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Preparation to Inhibit a Response Complements Response
Inhibition during Performance of a Stop-Signal Task
Junichi Chikazoe, Koji Jimura, Satoshi Hirose, Ken-ichiro Yamashita, Yasushi Miyashita, and Seiki Konishi
Department of Physiology, The University of Tokyo School of Medicine, Bunkyo-ku, Tokyo 113-0033, Japan

Inhibition of inappropriate responses is an essential executive function needed for adaptation to changing environments. In stop-signal
tasks, which are often used to investigate response inhibition, subjects make “go” responses while they prepare to stop at a suddenly given
“stop” signal. However, the preparatory processes ongoing before response inhibition have rarely been investigated, and it remains
unclear how the preparation contributes to response inhibition. In the present study, a stop-signal task was designed so that the extent of
the preparation could be estimated using behavioral and neuroimaging measures. Specifically, in addition to the conventional go trials
where preparation to stop was required (“uncertain-go” trials), another type of go trial was introduced where a stop-signal was never
given and such preparation was unnecessary (“certain-go” trials). An index reflecting the “preparation cost” was then calculated by
subtracting the reaction times in the certain-go trials from those in the uncertain-go trials. It was revealed that the stop signal reaction
time, a common index used to evaluate the efficiency of response inhibition, decreased as the preparation cost increased, indicating
greater preparation supports more efficient inhibition. In addition, imaging data showed that response inhibition recruited frontoparietal regions (the contrast “stop vs uncertain-go”) and that preparation recruited most of the inhibition-related frontoparietal regions (the
contrast “uncertain-go vs certain-go”). It was also revealed that the inhibition-related activity declined as the preparation cost increased.
These behavioral and imaging results suggest preparation makes a complementary contribution to response inhibition during performance of a stop-signal task.

Introduction
Inhibition of inappropriate responses is an essential executive
function needed for adaptation to changing environments.
Response inhibition has most often been investigated using a
stop-signal paradigm (Logan and Cowan, 1984). Prior neuropsychology (Aron et al., 2003) and neuroimaging (Rubia et al., 2001;
Aron and Poldrack, 2006; Li et al., 2006a; Leung and Cai, 2007)
studies have revealed the neural basis of this function in brain
regions including the inferior frontal gyrus (IFG), dorsolateral
prefrontal cortex (DLPFC), and intraparietal sulcus (IPS). With
the stop-signal paradigm, subjects press a button while they
prepare to stop at a stop-signal given suddenly after a short
delay period [stop-signal delay (SSD)]. Performance is modeled as a race between a “go process” triggered by presentation
of a go stimulus, and a “stop process” triggered by presentation of a stop signal (Logan and Cowan, 1984). When the stop
process finishes before the go process, the response is inhibited; when the go process finishes before the stop process, the
response is made.
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The time required for the stop-signal to be processed, which is
called the stop-signal reaction time (SSRT) and reflects the effectiveness of the response inhibition, is estimated for individual
subjects in the context of the race model. Notably, although the
SSRT is posited to be a robust indicator independent of subjects’
strategies (Logan and Cowan, 1984), it remains controversial
whether or not that is always the case (Leotti and Wager, 2009).
This inconsistency may stem from differences in extent of the
preparation across subjects (Rieger and Gauggel, 2002). However, most of these earlier studies did not employ a task design in
which the extent of the preparation to stop could be estimated.
Consequently, it remains unclear whether the preparatory process before stop-signals influences the processes recruited during
response inhibition. Moreover, prior neuroimaging studies have
revealed that the brain regions activated by task performance
overlap with the brain regions activated during preparation to
perform the task (Brass and von Cramon, 2002; Sakai and
Passingham, 2006). In particular, a frontoparietal network including the DLPFC and IPS is involved in both inhibition and
preparation to inhibit (Hester et al., 2004; Fassbender et al.,
2006b), which raises the possibility that the efficiency of response
inhibition may be influenced by the preparatory processes.
In the present study, therefore, a stop-signal task was designed
to evaluate the contribution made by processes invoked in preparation for response inhibition. The study used not only the conventional go trial, in which preparatory processes were required
(uncertain-go trials), but also another type of go trial, in which a
stop-signal was never given so preparation was not necessary
(certain-go trials). In addition, a new index for measuring the
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extent of preparation (preparation cost) was introduced, and the
relationship between preparation cost and SSRT was examined to
determine the behavioral impact of preparation on response inhibition. Finally, the effects of the preparation cost on inhibitionand preparation-related brain activity were investigated to clarify
whether they also were influenced by the extent of preparation
before response inhibition.

