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The Right Superior Frontal Gyrus and Individual Variation
in Proactive Control of Impulsive Response
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A hallmark of cognitive control is the ability to rein in impulsive responses. Previously, we used a Bayesian model to describe trial-by-trial
likelihood of the stop signal or p(Stop) and related regional activations to p(Stop) to response slowing in a stop signal task. Here, we
characterized the regional processes of conflict anticipation in association with intersubject variation in impulse control in 114 young
adults. We computed the stop signal reaction time (SSRT) and a measure of motor urgency, indexed by the reaction time (RT) difference
between go and stop error trials or “GoRT — SERT,” where GoRT is the go trial RT and SERT is the stop error RT. Motor urgency and SSRT
were positively correlated across subjects. A linear regression identified regional activations to p(Stop), each in correlation with SSRT and
motor urgency. We hypothesized that shared neural activities mediate the correlation between motor urgency and SSRT in proactive
control of impulsivity. Activation of the ventromedial prefrontal cortex, posterior cingulate cortex and right superior frontal gyrus (SFG)
during conflict anticipation correlated negatively with the SSRT. Activation of the right SFG also correlated negatively with GoRT — SERT.
Therefore, activation of the right SFG was associated with more efficient response inhibition and less motor urgency. A mediation
analysis showed that right SFG activation to conflict anticipation mediates the correlation between SSRT and motor urgency bidirection-
ally. The current results highlight a specific role of the right SFG in translating conflict anticipation to the control of impulsive response,
which is consistent with earlier studies suggesting its function in action restraint.
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Individuals vary in impulse control. However, the neural bases underlying individual variation in proactive control of impulsive
responses remain unknown. Here, in a large sample of young adults, we showed that activation of the right superior frontal gyrus
(SEG) during conflict anticipation is positively correlated with the capacity of inhibitory control and negatively with motor
urgency in the stop signal task. Importantly, activity of the right SFG mediates the counteracting processes of inhibitory control
and motor urgency across subjects. The results support a unique role of the right SFG in individual variation in cognitive control.

ignificance Statement

task to characterize the neural processes linking conflict anticipation,
an estimate of the likelihood of an upcoming stop signal or p(Stop)

Introduction
A distinct dimension of cognitive control is the ability to anticipate

changes and prepare for behavioral adjustment. In a previous work,
we combined computational modeling and fMRI of a stop signal
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and go trial reaction time (GoRT'). An increase in p(Stop) predicted
a prolonged GoRT. We showed that activity to conflict anticipation
in the presupplementary motor area (pre-SMA) Granger caused ac-
tivity in the posterior pre-SMA, and bilateral anterior insula during
go response slowing (Hu et al., 2015). Along with other studies, the
latter work characterized the neural circuits for proactive control
(Jaffard et al., 2008; Jahfari et al., 2010; Grinband et al., 2011; Criaud
et al,, 2012; Zandbelt et al., 2013; van Belle et al., 2014; Behan et al.,
2015).

Individuals vary in impulsivity, which may conduce to unde-
sirable consequences (Grant and Chamberlain, 2014; Smith et al.,
2014). Many clinical conditions implicate dysfunctional impulse
control and impulsivity represents a target for behavioral and
pharmacological therapy (Friederich et al., 2013; Jahanshahi et
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al., 2015). In the stop signal task, the stop signal reaction time
(SSRT), the time required to withhold a motor response success-
fully in half of the stop trials, captures the capacity of response
inhibition (Logan, 1994). By contrasting stop and go trials or stop
success and error trials, previous studies have implicated a wide
array of cortical and subcortical regions in mediating intersubject
variation in the SSRT (Li et al., 2006; Li et al., 2008¢; Chao et al.,
2009; Duann etal., 2009; Zhang et al., 2015), highlighting a role of
reactive control in response inhibition. There is also behavioral
evidence that higher stop signal probability or preparation to stop
is associated with shorter SSRT (Castro-Meneses et al., 2015;
Smittenaar et al., 2015). However, it remains unclear how conflict
anticipation may influence the SSRT proactively and how this
relationship may vary across individuals.

