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In the welter of everyday life, people can stop particular response tendencies without affecting others. A key requirement for such
selective suppression is that subjects know in advance which responses need stopping. We hypothesized that proactively setting up and
implementing selective suppression relies on the basal ganglia and, specifically, regions consistent with the inhibitory indirect pathway
for which there is scant functional evidence in humans. Consistent with this hypothesis, we show, first, that the degree of proactive motor
suppression when preparing to stop selectively (indexed by transcranial magnetic stimulation) corresponds to striatal, pallidal, and
frontal activation (indexed by functional MRI). Second, we demonstrate that greater striatal activation at the time of selective stopping
correlates with greater behavioral selectivity. Third, we show that people with striatal and pallidal volume reductions (those with
premanifest Huntington’s disease) have both absent proactive motor suppression and impaired behavioral selectivity when stopping.
Thus, stopping goals are used to proactively set up specific basal ganglia channels that may then be triggered to implement selective
suppression. By linking this suppression to the striatum and pallidum, these results provide compelling functional evidence in humans
of the basal ganglia’s inhibitory indirect pathway.

Introduction
Stopping action can occur in several forms. A simple form of
stopping occurs in reaction to an infrequent external signal (Ver-
bruggen and Logan, 2008, Chambers et al., 2009, Boehler et al.,
2010). Such reactive stopping has broad motor effects, suggesting
use of a global inhibitory mechanism (Badry et al., 2009, Majid et
al., 2012, Cai et al., 2012, Greenhouse et al., 2012). Some circum-
stances, however, may demand selective stopping targeted at a
particular response (Aron and Verbruggen, 2008, Majid et al.,
2012). Experimentally, this can be induced by requiring the sub-
ject to initiate two responses and then stopping one while con-
tinuing the other. For such stopping to be truly mechanistically
selective, as opposed to nonselectively stopping all responses be-
fore reinitiating the one that must continue (cf. Bissett and Lo-
gan, 2013), it appears critical that subjects use stopping goals to
prepare in advance which response channels might have to be
stopped (Claffey et al., 2010, Cai et al., 2011). We refer to this as
“proactive selective stopping.” As this reflects a more ecologically
valid form of control than simple reactive stopping (Aron, 2011),
understanding its neural correlates could have wider implica-
tions, especially for disorders of response control.

Here we hypothesized that proactive selective stopping is im-
plemented via fronto-basal ganglia signaling through the stria-
tum and pallidum. These nodes are involved in two classical basal
ganglia pathways: the direct and indirect pathways. The indirect
pathway is of particular relevance to proactive selective stopping
because its net effect after thalamocortical drive is inhibitory and
it has the appropriate anatomical selectivity (Hazrati and Parent,
1992, Albin et al., 1995). Whereas this pathway features promi-
nently in movement disorders and cognitive neuroscience alike
(Penney and Young, 1983, Vonsattel et al., 1985, Mink, 1996,
Jahfari et al., 2011), functional evidence in humans is scant. This
is because of limitations in imaging resolution, the paucity of
behavioral tasks known to engage selective stopping, and the dif-
ficulty in showing that a neural substrate in humans is necessary
for behavior.

Using a behavioral paradigm for examining proactive selec-
tive stopping, wherein each trial has both a preparing-to-stop and
an outright-stopping phase (Aron and Verbruggen, 2008, Cai et
al., 2011, Majid et al., 2012), we investigated the underlying neu-
ral mechanisms with three methods. First, we used single-pulse
transcranial magnetic stimulation (TMS) over the motor cortex
as a probe of corticomotor excitability. We aimed to replicate our
previous result (Cai et al., 2011) of proactive suppression of re-
sponse channels when preparing to stop selectively. Second, we
used fMRI in the same subjects to test whether (1) proactive
suppression measured by TMS would correspond to striatal and
pallidal fMRI activation (indicating that basal ganglia channels
are used to set up proactive suppression) and (2) whether these
basal ganglia “suppression channels” would be retriggered when
stopping outright. Third, we aimed to evaluate whether striatum
and pallidum are necessary for proactive selective stopping by
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studying premanifest Huntington’s dis-
ease (preHD) individuals who have MRI-
confirmed damage of these structures,
examining whether they are impaired in
proactive selective stopping compared
with matched controls.

Materials and Methods
Subjects
Experiment 1. Eighteen healthy right-handed
subjects (8 males, 10 females; mean age, 21.6 �
2.4 years) participated in a TMS session and an
fMRI session. All subjects provided written
consent in accordance with the Institutional
Review Board (IRB) guidelines of the Univer-
sity of California, San Diego (UCSD). They
also completed a TMS safety-screening ques-
tionnaire (Rossi et al., 2009) and an fMRI
safety-screening form. Subjects had no history
of neurological or psychiatric disorder.

Experiment 2. Sixteen right-handed HD-
positive subjects took part; two subjects were
excluded (one was an outlier on behavior, the
other was given a diagnosis of manifest HD),
leaving a group of 14 premanifest HD subjects
(4 males, 10 females). The mean CAG repeat
length of the mutant HD-gene allele was
43.0 � 2.8 repeats. Based on this, preHD subjects were predicted to be
11.1 � 6.0 years from disease onset (Langbehn et al., 2004, Langbehn et
al., 2010). There were 15 controls (eight males, seven females), matched
on age (preHD, 43.4 � 13.4 years; controls, 42.0 � 12.6 years; t � 1),
education (preHD, 14.1 � 2.4 years; controls, 15.3 � 2.4 years; t(27) �
1.421; n.s.), the Mini Mental Status Exam (MMSE; preHD, 28.2 � 2.2
points of 30; controls, 28.5 � 1.6 points of 30; t � 1) (Folstein et al.,
1975), and the Montreal Cognitive Assessment (MoCA; preHD, 26.4 �
2.5 points of 30; controls, 27.0 � 2.5 points of 30; t � 1) (Nasreddine et
al., 2005). All subjects provided written consent in accordance with
UCSD IRB guidelines and completed the safety screening form. Subjects
were not taking neuropsychiatric drugs and had no neurological condi-
tion besides preHD status. At the time of the TMS experiment, the ex-
perimenter was blind to the genetic diagnosis of the preHD group.

Selective stop-signal task
Experiment 1 TMS version. We used the selective stop-signal task, adapted
from Cai et al. (2011), in which subjects initiated a two-hand response on
each trial but tried to stop one of the two responses in the case of an
infrequent stop-signal (Fig. 1 A). A key characteristic of this task is that
each trial consists of two separate phases: a preparing-to-stop phase,
where subjects must prepare in advance the hand that might need to stop,
and an outright-stopping phase in which the response is made.