Materials and Methods
Subjects and imaging procedures
Written informed consent was obtained from 22 healthy right-handed
subjects (10 males, 12 females; age (mean ⫾ SD: 22.3 ⫾ 1.6) who were
then scanned using experimental procedures approved by the institutional review board of the University of Tokyo School of Medicine. The
experiments were conducted using a 1.5T functional magnetic resonance
imaging (fMRI) system (Stratis II, Hitachi Medical). Localizer images
were first collected to align the field of view centered on each subject’s
brain. T2-weighted spin-echo images were obtained for anatomical reference [repetition time (TR) ⫽ 6660 ms; echo time (TE) ⫽ 30 ms; 90
slices, slice thickness ⫽ 2.0 mm; in-plane resolution ⫽ 2 ⫻ 2 mm]. For
functional imaging, a gradient echo echo-planar sequence was used
(TR ⫽ 4000 ms; TE ⫽ 50 ms; flip angle ⫽ 90 degree). Each functional run
consisted of 64 whole brain acquisitions (28 ⫻ 4 mm slices; interleaved
acquisition; field of view ⫽ 256 mm; matrix size ⫽ 64 ⫻ 64; in-plane
resolution of 4 mm). The first four functional images in each run were
excluded from analysis to allow for the equilibration of longitudinal
magnetization.

Behavioral procedures
Visual stimuli were projected onto a screen, which the subjects viewed
through prism glasses. A magnet-compatible button was pressed using
the right thumb in response to the presented stimuli. The stop signal task
in the present study was designed to dissociate the preparation before
stopping from the response inhibition during stopping; it consisted of
three trial types: certain-go, uncertain-go and stop (Fig. 1). During performance of the task, a circle (2.4° ⫻ 2.4° in size) was presented, and its
color (cyan, magenta, or yellow) indicated the task instruction. In addition, a gray circle indicated fixation during a 1700 ms intertrial interval. The relationship between the three colors (cyan, magenta, or
yellow) and the three types of instruction (a go cue for the certain-go
trial, a go cue for the uncertain-go trial, or a stop-signal) was counterbalanced across subjects.
In the uncertain-go trials, a go cue (yellow circle) was presented for 800
ms, and subjects were required to press a button. However, the color of
the circle sometimes changed to magenta after a short delay (SSD), and
subjects were required to withhold the response (the stop trials). Because
the go cue was the same in the uncertain-go and stop trials, subjects were
required to prepare for response inhibition in the uncertain-go trials. In
the certain-go trials, in contrast, a go cue (cyan circle) was given and
stop-signals were never given, and the subjects just pressed the button as
fast as possible. The difference between the uncertain- and certain-go
trials was the processing ongoing before stopping; the certain-go trials
did not require preparatory processes, whereas the uncertain-go trials
did. The contrast “uncertain-go versus certain-go” trials was expected to
reveal brain regions associated with the preparatory processes before
inhibition, whereas the contrast “stop versus uncertain-go” trials was
expected to reveal brain regions associated with response inhibition during stopping. To evaluate the extent of the preparation, a new index,
preparation cost, was calculated for each individual uncertain-go trial by
subtracting the mean reaction time in the certain-go trials from that in
the uncertain-go trial.
The SSD started at 200 ms and varied from one stop trial to the next
based on to a tracking procedure (Band et al., 2003): if the subjects
succeeded in withholding the response, the SSD increased by 33 ms; if
they failed, however, the SSD decreased by 33 ms. With this tracking
procedure, the percentage correct in the stop trials was ⬃50%. To evaluate the efficiency of the response inhibition, a traditional index, the
SSRT was estimated for each subject using the integration method de-

Figure 1. The stop-signal task designed for the present study. Three trial types (stop,
uncertain-go and certain-go) were intermixed in a pseudorandom order. In the uncertain-go
trials, a go cue (yellow circle) was presented for 800 ms, and subjects were required to press a
button. Sometimes, however, the cue color changed to magenta after a short delay (SSD), and
subjects were required to withhold the response (stop trials). Because the go cue was the same
in the uncertain-go and stop trials, subjects were required to prepare for response inhibition in
the uncertain-go trials (cyan circle). The SSD started at 200 ms and varied from one stop trial to
the next based on a tracking procedure described in detail in the Materials and Methods. In the
certain-go trials, in contrast, the go cue was given but a stop-signal was never given, and
subjects just pressed a button as fast as possible.