Earlier work suggests that the SSRT is a product of interaction
of the go and stop processes in the stop signal task (Logan et al.,
1984; Verbruggen and Logan, 2008). Although studies have
largely focused on SSRT as a performance measure of response
inhibition, it is known that stop error RT (SERT) is consistently
shorter than GoRT, suggesting that motor urgency may contrib-
ute to failure in response inhibition (Chikazoe et al., 2009). A
greater difference between GoRT and SERT reflects an urgency to
respond, the motor aspect of impulsivity. Indeed, a recent study
using independent component analysis showed that the activities
of motor networks are inversely correlated with SSRT across sub-
jects and that motor urgency, as indexed by the difference in
GoRT and SERT or GoRT — SERT and SSRT, are positively
correlated across subjects (Zhang et al., 2015). It is thus likely that
shared neural substrates mediate the interaction of response in-
hibition and motor urgency.

Here, in a large cohort of young, healthy adult individuals, we
examined the neural processes of conflict anticipation in associ-
ation with variation in response inhibition (SSRT) and motor
urgency (GoRT — SERT) across individuals. Conflict anticipa-
tion was quantified by the probability of a stop trial computed
from a Bayes optimal decision-making model, which assumes
that participants choose whether to “go” on the basis of accumu-
lating evidence. This model explained stopping behavior in the
stop signal task and predicted increased stop error rate with in-
creasing stop signal delay as well as faster stop error than correct
go response time (Ide et al., 2013; Hu et al., 2015). In combina-
tion with the imaging data, we reported that activations of right-
hemispheric SFG to conflict anticipation are negatively
correlated with both SSRT and motor urgency. Mediation anal-
ysis showed that right SFG activity fully mediates the correlation
between SSRT and GoRT — SERT bidirectionally, suggesting a
critical role of the right SFG in linking proactive control to the
interactive processes of motor urgency and response inhibition.

Materials and Methods

Participants, assessments, and behavioral task. One-hundred-and-four-
teen adults (30.7 = 11.0 years of age, 64 females) participated in this
study. We reported differential medial prefrontal cortical responses to
conflict anticipation, RT slowing, and unsigned prediction error from
the same cohort in a recent study (Hu et al., 2015). All participants were
physically healthy with no major medical illnesses or current use of pre-
scription medications. None of them reported having a history of head
injury or neurological illness. They signed a written consent after given a
detailed explanation of the study in accordance with a protocol approved
by the Yale Human Investigation Committee.

All participants performed a stop signal task or SST (Li et al., 2009a;
Hendrick et al., 2010; Hu and Li, 2012; Winkler et al., 2013), in which go
and stop trials were randomly intermixed in presentation with an inter-
trial interval of 2 s. A fixation dot appeared on screen to signal the begin-
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ning of each trial. After an introductory period varying from 1 to 5 s
(uniform distribution), the dot became a circle, the “go” signal, prompt-
ing participants to press a button quickly. The circle disappeared at but-
ton press or after 1 s if the participant failed to respond. In approximately
one-quarter of trials, the circle was followed by a “cross,” the stop signal,
prompting participants to withhold button press. The trial terminated at
button press or after 1 s if the participant inhibited the response success-
fully. The time between the go and stop signals, the stop signal delay
(SSD), started at 200 ms and varied from one stop trial to the next
according to a staircase procedure, increasing and decreasing by 67 ms
each after a successful and failed stop trial (Levitt, 1971). With the stair-
case procedure, we anticipated that participants would succeed in with-
holding the response half of the time. Participants were trained briefly on
the task before imaging to ensure that they understood the task. They
were instructed to press the button quickly when they saw the go signal
while keeping in mind that a stop signal might come up in some trials (Li
etal., 2009Db). In the scanner, they completed four 10 min sessions of the
task, with ~100 trials in each session.

Behavioral data analysis. A critical SSD was computed for each partic-
ipant that represented the time delay required for the participant to
withhold the response successfully in half of the stop trials, following a
maximum likelihood procedure (Wetheril et al., 1966). Briefly, SSDs
across trials were grouped into runs, with each run being defined as a
monotonically increasing or decreasing series. We derived a mid-run
estimate by taking the middle SSD (or average of the two middle SSDs
when there was an even number of SSDs) of every second run. The
critical SSD was computed by taking the mean of all mid-run SSDs. It was
reported that, except for experiments with a small number of trials
(<30), the mid-run measure was close to the maximum likelihood esti-
mate of X50 (50% positive response; i.e., 50% SS in the SST; Wetheril et
al., 1966). The SSRT was computed for each participant by subtracting
the critical SSD from the median go trial reaction time (Logan et al.,
1984).