After an instruction session and two practice blocks, subjects per-
formed 12 blocks proper. Each block had 48 trials. On each trial, subjects
prepared by placing index and little fingers of each hand on four buttons.
The two index fingers made up “inner” responses, whereas the two little
fingers made up “outer” responses. Trials began with a cue [i.e., Maybe
Stop Right (MSR), Maybe Stop Left (MSL), or Null] written in white on
a black background for 500 ms. The MSR and MSL cues (20 trials each
per block) instructed subjects to prepare to stop a particular hand in the
case of a stop-signal later in the trial. The Null trials (8 per block) indi-
cated that no response would be necessary and provided a TMS baseline.

After the cue, the screen then turned blank for an average of 4 s before
go-signal onset (range, 1.5–7 s). Single-pulse TMS was delivered over the
motor cortex representation of the right hand on every trial during this
cue-stimulus interval, 1 s after the cue offset (Fig. 1 B). This served to
index the corticomotor excitability of the right-hand motor representa-
tion at a given moment (see below for more details). This early 1 s stim-
ulation time was of particular interest because it was the very time point
at which we had previously identified proactive hand suppression in a
task paradigm with a fixed 1.5 s cue-stimulus interval (Cai et al., 2011).

We aimed to replicate those findings, albeit using a slower task design
where the cue-stimulus interval was extended and jittered. This was an
important design consideration for the subsequent fMRI session.

After the preparatory period, an imperative Go stimulus was presented
on MSR and MSL trials. This consisted of four horizontally arranged
circles with two circles colored blue, indicating either a bimanual inner or
outer finger response (equal probabilities). Failure to respond with both
hands simultaneously (defined as �70 ms difference in response times)
resulted in a “decoupled” warning presented for 1 s. The intertrial inter-
val was a fixed 1 s. On Go trials (50% of trials, 10 MSR, 10 MSL per block),
the circles remained until a response was made or 1 s had passed. On Stop
trials (25% of trials, five MSR, five MSL per block), a red X appeared in
the center of the screen after a short stop-signal delay (SSD) and re-
mained until the end of the trial. Subjects were required to stop the
response of the hand previously cued at the beginning of the trial while
quickly continuing with the other hand.

Note that some trials were so-called “Partial trials” (25% of trials, five
MSR, five MSL per block), in which the screen remained blank until the
end of the trial. These trials, requiring stopping preparation without a
subsequent response, were important to statistically isolate the neural
contribution of the preparation phase in the fMRI session (Ollinger et al.,
2001) but were also used in the TMS session for task consistency.

The SSD dynamically varied throughout the experiment, increasing or
decreasing by 50 ms with every successful or failed stop, respectively,
leading to an approximate probability of stopping of 50%. The stop-
signal reaction time (SSRT) was calculated using the integration method
(Verbruggen and Logan, 2009). Additional behavioral measures in-
cluded the accuracy and rate of decoupling on Go trials, the probability of
stopping successfully on Stop trials, the stopping direction error rate
(how many times the subject stopped the incorrect hand), median Go
reaction time (RT), median RT on failed Stop trials, and median RT of
the unstopped continuing hand on Stop trials (the Continuing RT).

The Stopping Interference Effect indexes the selectivity of stopping
(Aron and Verbruggen, 2008). We estimated this effect as the median RT
of the continuing hand (when the other hand is stopped) minus the
median RT of that same hand on analogous Go trials. These analogous
Go trials were determined by rank-ordering the Go RTs and averaging
those RTs longer than the nth one, where n is obtained by multiplying the
number Go RTs in the distribution by the probability of failing to stop on
Stop trials. This method provides a more accurate estimate of the Stop-
ping Interference Effect as it accounts for the fact that the Go process on

Figure 1. Selective stopping task design. A, Task design. Each trial began with a preparatory cue (0.5 s). MSR and MSL indicated
which hand might have to stop in the case of an uninformative stop-signal. After a delay (Experiment 1, 4 s jittered; Experiment 2,
1.5 s fixed), a go-signal (two colored circles) appeared, prompting a bimanual response with either the inner (index) or outer
(pinky) fingers together. On one-third of trials, a stop-signal (a central X) then appeared after a dynamically varied SSD, requiring
the subject to stop the previously cued hand while continuing the other. The Null cue indicated a no-action rest trial and served as
the TMS baseline. In the fMRI paradigm, this baseline was replaced by the JG cue, which indicated that no stop-signal would follow
a go-signal. B, TMS setup. TMS was delivered over the left motor representation of the right hand, producing an MEP recorded by
EMG. TMS was always delivered 1 s after the offset of the stopping cue (represented by lightning bolts).
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successful Stop trials will be slower than that of all Go trials (Verbruggen
and Logan, 2009).

Experiment 1 fMRI version. There were three short practice blocks
outside the scanner and four blocks within the scanner. Task details were
similar to the TMS procedure, with a few differences. Each scanner block
was made up of 48 trials with four equiprobable cues [MSR, MSL, Maybe
Stop Both (MSB), and Just Go (JG)]. There was no Null cue, but the JG
condition served as a comparable baseline by assuring subjects that no
stop-signal would occur on that trial. MSR and MSL were selective stop-
ping cues, whereas MSB was a nonselective stopping cue indicating that
subjects should stop both hand responses in the case of a stop-signal. We
have previously shown that stopping in the MSB condition has a physi-
ological profile akin to simple reactive stopping for which proactive se-
lective preparation would be unlikely (cf. Majid et al., 2012). Thus, the
MSB served as an additional control condition.

For the MSR, MSL, and MSB conditions, 50% of trials were Go trials
(six trials per condition per block), 25% were Stop trials (three trials per
condition per block), and 25% were Partial trials (three trials per condi-
tion per block). For the JG condition, 75% of trials were Go trials (nine
trials per block) and 25% were Partial trials (three trials per block). The
intertrial interval was jittered from 1 to 5 s (mean, 3 s).

Experiment 2 TMS version. There were three practice blocks followed
by eight blocks proper of the TMS task. There were a few differences
compared with TMS in Experiment 1. Each block was made up of 30
trials with five equiprobable cues (MSR, MSL, MSB, JG, and the Null
baseline; six trials per condition). In addition to the Null baseline, the JG
and MSB conditions served as additional control conditions for which
proactive selective motor suppression was not expected (cf. Majid et al.,
2012). Cues were presented for 500 ms. After cue offset, the screen re-
mained blank for a fixed 1.5 s period until the go-signal, and TMS was
always delivered 1 s after cue offset (exactly 500 ms before the go-signal)
on each trial. These timing parameters matched those of Cai et al. (2011),
for which proactive suppression was demonstrated at the group level,
since fMRI design considerations were not relevant for Experiment 2.
Accordingly, there were also no Partial trials. Stop trials thus occurred on
33% of all MSR, MSL, and MSB trials (two per block per condition).