vised by Logan and Cowan (1984) (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material). The reaction times in the
uncertain-go trials were rank ordered and the nth reaction time was
selected from the ranked list of the uncertain-go reaction times, where n
was obtained by multiplying the number of the uncertain-go trials by the
probability of responding in the stop trials. The SSRT was then estimated
by subtracting the mean SSD from this value. Subjects were instructed
not to wait for the stop signals. Ten runs were administered to each
subject. In total, 400 (44.4%) uncertain-go, 400 (44.4%) certain-go and
100 (11.1%) stop trials were intermixed in a pseudorandom order.

Data analysis
Data were analyzed using SPM2 software (http://www.fil.ion.ucl.ac.
uk/spm/). Functional images were realigned, and slice timing was corrected, normalized to the MNI template (ICBM 152) with interpolation
to a 2 ⫻ 2 ⫻ 2 mm space, and spatially smoothed (full width, half
maximum ⫽ 8 mm), after which event timing was coded into a general
linear model (Worsley and Friston, 1995). Transient events at the times
of the correct stop, correct uncertain-go and correct certain-go trials, and
other events of no interest, including error trials, were modeled as events
using the canonical function in SPM2. Group analyses were conducted
using a random effects model. Significant activations were detected using
a threshold: p ⬍ 0.05 corrected by the false discovery rate (FDR)
(Genovese et al., 2002). To calculate the percentage signal change, eigenvariates from regions of interest were extracted from each subject and
were averaged across the subjects. To display brain regions associated
with both response inhibition and the preparation before stop-signals, a
conjunction analysis was performed using a threshold of p ⬍ 0.001 by
applying the threshold of p ⬍ 0.0224 (i.e., 0.0224 ⫻ 0.0224 ⫽ 0.0005) to
both of the contrasts “stop versus uncertain-go trials” and “uncertain-go
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versus certain-go trials”. A disjunction analysis was also preformed to
determine the regions activated by the contrast stop versus uncertain-go
trials ( p ⬍ 0.001) but not uncertain-go vs. certain-go trials ( p ⬎ 0.1).
Across-subject correlation analysis. An across-subject correlation analysis was performed relating preparation cost and inhibition-related activity to investigate whether the extent of the preparation influenced the
inhibition-related brain activity. The preparation cost for each subject
was calculated by subtracting the mean reaction time in the certain-go
trials from the mean reaction time in the uncertain-go trials. The
inhibition-related brain activity for each subject was then obtained from
the contrast uncertain-go versus certain-go trials. For this analysis, a
region of interest (ROI) was generated from all the above-threshold ( p ⬍
0.05, corrected by FDR) voxels in the group analysis of the contrast stop
versus uncertain-go trials (see Fig. 4A). To minimize individual differences in total signal changes (Samanez-Larkin and D’Esposito, 2008), the
inhibition-related brain activity was normalized by dividing it by the sum
of the inhibition- and preparation-related activity. The normalized
inhibition-related activity should reflect the extent to which total brain
activity during the stop trial is accounted for by response inhibition. A
correlation between the preparation cost and the normalized inhibitionrelated activity was calculated.
Within-subject variability analysis. To further clarify whether the extent of preparation influenced preparation- and inhibition-related activity, the uncertain-go trials were sorted into two categories (low and high)
based on the preparation cost within each subject. Specifically, the preparation cost in the individual uncertain-go trials was calculated based on
the definition: reaction time of the uncertain-go trials ⫺ mean reaction
time of the certain-go trials averaged in the same run. The resultant
number of trials (mean ⫾ SD) was 199.8 ⫾ 0.6 in low-preparation
uncertain-go trials and 199.7 ⫾ 0.6 in high-preparation uncertain-go
trials. The preparation cost in the stop trials, however, could not be
obtained because reaction time does not exist for the correct stop trials.
We therefore assumed that the preparation cost persisted for a while, and
that the preparation cost of one stop trial was the same as the preparation
cost of the uncertain-go trial that was given immediately before the stop
trial. In the event that there were no uncertain-go trials between two stop
trials, the latter stop trial was excluded from this analysis. The resultant
number of trials (mean ⫾ SD) was 27.4 ⫾ 5.0 in low-preparation stop
trials and 33.3 ⫾ 4.2 in high-preparation stop trials.
To verify this estimation, the percentage correct performance in the
stop trials immediately following the low- and high-preparation
uncertain-go trials, respectively, were subject to a paired t test. We then
analyzed the way the preparation cost affected the brain activity. The
inhibition-related brain activity (stop vs uncertain-go trials) and the
preparation-related brain activity (uncertain-go vs certain-go trials) was
calculated for each categories (low or high) using only correct trials. For
example, the inhibition-related brain activity under low preparation was
calculated based on the contrast “low-preparation stop versus lowpreparation uncertain-go” trials. The brain activity was also subjected
to repeated measures two-way ANOVA using the category (low and
high) and the contrast (preparation- and inhibition-related) as factors. All the combined voxels significantly activated during inhibition
(stop vs uncertain-go trials) were used as the ROI, which is the same
as in the across-subject analysis. In addition, a ROI analysis was performed for each region [the insula, posterior IFG (pIFG), presupplementary motor area (pre-SMA), and IPS]] using a 6-mm-radius
sphere centered at the peak of the inhibition-related activation in each
region as the ROI.