Trial-by-trial Bayesian estimate of the likelihood of a stop signal. As in
our previous work (Ide et al., 2013), we used a dynamic Bayesian model
(Yu et al., 2009) to estimate the prior belief of an impending stop signal
on each trial based on prior stimulus history. The model assumes that
subjects believe that stop signal frequency r, on trial k has probability a of
being the same as r,_, and probability (1 — «) of being resampled from
a prior distribution 7r(r;). Subjects are also assumed to believe that trial k
has probability r; of being a stop trial and probability 1 — r, of being a go
trial. With these generative assumptions, subjects are assumed to use
Bayesian inference to update their prior belief of seeing a stop signal on
trial k, p(r, | S,._,) based on the prior on the last trial p(r,_, | S,_;) and
the last trial’s true category (s, = 1 for stop trial, s, = 0 for go trial), where
S = {515 - .. 8} is short-hand for all trials 1 through k. Specifically, given
that the posterior distribution was p(r,_, | S,_,) on trial k — 1, the prior
distribution of stop signal in trial k is given by the following:

plri] Sic) = apry | Sim) + (1 = @) 7(ry),

where the prior distribution 7r(r;) is assumed to be a 8 distribution with
prior mean pm and shape parameter scale and the posterior distribution
is computed from the prior distribution and the outcome according to
the Bayes’ rule as follows:

p(ry ‘ Si) o P(si | ) p(ry | Sk-1)-

The Bayesian estimate of the probability of trial k being stop trial, which
we colloquially call p(Stop) herein, given the predictive distribution
p(re | S 1), is expressed by the following:

plsp=1 ‘ Si-1) = fp(sk =1 | ) P("k| Sk-)dry

= jrkP(Tk | Sy dri = (ry | Sk-1)-

In other words, the probability p(Stop) of a trial k being a stop trial is
simply the mean of the predictive distribution p(r; | S,._,). The assump-
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tion that the predictive distribution is a mixture of the previous posterior
distributions and a generic prior distribution is essentially equivalent to
using a causal, exponential, linear filter to estimate the current rate of
stop trials (Yu et al., 2009). In summary, for each subject, given a se-
quence of observed go/stop trials, and the three model parameters
{a, pm, scale}, we estimated p(Stop) for each trial.

We followed our earlier work in specifying the parameters for Bayesian
models (Ide et al., 2013). Specifically, we assumed a prior B distribution,
B (3.5, 7.5) equivalent to a prior mean = 0.25 and scale = 10 and a
learning parameter o = 0.8 for all participants. Although each subject
might present an optimal set of parameters, as shown in Ide et al. (2013),
considering the noisy nature of individual model parameter estimates,
we followed the standard of model-based fMRI analyses by keeping a
fixed set of parameters across the group to characterize behavior related
to stop signal anticipation and regional responses to p(Stop) (O’Doherty
et al., 2004; Daw et al., 2006). Our previous work also showed that the
sequential effects, a positive correlation between p(Stop) and GoRT, are
not sensitive to the exact parametrization of the model; a significant
correlation between p(stop) and GoRT is obtained for individual sub-
jects for a wide range of parameters (r > 0.92, Pearson regression). The
mean of the prior distribution is set at 0.25 to reflect the frequency of stop
trials. The validity of the model was confirmed in a more recent work (Hu
etal., 2015).

Imaging protocol and spatial preprocessing of brain images. Conven-
tional T1-weighted spin-echo sagittal anatomical images were acquired
for slice localization using a 3T scanner (Siemens Trio). Anatomical
images of the functional slice locations were obtained with spin-echo
imaging in the axial plan parallel to the anterior commissure—posterior
commissure (AC-PC) line with TR = 300 ms, TE = 2.5 ms, bandwidth =
300 Hz/pixel, flip angle = 60°, field of view = 220 X 220 mm, matrix =
256 X 256, 32 slices with slice thickness = 4 mm and no gap. A single
high-resolution T1-weighted gradient-echo scan was obtained. One
hundred and seventy-six slices parallel to the AC-PC line covering the
whole brain were acquired with TR = 2530 ms, TE = 3.66 ms, band-
width = 181 Hz/pixel, flip angle = 7°, field of view = 256 X 256 mm,
matrix = 256X256, 1 mm? isotropic voxels. Functional blood oxygen-
ation level-dependent (BOLD) signals were then acquired with a single-
shot gradient-echo echo-planar imaging (EPI) sequence. Thirty-two
axial slices parallel to the AC-PC line covering the whole brain were
acquired with TR = 2000 ms, TE = 25 ms, bandwidth = 2004 Hz/pixel,
flip angle = 85°, field of view = 220 X 220 mm, matrix = 64 X 64, 32
slices with slice thickness = 4 mm and no gap. There were 300 images in
each session for a total of four sessions.