TMS
EMG recordings. The subjects sat about 50 cm in front of a 19-inch
monitor with their hands placed on a four-keypad response devise (two
vertical keypads for index-finger responses flanked by two horizontal
keypads for little-finger responses). Surface electromyography (EMG)
was recorded using a pair of 10 mm silver electrodes from the first dorsal
interosseous (FDI) of the right hand, optimal on account of this muscle’s
role in the right-hand index response. A ground electrode was placed
over the radial wrist protuberance of the right hand.

A Glass QP511 Quad AC Amplifier System (Glass Technologies) am-
plified the EMG signal using a 30 Hz to 1 kHz bandpass filter and a 60 Hz
notch filter. A CED Micro 1401 mk II acquisition system sampled the
data at a frequency of 2 kHz. Data were recorded using CED Signal
version 4 (Cambridge Electronic Design).

TMS delivery. Transcranial magnetic stimulation was delivered with a
MagStim 200-2 system (Magstim) and a figure-of-eight coil (7 cm diam-
eter). The study began with a thresholding procedure in which subjects
sat with their hand resting on the table. The coil was initially placed �5
cm left and 2 cm anterior to the vertex to find the cortical representation
of the right FDI muscle. With single-pulse stimulation, the coil was in-
crementally repositioned, and the stimulation intensity was incremen-
tally increased until a reliable motor evoked-potential (MEP) was
obtained in the right FDI. The amplitude of this MEP served as an index
of the excitability of the corticomotor representation of the right hand at
a particular point in time.

The lowest stimulation level required to elicit MEP amplitudes of at
least 0.05 mV in at least 5 of 10 trials was determined as the resting motor
threshold (Rossini et al., 1994). The exact location of stimulation was
marked on the scalp for future reference. The experimental stimulation
intensity for use throughout the study was determined as the stimulation
level that consistently elicited MEP amplitudes that were approximately
half the size of the subject’s maximum MEP amplitude. This ensured that

both increases and decreases in corticomotor excitability could be opti-
mally identified, because subject responses to TMS theoretically fell on
the steepest limb of the subject’s stimulation–response curve (Devanne et
al., 1997). The mean experimental stimulation intensity as a percentage
of maximum simulator output was 51.2 � 8.1% for Experiment 1 and
48.5 � 9.1% for Experiment 2.

Analysis. Peak-to-peak MEP amplitude was determined using custom
MATLAB software. Trials were excluded if the root mean square of EMG
activity in the 100 ms before TMS delivery was �10 �V to ensure no
preliminary hand activation. MEP amplitudes for each condition (MSR,
MSL, or Null, with the addition of MSB or JG in Experiment 2) were then
trimmed to ensure distribution normality (by removing the upper and
lower 10% of values) (Wilcox, 2001, Stinear and Byblow, 2004) and
averaged. Percent Hand Modulation, a measure of right-hand motor
excitability change compared with the Null baseline 1 s after cue offset,
was determined for all non-Null conditions using the following formula:
(Condition MEP � Null MEP)/Null MEP � 100%. Negative Percent
Hand Modulation on MSR trials indicates proactive motor suppression
of the hand that might need to stop later in the trial. The same analysis
was run on the root mean square EMG measure to ensure that there
were no significant group or condition differences before TMS was
delivered.

Functional MRI
Task optimization. Custom software implemented in SPM2 (http://www.
fil.ion.ucl.ac.uk/spm/) simulated the optimal trial event order, cue-
stimulus interval lengths, and intertrial interval lengths for each scan
before the fMRI session. This kept the correlation between different trial
regressors below 33%, so that we could separate the BOLD response in
the preparing-to-stop and outright-stopping phases.

Data acquisition. We used a 3T GE MR750 scanner equipped with an
eight-channel head coil at the UCSD Keck Center for Functional MRI. A
T1-weighted sequence with 1 mm 3 resolution was used to acquire ana-
tomical images (TR, 8092 ms; TE, 3.164 ms; TI, 600 ms; 178 slices; flip
angle, 8°). Two hundred nine functional T*2-weighted echoplanar images
(EPIs) were acquired for each of the four scanning runs with a 4 mm slice
thickness (TR, 2000 ms; TE, 32 ms; flip angle, 90°; image matrix, 64 � 64;
FOV, 220 � 220 mm; voxel size, 4 � 3.44 � 3.44 mm). The first four
volumes were discarded to allow for T1 equilibrium effects. A single field
map image was obtained (TR, 500 ms; TE, 8.5 ms; flip angle, 45°; same
FOV as EPI) to correct for gradient distortions using custom software.

Preprocessing, general linear modeling, and analysis. The data were pro-
cessed using FSL software (www.fmrib.ox.ac.uk/fsl). The functional im-
ages were realigned to correct for small head movements (Jenkinson et
al., 2002). A 5 mm full-width half-maximum Gaussian kernel was then
used to spatially smooth the data, which was subsequently high-pass
filtered using a 100 s cutoff. EPIs were first registered to the T1 structural
image and then nonlinearly registered to a standard 2 mm MNI152 tem-
plate using 12 degrees of freedom (Jenkinson and Smith, 2001).

For each scan of each subject, data were fitted with two different mod-
els, basic or parametric. In the basic model, the MSR and MSL conditions
were merged into a single selective stopping condition (MSR�L), in
addition to the MSB and JG conditions. Fourteen separate events were
modeled overall. The preparing-to-stop phase was modeled by three
“Cue” events (500 ms each, for the MSR�L, MSB, and JG conditions,
respectively) that began at the preparatory cue onset. The outright-
stopping phase was modeled by eleven events (1 s each) that began at the
end of the variable cue-stimulus interval: three “Go” events (for correct
bimanual responses on MSR�L, MSB, and JG Go trials, two “Stop”
events (for successful inhibition on MSR�L and MSB Stop trials), two
“Fail” events (for unsuccessful inhibition on MSR�L and MSB Stop
trials), three “Partial” events (for MSR�L, MSB, and JG Partial trials),
and a nuisance event for all other occurrences. The parametric model was
the same as the basic model with the addition of a regressor for the
Continuing RT on successfully inhibited MSR�L stop trials (Stop_
RT_param). Since this regressor was demeaned, it was statistically iden-
tical to a trial-by-trial regressor of the Stopping Interference Effect, where
the Continuing RT of a particular successful Stop trial is subtracted by the
subject’s average Go RT. The Go RT for an individual subject was stable
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throughout the fMRI experiment, and this regressor did not differ ap-
preciably from that of a more local estimate of the Stopping Interference
Effect, where the Continuing RT for a particular successful Stop trial was
subtracted by the average Go RT of the three correct Go trials before and
after the Stop trial.