Results
Behavioral results
Mean correct performances (mean ⫾ SD) were 99.8 ⫾ 0.4%,
99.9 ⫾ 0.3%, and 53.7 ⫾ 4.3% in the certain-go, uncertain-go
and stop trials, respectively. Mean reaction times (mean ⫾ SD)
were 367.8 ⫾ 43.8 ms and 473.3 ⫾ 75.5 ms in the certain-go and
uncertain-go trials, respectively (Table 1). The difference between the uncertain-go and certain-go trials (preparation cost)
was significantly greater than zero (105.4 ⫾ 66.6, t(21) ⫽ 7.4, p ⬍

Table 1. Summary of behavioral data
Behavioral measure

(Mean ⫾ SD)

Certain-go RT
Certain-go % correct
Uncertain-go RT
Uncertain-go % correct
SSD
Stop % correct
SSRT
Stop-respond RT

367.8 ⫾ 43.8
99.8 ⫾ 0.4
473.3 ⫾ 75.5
99.9 ⫾ 0.3
279.6 ⫾ 88.8
53.7 ⫾ 4.3
181.7 ⫾ 31.9
430.4 ⫾ 99.0

%, Percentage.

Figure 2. Negative correlation between the preparation cost and SSRT. The preparation cost
was negatively correlated with the SSRT (r ⫽ ⫺0.46, p ⬍ 0.05), suggesting preparation before
stop-signal contributed to effective response inhibition.