Data were analyzed with Statistical Parametric Mapping (SPM8, Well-
come Department of Imaging Neuroscience, University College Lon-
don). In the preprocessing of BOLD data, images of each participant were
realigned (motion-corrected) and corrected for slice timing. A mean
functional image volume was constructed for each participant for each
run from the realigned image volumes. These mean images were coreg-
istered with the high-resolution structural image and then segmented for
normalization to a Montreal Neurological Institute (MNI) EPI template
with affine registration followed by nonlinear transformation (Friston et
al., 1995a; Ashburner and Friston, 1999). Finally, images were smoothed
with a Gaussian kernel of 8 mm at full width at half maximum. Images
from the first five TRs at the beginning of each trial were discarded to
enable the signal to achieve steady-state equilibrium between radio fre-
quency pulsing and relaxation.

Generalized linear models and group analyses. Our goal was to identify
the neural correlates of conflict anticipation or the Bayesian estimate of a
stop signal. We distinguished four trial outcomes, go success (GS), go
error (GE), stop success (SS), and stop error (SE), and modeled BOLD
signals by convolving the onsets of the fixation point (the beginning) of
each trial with a canonical hemodynamic response function (HRF) and
the temporal derivative of the canonical HRF (Friston et al., 1995b; Hu
and Li, 2012). Realignment parameters in all six dimensions were entered
in the model. We included the following variables as parametric modu-
lators in the model: p(Stop) of GS trials, SSD of SS trials, p(Stop) of SS
trials, SSD of SE trials, and p(Stop) of SE trials, in that order. Inclusion of
these variables as parametric modulators improved model fit (Biichel et
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al., 1996; Cohen, 1997; Biichel et al., 1998; Hu et al., 2015) and, specifi-
cally, the parametric modulator of p(Stop) allowed us to examine the
neural correlates of conflict anticipation. Serial autocorrelation of the
time series was corrected by a first degree autoregressive or AR(1) model
(Friston et al., 2000; Della-Maggiore et al., 2002). The data were high-
pass filtered (1/128 Hz cutoff) to remove low-frequency signal drifts. In
the first-level analysis, a contrast +1 and —1 on the parametric modula-
tor p(Stop) of GS trials each examined how positive and negative devia-
tions from the average BOLD amplitude are modulated by trial-by-trial
estimate of the likelihood of a stop signal (Wilson et al., 2009; St Jacques
et al., 2011). That is, the contrasts identified voxels each with activation
increasing and decreasing to p(Stop).

In the second-level analysis, we reported findings at a voxelwise p <
0.05 corrected for familywise error (FWE) of multiple comparisons or
uncorrected threshold of p < 0.001, along with a cluster threshold of p <
0.05 corrected for FWE. In a one-sample ¢ test, we identified regional
activations in positive and negative correlation to p(Stop). In whole-
brain linear regression, we identified regional activations to p(Stop) each
against SSRT and GoRT — SERT.

Mediation analysis. We performed mediation analyses to test the hy-
pothesis that regional activations mediate the association between the
SSRT and GoRT — SERT using the toolbox M3 developed by Wager and
Lindquist (http://www.columbia.edu/cu/psychology/tor/). The methods
were detailed in our previous work (Ide and Li, 2011; Ide et al., 2014).
Briefly, in a mediation analysis, the relation between the independent
variable X and dependent variable Y; that is, X — Y is tested to determine
whether it is significantly mediated by a variable M. The mediation test is
performed using the following three regression equations:

Y=il +cX+el
Y=1i2+ X+ bM + e2
M=i3+aX +e3

where a represents X — M, b represents M — Y (controlling for X), ¢’
represents X — Y (controlling for M), and ¢ represents X — Y. In the
literature, a, b, ¢, and ¢’ were referred to as “path coefficients” or simply
“paths,” and we followed this notation. Variable M is said to be a medi-
ator of connection X — Y, if (¢ — ¢’), which is mathematically equivalent
to the product of the paths a X b, is significantly different from zero
(MacKinnonetal., 2007). If the product of a X band the pathsaand bare
significant, then one concludes that X — Y'is mediated by M. In addition,
if path ¢’ is not significant, it indicates that there is no direct connection
from X to Yand that X — Y'is completely mediated by M. Note that path
b represents M — Y, controlling for X, and should not be confused with
the correlation coefficient between Y and M. Note also that a significant
correlation between X and Y and between X and M is required for one to
perform the mediation test.