For the preparing to stop phase, we contrasted MSR�L � JG prepa-
ration using the basic model. For the outright stopping phase, we con-
trasted MSR�L (Stop � Go) using the basic model and MSR�L
Stop_RT_param � Null using the parametric model.

Analysis was performed using the FSL tool FEAT (fMRI Expert Anal-
ysis Tool). For each subject, a higher-level fixed-effects analysis was used
to combine contrasts from the four different scanner runs. FMRIB’s
Local Analysis of Mixed Effects (FLAME) tool with automatic outlier
deweighting was used for a mixed-effects group average (one-sample t
tests). FLAME was also used in a group-wise regression of individual
Percent Hand Modulation measures and subject activation. A basal gan-
glia mask in MNI152 standard space, and derived from the Harvard/
Oxford Atlas in FSL, was used for some analyses. This included all of the
caudate, putamen, and pallidum.

Structural MRI analysis for Experiment 2
Nine of the 14 preHD subjects (two males, seven females) had taken part
in a previous study (2.6 � 0.2 years prior) that included structural imag-
ing (Majid et al., 2011b). In that study, there were also 22 matched
controls. Here we reanalyzed the data derived from automated volumet-
ric segmentation, using FreeSurfer (Fischl et al., 2002, Fischl et al., 2004),
of T1-weighted images (from that study’s second visit). We analyzed data
from seven subcortical structures (namely accumbens, amygdala, cau-
date, hippocampus, pallidum, putamen, and thalamus). Bilateral struc-
tural volumes were summed and normalized to each subject’s total
intracranial volume (ICV). Group difference statistics were corrected for
multiple comparisons using the strict Bonferroni’s method.

The nine preHD subjects who had taken part in the imaging study did
not differ significantly from the five who did not with regard to any
measure, whether age (46.0 � 15.8 vs 38.8 � 6.9 years old, t � 1) or
mutant CAG repeat length (42.8 � 3.2 vs 43.4 � 2.3 repeats, t � 1).

Results
Experiment 1: TMS and fMRI in young volunteers
In the TMS session, Go RT was 611 � 90 ms, the probability of
stopping was 50.3 � 5.8%, the speed of stopping (SSRT) was
282 � 61 ms, and the Stopping Interference Effect was 68 � 63 ms
(Table 1).

As a likely consequence of having lengthened the task timing
parameters to match the fMRI session, proactive right-hand sup-
pression on MSR trials (i.e., negative MSR Percent Hand Modula-
tion) was not now seen at the group level whereas it had been in the
study by Cai et al. (2011), which used a fixed and much shorter
cue-stimulus interval. Instead, there was very high variability across
subjects, ranging from �33.4 to 42.7% even after the removal of a
statistical outlier (group mean, 4.4 � 20.6%; n � 17). Conveniently,
however, this variability allowed us to relate TMS-measured physi-
ology with fMRI-measured brain activation (see below).

All subjects later took part in an fMRI session (mean delay,
21.4 � 20.9 days). The MSR and MSL conditions were combined
into a single selective MSR�L condition to increase statistical
power. For this condition, Go RT was 614 � 81 ms, the proba-
bility of stopping was 53.0 � 11.8%, SSRT was 251 � 44 ms, and
the Stopping Interference Effect was 60 � 56 ms. These values
compare very favorably with those of the TMS session (Table 1).

Preparing-to-stop phase
We hypothesized that the striatum and pallidum would be active
in the MSR�L condition. At the overall group level, we con-
trasted MSR�L (preparation for selective stopping) with the JG
baseline (preparation without any possible stopping). Consistent
with our hypothesis, there was widespread activation in the bilat-
eral putamen and pallidum, as well as premotor cortex, parietal
cortex, occipital cortex, and left thalamus (Z � 2.3, p � 0.05,
whole-brain cluster correction) (Fig. 2A, Table 2).

We then investigated whether this preparing-to-stop activa-
tion correlated with the TMS-derived proactive suppression (n �
17 after the removal of the abovementioned statistical outlier).
We hypothesized that subjects who were more able to suppress
the right hand in the preparing-to-stop phase (i.e., with more
negative MSR Percent Hand Modulation) would also show
greater activation of striatum and pallidum in the analogous
preparing-to-stop phase of the fMRI session. Consistent with our
hypothesis, a group-wise regression analysis revealed greater ac-
tivation in the left putamen and pallidum, as well as the left thal-
amus, supramarginal gyrus, presupplementary motor cortex
(preSMA), and paracingulate gyrus in subjects who better sup-

Table 1. Behavior and TMS

Experiment 1 (n � 18) Experiment 2

TMS task fMRI task Controls (n � 15) PreHD (n � 14)

Behavior (selective stop condition)
Go accuracy (%) 91.3 � 5.1 87.2 � 4.7 91.8 � 5.0 86.2 � 10.6
Go RT (ms) 611 � 90 614 � 81 863 � 209 1100 � 285*
Go decoupling rate (%) 7.6 � 4.8 3.9 � 4.2 6.2 � 3.3 11.5 � 10.4
Stop probability (%) 50.3 � 5.8 53.0 � 11.8 57.0 � 7.8 62.8 � 8.1
Stopping direction errors (%) 3.5 � 3.8 5.6 � 7.6 2.0 � 2.8 3.4 � 3.5
Continuing hand RT on stops (ms) 755 � 89 739 � 81 1186 � 360 1702 � 55**
Stopping Interference Effect (ms) 68 � 63 60 � 56 221 � 183 467 � 330*
Failed stopping RT (ms) 559 � 76 551 � 71 720 � 159 949 � 498
SSD (ms) 310 � 61 337 � 60 543 � 142 630 � 143
SSRT (ms) 282 � 61 251 � 44 292 � 94 405 � 290

TMS
Resting motor threshold (% of max) 46.2 � 7.8 N/A 41.2 � 6.9 47.3 � 9.8
Stimulation level (% of maximum) 51.2 � 8.1 N/A 45.5 � 7.2 52.4 � 9.8
MSR MEP (mV) 0.54 � 0.36 N/A 0.77 � 0.44 0.81 � 0.37
MSL MEP (mV) 0.55 � 0.33 N/A 0.86 � 0.50 0.81 � 0.40
Null MEP (mV) 0.53 � 0.37 N/A 0.85 � 0.47 0.78 � 0.39
MSR MEP modulation (%) 4.4 � 20.6 N/A �7.8 � 11.9 6.5 � 15.7**
MSL MEP modulation (%) 16.9 � 37.2 N/A 3.5 � 24.3 6.5 � 18.3

Values given as average � SD. MEP, mean motor evoked potential amplitude (trimmed) for a given condition. MEP Modulation (percentage) is calculated as follows: (MSR or MSL MEP � Null MEP)/(Null MEP) � 100%. For Experiment 2,
asterisks represent significant differences between preHD and controls at the *p � 0.05 and **p � 0.01 levels. See Materials and Methods for details regarding the calculation of the Stopping Interference Effect.
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pressed the stopping hand (Z � 2.0, p � 0.05, whole-brain cluster
correction) (Fig. 2B, Table 2).