0.001). The SSD was 279.6 ⫾ 88.8 ms and SSRT was 181.7 ⫾ 31.9
(Table 1). Interestingly, the preparation cost was negatively correlated with the SSRT (r ⫽ ⫺0.46, p ⬍ 0.05) (Fig. 2). Additionally, the subjects were split into two groups (low and high) based
on the preparation cost, and it was shown that the SSRT was
significantly shorter in the high preparation group [t(21) ⫽ 2.1,
p ⬍ 0.05]. Conversely, the subjects were split into two groups
based on the SSRT, and it was shown that higher preparation was
accompanied by a marginal trend of shorter SSRT ([t(21) ⫽ 1.8,
p ⫽ 0.08]). These results suggest that sufficient preparation before stopping enhanced the efficiency of response inhibition during the stop trials.
fMRI results
The functional image data set from the 22 subjects was analyzed
using a general linear model implemented in SPM2, and was
group-analyzed using a random effect model. As shown in Figure
3A and Table 2, the contrast uncertain-go versus certain-go data
(inhibition) revealed prominent brain activity in multiple regions, including the pIFG, DLPFC, anterior cingulate cortex
(ACC), pre-SMA, insula/IFG, precuneus and IPS, which is consistent with the results of earlier studies in which go/no-go and
stop tasks were used to analyze response inhibition (Garavan et
al., 1999; Konishi et al., 1999; de Zubicaray et al., 2000; Liddle et
al., 2001; Menon et al., 2001; Rubia et al., 2001; Bunge et al., 2002;
Durston et al., 2002; Hester et al., 2004; Kelly et al., 2004; Aron
and Poldrack, 2006; Li et al., 2006a; Leung and Cai, 2007; Sumner
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cognitive processes associated with response
inhibition were recruited before stopping.
We also conducted disjunction analysis to
determine the regions engaged in the contrast uncertain-go versus certain-go trials
but not in uncertain-go versus certain-go
trials (Fig. 3C; supplemental Table S2, available at www.jneurosci.org as supplemental
material). Primarily, the right IFG was engaged in inhibition but not preparation to
inhibit.
The behavioral results demonstrate a
negative correlation between the SSRT
and preparation cost (Fig. 2), which raises
the possibility that the extent of preparation (preparation cost) could influence
inhibition-related activity. To test that
idea, we performed an across-subject analysis (see Materials and Methods) using all
the inhibition-related regions as the ROI
(Fig. 4 A). This analysis revealed that the
normalized inhibition-related activity was
negatively correlated with the preparation
cost [r ⫽ ⫺0.60, p ⬍ 0.01] (Fig. 4 B),
which means that subjects whose preparation before stop-signals was sufficient
showed relatively less inhibition-related
activity. Thus, preparation appears to reduce recruitment of inhibition-related
brain regions during stopping.
To assess the extent to which inhibitionrelated activity is influenced by trial-totrial variation in the preparation within
each subject, we next performed a withinsubject analysis (see Materials and Methods). For each subject, the uncertain-go
trials were sorted into two categories (low
and high) based on the preparation cost.
In addition, the preparation costs during the stop trials were estimated based
on the preceding uncertain-go trials. A
paired t test showed that the percentage
correct performance in the highpreparation stop trials (52.3 ⫾ 8.8) was
greater than that in low-preparation
stop trials (35.4 ⫾ 8.7) [t(21) ⫽ 5.4, p ⬍
0.001], which verified that we could esFigure 3. A, Statistical activation maps showing signal increases and decreases in the contrast uncertain-go versus certain-go timate the extent of preparation during
(top) and uncertain-go versus certain-go (bottom). Activation maps are displayed as transverse sections overlaid on top of an the stop trials based on the preparation
anatomical images averaged across subjects. Statistical significance is indicated using the color scale at the bottom, and the cost of the immediately preceding
transverse section level is indicated by the Z coordinates in Talairach space (Talairach and Tournoux, 1988). B, Conjunction maps of uncertain-go trials (for full behavioral
the contrast uncertain-go versus certain-go and uncertain-go versus certain-go data. C, Disjunction maps showing the regions data, see supplemental Table S3, availengaged in the contrast uncertain-go versus certain-go data but not uncertain-go versus certain-go data.
able at www.jneurosci.org as supplemental material).
et al., 2007, Zheng et al., 2008). The contrast uncertain-go versus
By then using all the inhibition-related regions as the ROI
certain-go data (preparation) also revealed prominent brain acdetermined by the contrast stop versus uncertain-go trials, we
tivity in multiple regions, including the pre-SMA, IFJ and insula
were able to determine that inhibition-related activity decreased
(Fig. 3A; Table 3), and conjunction analysis revealed that most of
and preparation-related activity increased as the preparation cost
the regions exhibiting inhibition-related activity were also associincreased (Fig. 4C). The statistical significance of this dissociaated with the preparation ongoing before the stop signals (Fig. 3B;
tion was detected as the contrast-by-preparation cost interacsupplemental Table S1, available at www.jneurosci.org as suppletion in a repeated measures two-way ANOVA using the
mental material). The result of the conjunction analysis thus sugcontrast (inhibition- and preparation-related activity) and the
gests that during performance of the stop-signal task some of the
extent of the preparation (low- and high-preparation) as fac-
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Table 2. Brain regions showing signal increases in the contrast stop versus
uncertain-go trials
X