Results

Behavioral performance

The median GoRT and SERT were 602 * 10 ms (mean = SE) and
533 * 9 ms, respectively. Participants responded in 98.6 = 0.2%
of go trials and 51.2 % 0.3% of stop trials. The average SSRT was
194 * 3 ms and the difference between the median GoRT and
median SERT, or GoRT — SERT, was 69 % 30 ms. SSRT and
GoRT — SERT were significantly correlated (r = 0.2800, p =
0.0025, df = 112, Pearson regression; Fig. 1).

The Bayesian model predicts that as p(Stop) increases, GoORT
should increase linearly and the stop error rate should decrease
linearly. The results for the current cohort showed that, across all
participants, GoRT was significantly correlated with p(Stop) (r =
0.9665, p = 0.0000, df = 112), indicating a strong sequential
effect, and the stop error rate was inversely correlated with
p(Stop) (r = —0.9080, p = 0.0000, df = 112), both of which were
consistent with the predictions of the Bayesian model (see Fig. 1
in Hu et al., 2015).
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the dependent variable because, as a neu-
ral phenotype, voxel activity causes be-
havioral manifestations, but the reverse is
not true. However, these two models were
included for completeness.

0 I 1
GoRT - SERT (ms)

Figure 1.
Pearson regression.

Regional activations to stop signal anticipation: parametric
modulation by p(Stop)

The results showed positive modulation by p(Stop) in bilateral
inferior parietal lobules, right middle frontal cortex, orbitofron-
tal cortex, middle cingulate cortex, anterior pre-SMA, left cere-
bellum, and right insula (Fig. 2, Table 1). Regions with negative
responses to p(Stop) are found in the ventromedial prefrontal
cortex (vmPFC), left caudate head, bilateral primary motor cor-
tices, parahippocampal gyrus, posterior cingulate cortices and
middle occipital cortices, as well as left SFG (Fig. 2, Table 1).

Regional responses to p(Stop) in correlation with SSRT and
GoRT — SERT

A linear regression of responses to p(Stop) against SSRT showed
negative correlations in the vimPFC (x = 0,y = 35,z = 1,k =
1122, Z = 5.34), right SFG (x = 21,y = 35,z =46,k = 99, Z =
4.09), and posterior cingulate cortex (x = 3, y = —49, z = 25,
k =100, Z = 3.82) (Fig. 3b). A linear regression of responses to
p(Stop) against GoORT — SERT showed negative correlations in
theright SFG (x = 21,y =29,z =34,k = 162, Z = 4.04) (Fig. 3¢).
No brain regions showed positive correlations in either regres-
sion at the same threshold. Further, to determine whether GoRT
may be a significant confounder, we included GoRT as an addi-
tional regressor in the latter general linear model (GLM). The
results identified the same right SFG cluster (x = 21,y =29,z =
34,k = 144, Z = 4.10, ppwe = 0.008) in negative association with
motor urgency (GoRT — SERT).

Right SFG response to p(Stop) mediates correlation of SSRT
and GoRT — SERT bidirectionally

As shown in Figure 3, b and ¢, the right SFG responses to p(Stop)
were negatively correlated with both SSRT and GoRT — SERT.
That is, the right SFG represents a shared neural correlate for
efficient response inhibition and less motor urgency. We identi-
fied a cluster of the right SFG that overlapped in the correlation
with SSRT and GoRT — SERT. We hypothesized that activity of
the right SFG (Fig. 4a) mediate the correlation between SSRT and
GoRT — SERT (Figs. 1, 4b). In mediation analysis, we tested the
specificity of this relationship by examining all six mediation
models. In the first model, the SSRT served as the independent

0 20 40 60 80 100 120 140

Correlation between SSRT and GoRT — SERT. Each data point represents one participant. The line indicates the fit by

The results showed that the right SFG
exclusively mediated the relationship be-
tween SSRT and GoRT — SERT bidirec-
tionally (Fig. 4¢, Table 2). That is, the
correlation between SSRT and right SFG
and that between GoRT — SERT and SFG
were both significant and the correlation
between SSRT and GoRT — SERT was fully accounted for by SFG
activity (see Materials and Methods). Conversely, neither
GoRT — SERT or SSRT significantly mediated the correlation
between SFG activity and the other variable (Table 2). In the
remaining two models, there were no significant mediation
effects.