Notably, the above results reveal that the subgroup of subjects
who did not have TMS-measured proactive hand suppression

also did not have striatum and pallidum
activation (see Fig. 2B, bottom left, for de-
scriptive plot of left putamen activation).
We speculate that proactive suppression
simply occurred later in the trial for these
subjects (in both TMS and fMRI ses-
sions). With a median split, we divided
subjects into “early suppressor” (n � 9)
and “early non-suppressor” (n � 8)
groups based on the MSR Percent Hand
Modulation measure. We then generated
peristimulus plots for signal change after
the onset of the selective stopping cue
(MSR or MSL) for each group at the left
putamen ROI that was shown in Figure
2B (bottom left). The plots provide qual-
itative evidence that the rise in activation
in the early nonsuppressor group occurs
later, even though both groups peak
around the same time (Fig. 2B, bottom
right). This delayed activation, but even-
tual catch-up in early nonsuppressors
suggests that they may, in fact, be “late
suppressors” for whom proactive hand
suppression was missed in the TMS task,
and it explains in part why stopping be-
havior did not differ between groups.

We also included an MSB condition in
the fMRI session as an additional control
(as it does not require selective stopping).
For the contrast of MSB � JG, there was
only limited left premotor and parietal ac-
tivation (Z � 2.3, p � 0.05, whole-brain
cluster correction) (Fig. 3A, Table 2), con-
sistent with the fact that neither condition
should engage regions for proactive selec-
tive suppression. For the MSR�L � MSB
contrast, there was bilateral dorsal cau-
date and thalamus activation, as well as
the bilateral premotor and parietal corti-
ces (Z � 2.3, p � 0.05, whole-brain cluster
correction) (Fig. 3B, Table 2), consistent,
again, with a striatal role in preparing to
stop selectively.

Outright-stopping phase
We hypothesized that when the stop sig-
nal occurs, the basal ganglia should again
be activated to implement stopping that
is selectively targeted at a particular re-
sponse tendency. To examine this, we
contrasted successful Stop trials with Go
trials in the MSR�L condition (MSR�L
Stop � Go). There was activation of the
basal ganglia, including bilateral ventral
caudate and putamen, as well as thalamus, bi-
lateral inferior frontal cortex (IFC), preSMA,
orbitofrontal cortex (OFC), insular cortex,
premotor cortex, and paracingulate cortex
(Z � 2.3, p � 0.05, whole-brain cluster cor-

rection) (Fig. 4A, Table 3). Notably, this outright-stopping acti-
vation partially overlapped with activation in the MSR�L � JG
preparation contrast and also with the parametric preparation

Figure 2. Experiment 1: preparing to stop selectively and motor suppression. A, Maybe Stop Right � Left � Just Go prepara-
tory activation. In the entire group, preparation to stop selectivity activated bilateral striatum, globus pallidus, and premotor
cortex. B, Group-wise regression of fMRI activation against TMS proactive suppression. In the TMS session, Percent Hand Modula-
tion indexed the degree of top-down influence of the Maybe Stop Right stopping goal on right-hand motor channels compared
with Null. This was calculated as follows: (Maybe Stop Right MEP � Null MEP)/Null MEP � 100%. Activation in the left putamen,
pallidum, and preSMA was greater in subjects who more readily suppressed the right hand when cued. Bottom left inset, Subject
MSR Percent Hand Modulation plotted against mean activation in a left putamen ROI (4 mm radius) for descriptive purposes.
Greater activation is seen in subjects with greater suppression. Bottom right inset, For the same left putamen ROI, peristimulus
plots are shown for those subjects who showed proactive hand suppression at 1 s after cue offset (“early suppressors”; n � 9),
versus those who did not (“early nonsuppressors”; n � 8). GP, Globus pallidus; L, left; R, right.
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contrast (i.e., where MSR�L � JG prepa-
ration correlated with proactive hand
suppression from the TMS study). The re-
gions of overlap for the latter were as fol-
lows: left caudate (�10, 8, 8), putamen
(�16, 8, �2), pallidum (�12, 4, 0), insula
(�34, 18, 0), and the midline preSMA (2,
18, 51).

Next, we examined whether the striatal
activation during selective stopping was
related to behavioral selectivity (opera-
tionalized as a minimal RT delay for the
continuing hand movement, i.e., a small
Stopping Interference Effect). For each
subject, activity on MSR�L successful
Stop trials was regressed against the con-
tinuing hand RT on those trials, and a
group analysis was performed. We found
that the greater the selectivity of stopping
(smaller Stopping Interference Effect),
the greater the activity in the bilateral dor-
sal head of caudate (Z � 2.3, p � 0.05,
cluster corrected over a whole basal gan-
glia mask) (Fig. 4B, Table 3). This activa-
tion was unlikely simply attributable to
the faster speed of the movement made
on selective Stop trials; an analogous
analysis in which activity on Go trials
was regressed against RT on those trials
did not reveal activity in the caudate
even at a reduced cluster threshold (Z �
1.8, p � 0.05, cluster corrected over a
whole basal ganglia mask). Also, al-
though this activation was more dorsal
than the activation in the MSR�L

Figure 3. Experiment 1: preparing to stop (MSB condition). A, Maybe Stop Both � Just Go preparatory activation. There was
activation of left premotor and parietal regions. B, Maybe Stop Right � Left � Maybe Stop Both preparatory activation. There was
activation of bilateral dorsal caudate and thalamus, as well as bilateral premotor and parietal regions (not shown). GP, Globus
pallidus; L, left; R, right.