Y

Z

t value

Area
IFG
IFG
IFG
IFG
IFG/MFG
IFG
OFC
IFG
IFG/MFG
IFG/MFG
SFG
OFC
IFG/MFG
SFG
SFG

38
⫺32
54
48
42
34
26
⫺44
46
⫺44
34
⫺40
⫺32
32
18

16
18
14
16
6
18
52
16
36
10
8
56
36
⫺4
16

⫺6
2
26
18
32
14
26
⫺6
16
32
58
18
18
50
58

10.5
9.3
8.7
7.6
7.4
7.0
6.5
6.0
4.7
4.5
4.1
4.1
3.9
3.7
3.4

4
2
0
6
6
⫺4
18
⫺8

24
14
⫺22
42
6
4
⫺6
0

36
46
32
14
62
60
68
68

8.0
7.8
6.6
6.3
4.9
4.0
4.2
3.5

ACC
SFG
PCC
ACC
SFG
SFG
SFG
SFG

Parietal cortex

64
⫺42
52
64
36
⫺58
⫺50
12
44
24
64
⫺26
⫺26
14

⫺40
⫺52
⫺38
⫺30
⫺58
⫺36
⫺42
⫺70
⫺46
⫺62
⫺26
⫺66
⫺60
⫺36

30
50
48
38
48
36
48
38
40
42
24
50
38
42

7.7
6.6
6.6
6.3
6.2
6.2
4.8
4.6
4.5
4.4
4.3
4.3
4.0
3.6

IPL
SPL
SPL
IPL
SPL
IPL
SPL
PCU
IPL
PCU
IPL
PCU
CU
PCU

Occipital cortex

⫺14

⫺96

6

4.0

CU

Temporal cortex

64
60
52
52
⫺54
38
50
36
54

⫺40
⫺48
⫺50
⫺20
⫺40
⫺52
⫺30
⫺12
⫺10

16
8
16
⫺6
20
⫺14
⫺2
⫺8
⫺10

7.7
6.8
6.4
4.7
4.5
4.1
4.0
3.6
3.5

STG
STG/MTG
STG
MTG
STG
MTG
MTG
STG
MTG

10
16
⫺10
12
⫺26
6
2
⫺30
⫺12
10

⫺10
2
⫺2
⫺18
16
⫺28
⫺50
⫺58
⫺22
⫺56

2
10
6
14
⫺6
⫺22
⫺40
⫺32
18
⫺36

8.3
7.3
6.8
6.2
5.8
4.4
4.2
3.6
3.6
3.4

Thalamus
Caudate
Thalamus
Thalamus
Putamen
Cerebellum
Cerebellum
Cerebellum
Thalamus
Cerebellum

Lateral frontal cortex

Medial frontal cortex

Others

MFG, Middle frontal gyrus; SFG, superior frontal gyrus; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; IPL,
inferior parietal lobule; SPL, superior parietal lobule; PCU, precuneus; CU, cuneus; MTG, middle temporal gyrus; STG,
superior temporal gyrus.

Table 3. Brain regions showing signal increases in the contrast uncertain-go versus
certain-go trials
X

Y

Z

t value

Area

Lateral frontal cortex

30
42
42
⫺40
⫺26

28
18
6
16
26

2
4
40
0
⫺6

6.5
6.0
5.8
5.4
5.3

IFG
IFG
IFG/MFG
IFG
IFG

Medial frontal cortex

4
20

12
⫺10

52
56

6.1
5.5

SFG
SFG

⫺14

⫺20

8

5.2

Thalamus

Others

MFG, Middle frontal gyrus; SFG, superior frontal gyrus.

tors [F(1,84) ⫽ 6.6, p ⬍ 0.05]. Significant interaction was still
observed when the contrasts were stop versus certain-go trials
and uncertain-go versus certain-go trials [F(1,84) ⫽ 4.3, p ⬍ 0.05]
(see also supplemental Fig. S2, available at www.jneurosci.org as
supplemental material). Moreover, post hoc paired t tests revealed
a significant difference between the inhibition-related activity in
the high preparation cost category and that in the low preparation cost category [t(21) ⫽ 2.0, p ⫽ 0.053], as well as between the
preparation-related activity in the high and low preparation cost
categories [t(21) ⫽ 2.1, p ⬍ 0.05]. In a separate analysis using
three, instead of two, preparation cost categories (low, middle
and high) (supplemental Fig. S3, Table S4, available at www.
jneurosci.org as supplemental material), paired t tests revealed a
significant difference between the inhibition-related activity in
the high preparation cost category and that in the low preparation cost category [t(21) ⫽ 2.3, p ⬍ 0.05], as well as between the
preparation-related activity in the high and low preparation cost
categories [t(21) ⫽ 4.0, p ⬍ 0.001]. In addition, in the ROI analyses for the insula, pIFG, pre-SMA and IPS, the IPS revealed significant contrast-by-preparation interactions [F(1,84) ⫽ 7.8,
p ⬍ 0.01] in a repeated measures two-way ANOVA (Fig. 4 D).
Post hoc paired t tests revealed a significant difference only in the
inhibition-related activity between the high and low preparation
cost categories only in the IPS [t(21) ⫽ 3.4, p ⬍ 0.01]. Together
with the results from the across-subject analysis, these findings indicate that preparation before stop signals contributes to response inhibition in a complementary manner—i.e., preparation-related
activity increases and inhibition-related activity decreases as the extent of preparation increases.