160 180

Discussion

Neural correlates of individual variation in impulse control
Although studies have combined brain imaging and various be-
havioral measures to characterize the neural processes of impulse
control, few have focused on how these processes account for
individual variation in impulsivity in nonclinical populations. In
the realm of cognitive motor control, for instance, urgency as a
dimensional index of impulsivity trait is associated with pro-
longed SSRT in the SST and negatively correlated with activation
of the right inferior frontal cortex and anterior insula during stop
versus go trials (Wilbertz et al., 2014). Our earlier work showed
that Barratt impulsivity is associated with decreased activation
and connectivity in the right middle frontal cortex and anterior
insula during stop versus go trials, but is only marginally corre-
lated with the SSRT (Farr et al., 2012). These studies highlighted
a potential relationship between individual variation in impulsiv-
ity and frontal cortical processes of saliency response and reactive
control.

On the other hand, it remains unclear whether or how proac-
tive control mediates individual variation in impulsivity. Here,
building on our earlier studies, we characterized whole-brain ac-
tivations to conflict anticipation and regional processes that re-
late conflict anticipation to two measures of impulse control:
response inhibition, as indexed by the SSRT, and motor urgency,
as indexed by GoRT — SERT. The results showed that right SFG
activity is associated with both efficient response inhibition and
less motor urgency. In addition, the right SFG fully mediates the
correlation between response inhibition and motor urgency, sug-
gesting its critical role in dictating the interaction between coun-
termanding decisions to go and stop in the SST.

The right SFG has been implicated in inhibitory control, par-
ticularly when driven by a “top-down” process. In a marble task,
the right SFG (x = 21, y = 33, z = 54, within the cluster identified
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Figure 2.
modulation. Color bar indicates T value. Neurological orientation: r = right.

here: x = 21, y = 35, z = 46) showed greater activation during
intentional inhibition versus intentional action (Schel et al.,
2014). The right SFG is part of a cortical network that responds
specifically to action restraint in go/no-go task (Dambacher et al.,
2014b). Disruption of the right SFG by continuous theta-burst
stimulation specifically impaired the ability to refrain from re-
sponding in a go/no-go task while leaving the ability for action
cancellation in the SST largely intact (Dambacher et al., 2014a).
These two studies suggest a specific role of the right SFG in pro-
active control of impulsive responses.

A recent study described in detail the anatomical and func-
tional connectivity of the SFG (Li et al., 2013). With diffusion
tensor tractography, the investigators parcellated the SFG into

Regional activations as modulated by p(Stop) overlaid on a T1 structural image in axial sections (p << 0.05 FWE). Warm colors indicate positive modulation; cool colors, negative

anteromedial (SFGam), dorsolateral (SFGdIl), and posterior
(SFGp) subregions. In the analysis of resting-state functional
connectivity, the right SFGdl is positively connected to the ante-
rior and posterior cingulate cortices, middle frontal gyrus, cau-
date, and thalamus but negatively connected to the inferior
frontal and precentral gyri in an exactly opposite pattern to right
SEGp. The current finding of right SFG cluster corresponds in
location to an anterior part of the SFGdI, in the anterior lateral
portion of the Brodmann area 9. This anterior subregion of the
SFGdI is more strongly connected to the default mode network
compared with the posterior subregion. An earlier study of graph
theoretical measures suggested that stronger connectivities be-
tween the SFG and posterior cingulate cortex are associated with
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Table 1. Regional activations modulated by p(Stop) with whole-brain evaluation
atp < 0.05 FWE

MNI coordinates

Clustersize  Cluster FWE Peak voxel (mm)

Region (#voxels)  p-value Z-value X 4 7

Positive modulation by p(Stop)
Rinferior parietal lobule 547 0.000 7.1 57 —43 49
L cerebellum 107 0.000 6.40 =24 =70 —32
R orbital frontal cortex 137 0.000 6.26 33 5% -5
Linferior parietal lobule 285 0.000 6.11 =57 —46 40
R middle frontal cortex LX) 0.000 5.48 45 17 43
Rinsula 30 0.000 5.45 48 17 1
R/L midcingulate cortex 20 0.001 5.38 3 -5 28
R/L anterior pre-SMA 73 0.000 5.04 320 4