Table 2. Experiment 1 Activation coordinates for the Preparing-to-Stop phase

Contrast Region Side x y z Z-max

MSR � L � JG preparation Premotor cortex L �44 �8 34 4.63
Premotor cortex R 26 �6 44 4.48
Superior frontal gyrus R 22 0 48 4.33
Superior parietal lobule R 32 �48 40 4.32
Premotor cortex L �50 2 36 4.15
Supramarginal gyrus L �42 �44 42 4.00
Occipital pole L �16 �100 �4 3.96
Putamen R 22 8 �10 3.55
Presupplementary motor cortex L �10 6 44 3.52
Pallidum L �22 �2 �4 3.39
Putamen L �18 6 4 3.37
Thalamus L �12 �20 �2 3.05

Correlation of MSR � L � JG preparation against degree
of proactive suppression in TMS task (n � 17 after
exclusion of a TMS outlier)

Temporo-parietal junction L �54 �48 20 3.48
Paracingulate gyrus L �4 18 46 3.37
PreSMA R 6 20 52 3.02
Thalamus L �18 �24 16 2.85
Putamen L �18 6 4 2.69
Pallidum L �18 2 4 2.65

MSB � JG preparation Superior parietal lobule L �32 �56 40 3.84
Premotor cortex L �46 2 36 3.84

MSR � L � MSB preparation Premotor cortex R 28 �8 54 4.68
Premotor cortex L �32 �14 42 4.66
Thalamus L �14 �24 0 2.96
Caudate L �12 4 14 2.90
Caudate R 16 14 14 2.48
Thalamus R 12 �24 4 2.45
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Stop � Go contrast, it overlapped considerably with the
MSR�L � MSB preparation contrast (right caudate: 14, 10,
16; left caudate: �12, 2, 16).

Outright stopping in the MSB condition again served as a
control condition. Activation in the MSB Stop � Go contrast was
only significant in the right inferior frontal cortex (rIFC), orbito-
frontal cortex, and insular cortex (Fig. 4C, Table 3). This activa-
tion of right frontal cortex is consistent with many studies
implicating this region in simple reactive stopping (Aron et al.,
2004, Chamberlain et al., 2006, Chikazoe, 2010).

Experiment 2: TMS in preHD versus controls
The physiological and fMRI results of Experiment 1 show that the
striatum and pallidum are active for proactive selective stopping.
If these basal ganglia regions are necessary for this function, then

damage to them in premanifest Hunting-
ton’s disease should impair proactive se-
lective stopping.

Indeed, the preHD group was behav-
iorally impaired in the selectivity of stop-
ping, as there was an elevated Stopping
Interference Effect (preHD, 467 � 330
ms; controls, 221 � 183 ms; t(27) � 2.508;
p � .05). As Go RT was also longer in
preHD (preHD, 1100 � 285 ms; controls,
863 � 209 ms; t(27) � 2.566; p � 0.05), we
calculated a normalized measure of stop-
ping selectivity by dividing the Stopping
Interference Effect by Go RT for each sub-
ject. This normalized Stopping Interfer-
ence Effect was also significantly elevated
in preHD (preHD, 42.4 � 29.5%; con-
trols, 25.4 � 17.3%; t(27) � 1.913; p �
0.05) (Fig. 5A, Table 1). Neither the prob-
ability of stopping nor SSRT differed sig-
nificantly between groups.

Experiment 2 timing parameters
matched those of our previous report
wherein proactive suppression was dem-
onstrated at the group level (Cai et al.,
2011). Strikingly, proactive suppression
after the MSR cue, determined using
single-pulse TMS to index motor excit-
ability in the preparing-to-stop phase, was
absent in preHD but present in controls
(Percent Hand Modulation; preHD:
6.5 � 15.7%, one-sample t(13) � 1.564,
n.s.; controls: �7.8 � 11.9%, one-sample
t(14) � 2.524, p � .05; group difference,
t(27) � 2.770, p � .01) (Fig. 5C, Table 1).
This difference was unlikely caused by
measurement error in the preHD group,
as variability in hand modulation was
similar for both the preHD and control
groups.

Importantly, right-hand modulation
did not differ from zero for any group on
MSL trials for which stopping preparation
of the right hand was not necessary
(preHD: 6.5 � 18.3%, t(13) � 1.320, n.s.;
controls: 3.5 � 24.3%, t � 1; group differ-
ence, t � 1). Neither did right-hand mod-
ulation differ for zero for any group on JG

trials for which stopping preparation is not necessary (preHD:
18.1 � 44.4%, t(13) � 1.524, n.s.; controls: 2.9 � 13.4%, t � 1;
group difference, t(27) � 1.267, n.s.) or on MSB trials also not
requiring preparation for selective stopping (preHD: 9.8 �
23.7%, t(13) � 1.555, n.s.; controls: 0.5 � 10.2%, t � 1; group
difference, t(27) � 1.405, n.s.).

Notably, structural MRI confirmed basal ganglia damage in
the preHD group. In a previous imaging study (2.6�.2 years
prior) (Majid et al., 2011b), 9 of the current 14 preHD subjects
had received T1 scans. Here, we compare volumes of seven sub-
cortical regions (accumbens, amygdala, caudate, hippocampus,
pallidum, putamen, and thalamus) in these nine current subjects
versus the 22 controls in that study. Region-by-Group ANOVA
showed a significant interaction (F(4.196,29) � 2.414, p � 0.05,
with Huynh-Feldt correction), as well as significant effects for

Figure 4. Experiment 1: outright-stopping phase. A, Maybe Stop Right � Left (Stop � Go). When stopping needed to be
selective, the comparison of successful Stop to Go trials showed wide activation, including the bilateral OFC, striatum, IFC, and
thalamus. Premotor and supplementary motor cortices were also active (not shown). B, Parametric analysis: greater striatal
activation with more selective stopping. Activation on successful MSR�L Stop trials scaled parametrically with reduced stopping
interference (i.e., faster continuing hand responses and greater selectivity). The bilateral head of caudate was identified (cluster
correction over the whole basal ganglia mask). C, Maybe Stop Both (Stop � Go). In the control condition where stopping did not
need to be selective, comparison of successful Stop to Go trials showed restricted activation limited to the right inferior frontal
cortex (rIFC), OFC, and insular cortex. L, Left; R, right.
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Region (F(6,29) � 1447, p � 0.001) and Group (F(1,29) � 5.981,
p � 0.021). The subset of nine preHD had smaller volumes in the
putamen (percentage of individual intracranial volume; preHD,
0.59 � .06%; controls, 0.67 � .06%; t(29) � 3.135; p � .007) and
pallidum (preHD, 0.20 � .02%; controls, 0.23 � .02% of ICV;
t(29) � 3.054; p � .007) but not in the other five subcortical
regions (Fig. 5D, Table 4). These differences were significant even
after strict Bonferroni’s correction for seven multiple compari-
sons. Although it is likely that there was progressive atrophy dur-
ing this period to other structures, these were likely other areas of
the striatum such as the caudate and accumbens, rather than
other subcortical regions (Aylward et al., 2010, Stoffers et al.,
2010, van den Bogaard et al., 2011).