Discussion
For the present study we designed a stop-signal task to estimate
the extent of the preparation before stop signals. The behavioral
results revealed that the preparation cost and the SSRT are negatively correlated, which suggests that efficiency of response inhibition improves in concert with increases in the extent of the
preparation ongoing before the stop signals. The imaging results
were consistent with those findings, as the across- and withinsubject analyses revealed that the inhibition-related activity decreased as the extent of the preparation increased. Together, the
behavioral and imaging results indicate that preparation reduced
the demand of inhibition before a stop signal by improving the
efficiency of response inhibition.
The behavioral results show that sufficient preparation shortened the reaction time of the stop process (i.e., SSRT), while the
imaging results show that preparation reduces inhibition-related
activity. The relationship between the efficiency of executive
function and related brain activity was often discussed in earlier
studies (Bunge et al., 2002; Wager et al., 2005; Li et al., 2006a;
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insula, and conjunction analysis revealed
most of the inhibition-related brain regions
were also associated with the preparation for
response inhibition. These results point to
the involvement of inhibition-related brain
regions during go trials without stop signals
(i.e., the uncertain-go trials), and suggest that a
common neural network is recruited during
both the stop and uncertain-go trials. This
overlap of preparation- and inhibition-related
activity is similar to that seen previously in
studies investigating brain regions associated
withtaskpreparation(BrassandvonCramon,
2002; Hester et al., 2004; Fassbender et al.,
2006a), and suggests that the overlapping activation reflected priming of cortical regions in
preparation for the upcoming inhibition. On
the other hand, the disjunction analysis revealed that the pIFG was activated during
inhibition but not preparation to inhibit.
The unique pattern of the pIFG suggests that
the preparation processes recruited on the
uncertain-go trials consisted of only a part
of the inhibitory processes. It is also to be
noted that the activation pattern in the
Figure 4. Reduced inhibition-related activity reflecting increased preparation. A, ROI generated from the group analysis of the pIFG contrasts with those of other areas
contrast stop versus uncertain-go data (FDR ⬍0.05). B, Negative correlation between the normalized inhibition-related activity including the IPS, suggesting the differenand the preparation cost. C, Different patterns of activation associated with inhibition and preparation in different estimated tial roles of these regions.
preparation costs. A significant contrast-by-preparation interaction was revealed by repeated measures two-way ANOVA perThe extent of the preparation in stop
formed using contrast (inhibition- and preparation-related activity) and extent of preparation (low- and high-preparation) as
trials was not directly estimated since subfactors. D, ROI analyses of the insula, pIFG, pre-SMA and IPS. Significant contrast-by-preparation interactions were revealed in the
jects did not respond in successful trials.
pre-SMA and IPS.
However, the within-subject analysis
showed that the preparation cost of the
Aron et al., 2007; Leung and Cai, 2007; Zheng et al., 2008).
preceding uncertain-go trials predicted the performance in the
Among these studies, several reported that increased brain activfollowing stop trials, which suggests the extent of the preparation
ity corresponded to highly efficient executive function (Li et al.,
in the stop trials could be estimated from the preparation cost in
2006a; Aron et al., 2007; Leung and Cai, 2007), while others rethe immediately preceding uncertain-go trials. However, one reported that increased brain activity corresponded to high task
cent study (Verbruggen and Logan, 2009) reported that the exdemand (Zheng et al., 2008). That the efficiency of response intent of the preparation before stop signals was adjusted on a
hibition improved as preparation increased suggests this imtrial-by-trial basis, not a block-by-block basis. Consequently, it
provement may have reduced the demand of response inhibition
remains unclear whether the adjusted preparation was influenced
during stopping, and the preparation may to some degree recruit
by the preceding trials, though it appears that in the present study
stop processing before a stop signal. Thus, the reductions in the
the degree of the preparation was stable across several trials.