Negative modulation by p(Stop)
L parahippocampal gyrus 3621 0.000 INF —=33 =37 —1
R parahippocampal gyrus 0.000 INF 33 —31 —14
R/L posterior cingulate cortex 0.000 INF -6 —61 22
L middle occipital cortex 0.000 7.27 —24 —8 25
R/L ventromedial PFC 0.000 7.5 -6 5 -5
L superior frontal gyrus 222 0.000 7.67 -21 29 4
RPMCand R/L PCL 928 0.000 6.86 42 —19 58
Linferior temporal gyrus 73 0.000 6.19 =57 =7 -1
Rinferior temporal gyrus 62 0.000 5.87 57 —4 —14
LPMC 107 0.000 5.58 =51 =10 40

All' peak voxels 8 mm apart are identified.
PCL, Paracentral lobule; PMC, primary motor cortex.

better interference control during healthy aging (Wen et al,,
2011). Although the literature on the functional significance of
SFG connectivity is limited, these findings suggest the impor-
tance of distinguishing SFG subregions in imaging studies.

A broader role of the superior frontal gyrus in executive
functions in health and illness

The literature specifically on the SFG is somewhat scanty. How-
ever, structural and functional imaging studies have provided
evidence supporting a broader role of the SFG in executive func-
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tions in both healthy individuals and those with neuropsychiatric
conditions. Reduced cortical thickness of bilateral SFG is associ-
ated with inattentional impulsivity, as assessed by the Barratt
Impulsivity Scale, in healthy young adults (Schilling et al., 2012).
Reduced cortical thickness specifically of the right SFG is re-
ported in patients with attention deficit hyperactivity disorder
(Almeida et al., 2010). Repetitive transcranial magnetic stimula-
tion of the SFG modulates craving in cigarette smokers (Rose et
al., 2011). Altered cortical thickness and functional connectivity
of the right prefrontal cortex including the SFG is associated with
impulsive responses in individuals with posttraumatic stress dis-
orders (Sadeh et al., 2015). The clinical efficacy of deep brain
electrical stimulation of the subthalamic nucleus (STN) in reduc-
ing parkinsonian symptoms, including cognitive motor control,
is associated with STN connectivity to the thalamus and, in par-
ticular, to the SFG (Vanegas-Arroyave et al., 2016). Deficits in
executive functioning in patients with amyotrophic lateral scle-
rosis are associated with impaired white matter integrity of the
SEG (Pettit et al., 2013). In patients with traumatic brain injury,
although the decline in fractional anisotropy of the white matter
is widespread, the changes in the pre-SMA and SFG are particu-
larly associated with impairment in task switching (Leunissen et
al., 2014). While tangential to the current findings, these earlier
studies suggest the importance of unraveling the full spectrum of
SEG function in both basic and clinical research.

Implications for individual difference research

Individual difference has drawn increasing attention in systems
and cognitive neuroscience research. This research provides evi-
dence to support the variability in cognitive performance and its
neural bases in the population. It also suggests that regional brain
processes that do not manifest in the population means may
nevertheless reflect variance of the mean that is of individual
significance. Here, whereas the mean signal does not differ sig-
nificantly from zero (Fig. 4b), activation of the right SFG to con-
flict anticipation supports individual variation in impulse
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Regional responses to conflict anticipation in association with SSRT and motor urgency. a, Whole-brain responses to p(Stop) shown at the same axial sections for comparison. b,

Regional responses to p(Stop) in positive and negative correlation with SSRT (b) and GoRT — SERT (c). Clusters with negative correlation are shown in blue. No clusters showed positive correlation.
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a, A cluster in the right SFG with responses to p(Stop) that correlate linearly with both SSRT and GoRT — SERT. b, SFG activity (contrast value) is linearly correlated with both SSRT and

GORT — SERT. ¢, Mediation analysis showing that SFG activity mediates the correlation between SSRT and GoRT — SERT bidirectionally.