Discussion
We investigated the neural correlates of proactive selective stop-
ping, a complex yet crucial everyday behavior that requires selec-
tive control of one’s actions through advanced planning. In
Experiment 1, single-pulse TMS of the right hand indexed the
top-down effect of stopping goals in suppressing motor channels
of the hand that might have to stop. Importantly, those subjects
who suppressed the relevant hand early in the trial had greater
functional activation in the striatum, pallidum, and preSMA
locked to the cue in the subsequent fMRI session. In the outright-
stopping phase, fMRI again revealed striatal and pallidal activa-
tion for selective stopping and, moreover, that the degree of
striatal activation correlated with the degree of behavioral stop-
ping selectivity. Finally, we repeated a version of the TMS study in
a preHD group (with basal ganglia volume reductions) and
matched controls. Consistent with the putative importance of the
striatum and pallidum to proactive selective stopping, TMS re-
vealed proactive hand suppression in controls but not the preHD
group, and the latter were also behaviorally impaired at selective
stopping.

Proactive selective suppression engages striatum, pallidum,
and preSMA
The top-down influence of stopping goals on motor channels
consistently leads to proactive motor suppression in healthy sub-

jects, shown in a similar paradigm (Cai et al., 2011) and, indeed,
replicated in the current Experiment 2 control subjects. Yet Ex-
periment 1 did not show this at the group level. We suppose the
high intersubject variability in proactive suppression was attrib-
utable to the much slower task design (needed for fMRI), which
now meant that some subjects probably only implemented pro-
active suppression close to the go-signal, or even after it, rather
than close to the cue. The fMRI peristimulus analysis also pro-
vides qualitative support this interpretation.

Notably, preSMA activation correlated with the degree of pro-
active hand suppression measured by TMS. This suggests that the
preSMA may have a top-down influence over the basal ganglia to
“set up” inhibitory response channels later triggered by the stop-
signal. Such a role for the preSMA is consistent with the many
studies that have implicated it in proactive stopping (Coxon et al.,
2009, Chen et al., 2010, Stuphorn and Emeric, 2012, Swann et al.,
2012, Zandbelt et al., 2012). The preSMA is also connected to
both the rIFC (Johansen-Berg, 2010, Coxon et al., 2012, King et
al., 2012, Swann et al., 2012), a node important for outright stop-
ping (Aron et al., 2004, Chikazoe et al., 2007), and the striatum
(Parthasarathy et al., 1992, Inase et al., 1999). Several studies
specifically implicate the preSMA and striatum in the speed-
accuracy trade-off (Forstmann et al., 2010, Forstmann et al.,
2011), a form of proactive control.

Because fMRI findings are merely correlational, we sought to
establish that the striatum and pallidum are necessary for proac-
tive selective stopping by studying preHD subjects (Experiment
2). In preHD, there are frank basal ganglia volume reductions,
particularly for the striatum and pallidum (Aylward et al., 2004,
Hobbs et al., 2009, Tabrizi et al., 2009, Paulsen et al., 2010, Majid
et al., 2011a, Majid et al., 2011b). In the current study, 9 of the 14
preHD subjects had confirmed volume reductions in the puta-
men and pallidum from a previous study (Majid et al., 2011b),
and this is likely true of the entire group.

Consistent with our predictions, the preHD group showed no
proactive hand suppression (indexed by TMS) versus controls
and had an elongated Stopping Interference Effect (even when
scaling for general slowing). These specific impairments occurred
in the context of otherwise satisfactory task performance and
cognitive examination scores similar to controls. Such preHD
impairments may relate to difficulties in translating declarative
working memory goals into a striatally mediated proactive influ-
ence over motor channels.

Outright selective stopping
We hypothesized that the network of brain regions implicated in
preparing to stop could serve as a “proactive inhibitory set”
(Aron, 2011), which can be triggered when stopping is later
needed. Consistent with this, basal ganglia and preSMA activa-
tion recurred when outright stopping was required. Moreover,
there was rIFC activation, not seen in any preparatory contrast.
Whether the rIFC is important for proactive response control,
and for which kinds of response control, is still unclear. Similar to
the current findings, some other studies question whether rIFC is
activated proactively (e.g., Zandbelt et al., 2012), whereas others
do show a rIFC role in, for example, anticipation-related slowing
(Jahfari et al., 2010, Swann et al., 2012).

Here we also show that when stopping selectively, the degree
of behavioral selectivity correlated with the degree of striatal ac-
tivation on a subject-by-subject basis. Notably, the dorsal caudate
focus of this activation coincided with regions activated when
contrasting preparation for selective versus nonselective stop-
ping. This reinforces the notion that these regions are important

Table 3. Experiment 1 Activation coordinates for the Outright-Stopping phase

Contrast Region Side x y z Z-max

MSR � L (Stop � Go) Orbitofrontal cortex L �32 22 �10 5.46
Insular cortex R 38 20 �8 5.18
Caudate R 10 6 2 5.08
Occipital fusiform gyrus R 22 �88 �10 4.97
Premotor cortex R 38 4 28 4.93
Paracingulate gyrus R 8 20 42 4.76
Inferior frontal cortex R 52 10 6 4.75
Occipital fusiform gyrus L �28 �88 �12 4.71
Insular cortex L �34 18 �6 4.59
Angular gyrus R 36 �50 36 4.46
Caudate L �12 8 4 4.43
Accumbens R 12 12 �6 4.25
PreSMA R 4 20 50 4.10
Pallidum R 14 6 2 3.98
Putamen R 16 10 0 3.94

Parametric analysis of
MSR � L Stop trials and
interference RT

Caudate L �12 4 18 3.30
Caudate R 14 14 14 3.00

MSB (Stop � Go) Orbitofrontal cortex R 34 18 �18 4.11
Inferior frontal

gyrus
R 48 20 4 3.60

Insular cortex R 34 24 0 3.27
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for the selectivity of stopping. This result also suggests that stop-
ping in this paradigm is mechanistically selective, as opposed to
merely stopping all and then restarting one response, which
might be the case for other behavioral paradigms that purport to
measure behaviorally selective stopping but do not allow for ad-
vanced preparation (cf. Bissett and Logan, 2013). Two other consid-
erations bear on this. First, the activation in the abovementioned
dorsal caudate was related to the selectivity of stopping but not to
merely hand movement when going. Second, the Stopping Interfer-
ence Effect in Experiment 1 was a mere 60 ms, on average, with many
subjects having a value close to zero, implying almost perfectly selec-
tive stopping.