SSRT and inhibition-related activity corresponding to increased
Another caveat regarding the preparation cost is that it may
preparation suggest there was a complementary relationship bereflect a “waiting strategy,” whereby subjects wait for a stop signal
tween the preparation and the response inhibition during perforuntil they are sure of its absence (Rieger and Gauggel, 2002;
mance of the stop-signal task.
Sylwan, 2004). In the present study, using a waiting strategy
The imaging results revealed that inhibition-related activity
would prolong reaction times in the uncertain-go trials, but not
was elicited in multiple brain regions, including the pre-SMA,
in the certain-go trials, so the preparation cost would therefore
IFG, IFJ, TPJ, IPS, and insula, which is consistent with previous
increase. However, when using the tracking procedure, the SSD
studies (Konishi et al., 1998, 1999; Garavan et al., 1999; de Zubicaray
should be prolonged to an extent that corresponds to the increase
et al., 2000; Liddle et al., 2001; Menon et al., 2001; Rubia et al., 2001;
in the go reaction time attributable to the waiting strategy, thus
Bunge et al., 2002; Durston et al., 2002; Hester et al., 2004; Curtis et
keeping SSRT constant (Scheres et al., 2001). The negative correal., 2005; Rubia et al., 2005; Vaidya et al., 2005; Vink et al., 2005;
lation between the preparation cost and SSRT revealed in the
Wager et al., 2005; Aron and Poldrack, 2006; Chikazoe et al.,
present study contradicts the constant SSRT, and therefore the
2007, 2009; Leung and Cai, 2007; Sumner et al., 2007; Eagle et al.,
major part of the preparation cost could not be explained by
2008; Nakata et al., 2008; Coxon et al., 2009; Cai and Leung,
the waiting strategy. Alternatively, the preparation cost may re2009). Moreover, the critical role played by the IFG and pre-SMA
flect various components including attention, uncertainty and
has been demonstrated in both neuropsychological (Aron et al.,
anticipation (Brass and von Cramon, 2004; Hester et al., 2004;
2003; Husain et al., 2003; Hodgson et al., 2007) and transcranial
Sakai and Passingham, 2006; Fassbender et al., 2006b). Although
magnetic stimulation studies (Chambers et al., 2006). The task
the present study is not designed to dissociate these components
performed in the present study also elicited preparation-related
in the preparation cost, further studies may reveal the differential
activity in multiple brain regions, including the pre-SMA, IFJ, and
contribution of these components.
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There are some methodological issues to be discussed. First,
the present study used 4 s TR, which is longer than typical values
used in event-related fMRI studies. The SOA in the present task
was 2.5 s, which did not correlate with the 4 s signal sampling.
Although a shorter TR should have increased the signal-to-noise
ratio, the present study succeeded in detecting significant effects
under the condition. Second, the low orthogonality between the
two types of go trials may have increased the standard deviation
in the group analysis using one-sampled t test. Although the colinearity may have limited the findings, significant effects were
successfully detected in the present study. Third, the SSRT estimation method using the mean or median assumes that the percentage correct performance is 50% (Band et al., 2003). On the
other hand, the SSRT estimation method used in the present
study is a mathematically more general form, and is also frequently used in behavioral literatures (Logan and Cowan, 1984;
Logan, 1994; Band et al., 2003; Boucher et al., 2007; Eagle et al.,
2008).
Prior behavioral studies that dealt with preparation (Schachar
et al., 2004; van Boxtel et al., 2005; Li et al., 2006b; Emeric et al.,
2007) have not reported the negative correlation between preparation and the SSRT found in the present study. This finding
suggests that the preparatory process plays a complementary role
in response inhibition. Although it has been thought that the
SSRT is stable, regardless of the strategies used by the subjects,
our findings suggest that the SSRT may indeed depend on the
subjects’ strategies. More extensive exploration will be required
to precisely characterize the subcomponents of preparation, but
the present study provides evidence that the go and stop processes depend on the extent of preparation and that inhibitionrelated brain regions, including the pre-SMA, IFJ, and insula,
underlie the complementary role of preparation for response
inhibition.
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