the opposite effect, which we did not observe, namely
impaired control over impulsive responses and impaired IFG–STN
connectivity after inhibitory stimulation of pre-SMA.

Combining rTMS and positron emission tomography, Obeso
et al. (2013) have recently demonstrated that stimulation of pre-
SMA can improve inhibitory efficiency in a Go–No-go task,
which was accompanied by increased activity of left IFG. These
results are in strong agreement with our study and provide addi-
tional evidence for a parallel organization of pre-SMA and IFG.

The left lateralization of the detected network seems at odds
with previous studies relating inhibition to a right-lateralized
network (Aron, 2011). However, recent evidence suggests that
frontoparietal regions of the left hemisphere mediate inhibitory
efficiency (Hirose et al., 2012), which is in line with our findings
demonstrating that improvement of inhibitory control is related
to activity of left IFG and STN.

Importantly, the improvement in performance after rTMS
was present only during prospect of reward for fast and accurate
responses, suggesting an interaction between the level of motiva-
tion and motor control. The neural mechanisms mediating mo-
tivational modulation of motor control in this context are not
well understood. However, a central role in this process has been
assigned to the BG (Mogenson et al., 1980), since they comprise
neural loops processing information not only from motor but
also from limbic regions (Alexander et al., 1986). These loops
are to some extent spatially segregated, but also interact within
the BG (Haber et al., 2006; Belin and Everitt, 2008). In line
with this, we found that prospect of reward induced activity in
the BG and modulated IFG–STN connectivity.

Additionally, we found bilateral cerebellar activation during
prospect of reward. While the cerebellum has traditionally been
related to basic motor control, there is increasing evidence that
the cerebellum is also involved in modulating “higher cognitive”
functions (Ramnani, 2006). Interestingly, recent evidence sug-
gests that the cerebellum is important when effort has to be put
into a task (Peterson et al., 2012). In the current task, increased
activation of the cerebellum might be related to the increased
effort needed to speed up responses to gain a financial reward,
although such reverse inference must await future confirmation.

The neural mechanisms underlying changes in neural connectiv-
ity by motivational incentives are unclear. However, there is increas-
ing evidence that dopamine is central to reward-related modulation
of neural connectivity, e.g., via dopamine-dependent induction of
long-term potentiation (LTP; Calabresi et al., 2007). Dopamine-
dependent modulation of connectivity is central to reinforcement

learning (Redgrave et al., 2010) and motivational modulation of
behavior (Robbins and Everitt, 2007). Importantly, it has recently
been shown that the interface between motivation and cognitive
control is mediated by striatal dopamine release (Aarts et al., 2012,
2011) and modulation of corticostriatal connectivity (Harsay et al.,
2011). During motivational learning dopamine release increases ac-
tivity of D1-type receptor-related movement-facilitating corticos-
triatal pathways and decreases activity of D2-type receptor-related
movement-inhibiting pathways, thus reinforcing motor programs,
which have led to a rewarding outcome (Frank et al., 2004, 2007).
This mechanism allows adjusting behavior to action-specific out-
comes and motivational context. Since dopamine-dependent in-
duction of LTP also takes place in extrastriatal nuclei of the BG
(Prescott et al., 2009), such a mechanism might underlie the ob-
served increase in connectivity from IFG to STN in the current study.

Our proof of principle study has important implications for
experimental modulation of the pre-SMA–IFG–STN network:
while disruption of pre-SMA through rTMS did not have any
main effects on motor control, combining rTMS with explicit
financial incentives enabled an improvement of motor control in
healthy subjects. Given the variable effects of rTMS (Hamada et
al., 2013) and the limited sample size (n 	 14) future research, in
particular studies with larger sample sizes, are needed to confirm
and further explore the results observed in this study.

In summary, we provide causal evidence for a pivotal role of
the IFG–STN pathway during control of inappropriate responses
and demonstrate that motor control can be modified by shaping
corticosubthalamic connectivity when combining motivational
incentives and noninvasive brain stimulation.
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