Our findings point to some heterogeneity in the striatum.
Although a more dorsal caudate region was implicated in the
selective aspect of stopping (see above), a more ventral striatal
region was implicated in motor suppression (i.e., related to pro-
active hand suppression in advance of stopping and for outright
stopping; compare Figs. 2B, 4A).

Human evidence for the indirect pathway
We propose that striatal and pallidal activation in this study is a
functional index of indirect pathway involvement in mechanisti-
cally selective stopping for the following reasons. First, we linked
striatal activation to a form of selective motor suppression, as do
neurophysiological studies in primates (Ford and Everling, 2009,
Watanabe and Munoz, 2010) and rodents (Bryden et al., 2012).
Second, we find selective stopping impairments in a population
thought to primarily have indirect pathway degeneration in the

early stage of disease (Vonsattel et al., 1985, Albin et al., 1995,
Starr et al., 2008). Indeed, hyperkinetic (disinhibitory) symptoms
in early-stage HD are classically thought to arise from an im-
paired ability to stop specific movements (Penney and Young,
1983). Third, this form of behaviorally selective stopping has
been associated with longer SSRT compared with simple nonse-
lective stopping (Aron and Verbruggen, 2008, Claffey et al.,
2010), which is consistent with delays expected from the greater
number of synapses in the indirect pathway versus the hyperdi-
rect pathway that is implicated in simple reactive stopping (Mag-
ill et al., 2004, Aron and Poldrack, 2006, Ray et al., 2009).

We acknowledge, however, that more definitive proof for the
indirect pathway is required. This could include (1) high-
resolution imaging of nodes believed specific to this pathway
(e.g., external globus pallidus) (Mattfeld et al., 2011) during se-
lective stopping; (2) D2 receptor imaging (Black et al., 1997) to
quantify indirect pathway integrity in relation to individual vari-
ation in selective stopping behavior/physiology; and (3) parallel
task development with neurophysiology in rodents and monkeys,
as has been done for simple stopping (Boucher et al., 2007, Lev-
enthal et al., 2012, Stuphorn and Emeric, 2012).

Implications
The results have timely practical implications, allowing for
further study of the indirect pathway in humans and connecting
these studies to the burgeoning, sophisticated studies of basal
ganglia pathways using optogenetics in mice (Kravitz et al., 2012)
and neurophysiology in rodents (Leventhal et al., 2012) and
monkeys (Kim et al., 2012). Furthermore, the development of
functional indices of the putative indirect pathway could have
clinical import for neurodegenerative disorders such as Hunting-
ton’s disease, where there is an urgent need for biomarkers for
subtle functional changes before there is major irreversible cell
loss (Ross and Tabrizi, 2011).

The results have theoretical implications too. Whereas it has
been argued that a major role for striatum is to weight particular
response channels in advance of action (i.e., a proactive “re-
sponse set”; Robbins and Brown, 1990, Hikosaka et al., 2006), the
current data argue the striatum can also be used to set up a pro-
active inhibitory set. Specifically, we propose that frontal cortical
regions such as the preSMA drive the implementation of inhibi-
tory response channels in the striatum and that these are then

Figure 5. Experiment 2: preHD versus controls. A, Less selective stopping. When stopping one hand, the preHD group took longer to continue with the other hand even when scaling for Go RT.
The percentage of interference prolongation was calculated as follows: Interference (milliseconds)/MSR�L Go RT (milliseconds) � 100%. B, TMS suppression differences. Proactive selective
suppression in Experiment 2 on MSR trials (when the right hand must prepare to stop) was identified only in controls (negative hand modulation to the Null baseline), whereas no such suppression
occurred in preHD. On MSL trials, when the right hand need not stop, right-hand excitability did not differ significantly from the Null baseline in either group. Percent Hand Modulation was calculated
as such: (Maybe Stop MEP�Null MEP)/Null MEP�100%. C, Subcortical volume differences: smaller brain volumes in 9 of the 14 preHD subjects who took part in a structural imaging study 2.6 years
prior. Compared with the 22 controls in that study, the preHD subjects showed reduced volumes (normalized as a percentage of individual intracranial volume) in the putamen and pallidum after
Bonferroni’s correction. Ac, Accumbens; Am, amygdala; Ca, caudate; Hip, hippocampus; Pal, pallidum; Put, putamen; Th, thalamus. Error bars represent one standard error of the mean. Asterisks
represent significant differences at the p � 0.05 level.

Table 4. PreHD volumetric data

Volumetric data (% ICV) Controls (n � 22) PreHD (n � 9) t(29) p

Accumbens 0.08 � 0.01 0.08 � 0.01 �1 n.s.
Amygdala 0.21 � 0.02 0.21 � 0.02 �1 n.s.
Caudate 0.46 � 0.05 0.42 � 0.05 1.781 0.085
Hippocampus 0.54 � 0.04 0.52 � 0.04 1.525 n.s.
Pallidum 0.23 � 0.02 0.20 � 0.02 2.932 0.007a

Putamen 0.67 � 0.06 0.60 � 0.06 3.009 0.005a

Thalamus 0.89 � 0.07 0.87 � 0.06 �1 n.s.

Volumetric data given as the sum of bilateral structures normalized as a percentage of ICV (%ICV). Data from second
visit described in Majid et al. (2012, 2011b), which included 9 of the 14 preHD subjects studied here compared to 22
matched controls.
aSignificant after strict Bonferroni’s correction for seven comparisons.
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triggered subsequently when stopping is needed. These results
also support a psychological distinction between declarative ver-
sus procedural working memory (instantiated here as proactive
suppression) (cf. Oberauer, 2009). This fits with recent theories
regarding the striatal role in working memory (Scimeca and Ba-
dre, 2012) by showing that declarative working memory in the
cortex could be “translated” into a procedural working memory
plan in the striatum.

Summary
We show that subjects use their goals to stop particular response
tendencies by proactively suppressing those response channels.
We also show that this corresponds to striatal and pallidal activa-
tion and that damage to these structures affects selective response
suppression.

Notes
Supplemental material for this article is available at www.aronlab.
org/Pubs/hd_tms.pdf. This provides information about an additional
TMS experiment done in the preHD and control groups of the current
paper. This material has not been peer reviewed.
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