Table 2. Mediation of SSRT, GoRT — SERT, and activity in the right SFG

Patha (X —M) Pathb(M—Y) Pathc' (X—Y) Mediation patha b

MODEL 1: X (SSRT) — ¥ (GoRT — SERT) mediated by M (SFG)

B —0.181 —0.500 0.150 0.091

p-values  0.000% 0.002% 0.063 0.014*
MODEL 2: X (GoRT — SERT) — ¥ (SSRT) mediated by M (SFG)

B —0.217 —0.555 0.205 0.121

p-values  0.000% 0.003* 0.063 0.016*
MODEL 3: X (SFG) — Y (SSRT) mediated by M (GoRT — SERT)

B —0.602 0.205 —0.555 —0.123

p-values  0.000% 0.063 0.003* 0.090
MODEL 4: X (SFG) — Y (GoRT — SERT) mediated by M (SSRT)

B —0.678 0.150 —0.500 —0.102

p-values  0.000% 0.063 0.002% 0.092
MODEL 5: X (SSRT) —> ¥ (SFG) mediated by M (GoRT — SERT)

B 0.241 —0.172 —0.140 —0.041

p-values  0.003* 0.002% 0.003* 0.028*
MODEL 6: X (GoRT — SERT) — Y (SFG) mediated by M (SSRT)

B 0.325 —0.140 —0.172 —0.046

p-values  0.003* 0.003* 0.002% 0.032*

B, Regression coefficient.

*Significant at p << 0.05. If paths a and b and their product are significant and path ¢’ is not significant, then one
concludes that X — V'is completely mediated by M.

control. Our earlier study of post-error slowing, the slowing of
GoRT after a stop error, provides another example to illustrate
thisissue (Ide and Li, 2011). We identified activations of multiple
cortical regions, including the dorsal anterior cingulate cortex
and inferior parietal cortex, to error detection and activations of
the ventrolateral PFC (vIPFC) to post-error slowing (Li et al.,
2008a, 2008b). However, these regional responses were not cor-
related across subjects, raising questions about the behavioral
validity of the imaging findings. To address this issue, we used
Granger causality mapping and identified error-related activities
of an anatomically known cortico-pontine-cerebellar-thalamic

network in correlation with vIPFC responses during post-error
slowing (Ide and Li, 2011). Importantly, the mean values of error
responses for many of these regions in the circuit were not signif-
icantly different from zero, again suggesting that the neural pro-
cesses in support of individual variation eluded GLM analyses
focusing on population means.

Other model-based approaches also provided evidence in
support of individual variation in motor execution and inhibi-
tion (Huetal., 2014; Whiteetal., 2014). In White et al. (2014), the
investigators used a diffusion model to characterize stimulus in-
formation processing and its relationship to stop signal task per-
formance. Faster go stimulus processing, as indexed by the drift
rate, was negatively correlated with go mean RT and SSRT as well
as greater activation of inhibition-related regions such as the right
inferior frontal cortex during successful inhibitions versus go tri-
als. These findings appear to be in contrast to the current results
because a faster go response would presumably involve expedi-
tion of the motor process and lead to compromised inhibition.
However, faster go stimulus processing was associated with
greater right frontal pole activation for both go and stop trials,
suggesting that the drift rate likely captured an executive process
that broadly contributes to both go and stop response. In sup-
port, mean GoRT and SSRT were strongly correlated across sub-
jects in this study. Therefore, the diffusion model identified key
process parameters that help in the interpretation of behavioral
and imaging findings. In the current work, we examined individ-
ual variation in impulsivity from the perspective of proactive
control, which manifests through an interaction of conflict antic-
ipation, response inhibition, and motor urgency. Future work to
combine these computational models in the same dataset would
allow investigators to test many hypotheses, including whether
individual variation in the strength of sequential effect is related
to an elevated decision threshold in motor response.
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Limitations and conclusions

As a potential limitation of the study, path ¢’ of Model 1 and 2 of
the mediation analyses is at trend level significance (p = 0.063),
suggesting that other regional activities may also play a role in
mediating the bidirectional relationship between SSRT and
GoRT — SERT. More studies are warranted to examine the neu-
ral processes underlying the role of proactive control in deter-
mining intersubject variation in impulsivity.

To conclude, we showed that right superior frontal cortical acti-
vations to conflict anticipation are related to intersubject variation in
impulse control, as assessed by the stop signal task. Greater modula-
tion by the likelihood of a stop signal in the right SEG is correlated
with more efficient response inhibition and less motor urgency. Fur-
ther, activity of the right SFG fully mediates the relationship between
response inhibition and motor urgency, in support of a neural phe-
notype of proactive control of impulsivity.
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