ORIGINAL ARTICLE

Cerebral Cortex, April 2016;26: 1634-1646

doi: 10.1093/cercor/bhu324
Advance Access Publication Date: 19 January 2015
Original Article

The Organization of Right Prefrontal Networks Reveals

Common Mechanisms of Inhibitory Regulation Across
Cognitive, Emotional, and Motor Processes
B. E. Depuel, J. M. Orr?, H. R. Smolker?, F. Naaz!, and M. T. Banich?3

1Department of Psychological and Brain Sciences, University of Louisville, Louisville, KY 40292, USA,
The Institute of Cognitive Science, and *Department of Psychology and Neuroscience, University of Colorado

Boulder, Boulder, CO 80309, USA

Address correspondence to Brendan E. Depue. Email: brendan.depue@louisville.edu

Abstract

Inhibitory control/regulation is critical to adapt behavior in accordance with changing environmental circumstances.
Dysfunctional inhibitory regulation is ubiquitous in neurological and psychiatric populations. These populations exhibit
dysfunction across psychological domains, including memory/thought, emotion/affect, and motor response. Although
investigation examining inhibitory regulation within a single domain has begun outlining the basic neural mechanisms

supporting regulation, it is unknown how the neural mechanisms of these domains interact. To investigate the organization of
inhibitory neural networks within and across domains, we used neuroimaging to outline the functional and anatomical pathways
that comprise inhibitory neural networks regulating cognitive, emotional, and motor processes. Networks were defined at the

group level using an array of analyses to indicate their intrinsic pathway structure, which was subsequently assessed to determine

how the pathways explained individual differences in behavior. Results reveal how neural networks underlying inhibitory
regulation are organized both within and across domains, and indicate overlapping/common neural elements.
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Introduction

Inhibitory control is critical to flexible adjustment of ongoing be-
havior according to changing environmental circumstances. The
importance of inhibitory regulation is particularly evident in con-
ditions where such control is dysfunctional, including both
neurological (e.g., Parkinson’s and Alzheimer’s diseases; Amieva
et al. 2004; van den Wildenberg et al. 2006) and psychiatric (e.g.,
attention-deficit hyperactivity, obsessive compulsive, mood,
and substance use disorders; Murphy et al. 2000; Nigg et al.
2006; Page et al. 2009; Depue et al. 2010) conditions. Most striking
is the broad manifestation of inhibitory dysfunction in multiple
psychological domains, including cognitive, emotional, and
motor processes (Murphy et al. 2000; Nigg et al. 2006; Page et al.
2009; Depue et al. 2010) within these populations. In view of

this broad dysfunction in inhibitory regulation across disorders
and domains, it is imperative to understand how the neural me-
chanisms underlying inhibitory regulation are organized in the
neurologically intact brain.

Neuroimaging studies have focused mainly on the neural me-
chanisms involved in inhibitory regulation separately for cognitive,
emotional, and motor processes, and have begun to outline the
neural networks of each (Garavan et al. 1999; Ochsner et al. 2002;
Eisenberger et al. 2003; Anderson et al. 2004; Aron et al. 2004;
Phan et al. 2005; Aron and Poldrack 2006; Depue et al. 2007; Butler
and James 2010; Congdon et al. 2010; Nowicka et al. 2011; Benoit
and Anderson 2012; Sokol-Hessner et al. 2013). For instance, pre-
frontal regions engaged during inhibitory regulation of the
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cognitive process of memory retrieval most prominently include
the right middle and right inferior frontal gyri ({rMFG and rIFG, re-
spectively), which exerts inhibitory regulation of the hippocam-
pus (HIP) to reduce retrieval and recollection (Anderson et al.
2004; Depue et al. 2007; Butler and James 2010; Nowicka et al.
2011; Benoit and Anderson 2012; Gagnepain et al. 2014). During
inhibitory regulation of emotional reactivity, a number of pre-
frontal regions, including the right superior or right medial front-
al gyri (rSFG and rmFG indicating medial), rIFG, rMFG, and the
orbitofrontal cortex (OFC), downregulate amygdalar activity re-
sponsible for generating emotional and physiological responses
(Ochsner et al. 2002; Eisenberger et al. 2003; Phan et al. 2005;
Sokol-Hessner et al. 2013). During inhibitory regulation of
motor responses, several different prefrontal regions, including
the 1IFG, rMFG, and anterior cingulate cortex or presupplemen-
tary motor area (ACC or pSMA), appear to initiate inhibition
over subcortical output to the motor cortex via the subthalamic
nucleus (STN), globus pallidus, and thalamus to stop motor re-
sponses (Garavan et al. 1999; Aron et al. 2004; Aron and Poldrack
2006; Congdon et al. 2010).

A common finding across the 3 domains is that the prefrontal
cortex (PFC) putatively downregulates functional activity in and
decreases communication between brain regions that underlie
output to behavioral and cognitive effectors. More particularly,
integration of the extant research literature suggests that the
right lateral PFC (rLPFC), specifically the rMFG and rIFG, acts as a
common neural element in the initiation of inhibitory regulation
in each of these various psychological domains (Garavan et al.
1999; Eisenberger et al. 2003; Aron et al. 2004; Phan et al.
2005; Aron and Poldrack 2006; Depue et al. 2007; Butler and
James 2010; Congdon et al. 2010; Nowicka et al. 2011; Benoit and
Anderson 2012; Sokol-Hessner et al. 2013). In turn, a multitude of
regions downstream of the PFC are involved in the cascade of
inhibitory regulation depending on task requirements and re-
sponses [e.g., HIP, amygdala (AMY), and STN].

While the structure of the inhibitory networks for each domain
is becoming clarified, (1) the extent to which these inhibitory net-
works, each of which involve the rLPFC, are distinct or share com-
mon neural elements, (2) which functional and anatomical
principles they display, (3) their dependence on white-matter
(WM) integrity, and (4) how these networks relate to behavior re-
mains unknown. Unfortunately, these more complex questions
about the structure and function of inhibitory networks have
been difficult to answer, because research in cognitive neurosci-
ence has primarily focused on the neural networks underlying in-
hibitory regulation within “single” psychological domains, that is
cognitive (Anderson et al. 2004; Depue et al. 2007; Butler and James
2010; Nowicka et al. 2011; Benoit and Anderson 2012), emotional
(Ochsner et al. 2002; Eisenberger et al. 2003; Phan et al. 2005;
Sokol-Hessner et al. 2013), or motor (Garavan et al. 1999; Aron
et al. 2004; Aron and Poldrack 2006; Congdon et al. 2010). A narrow
empirical focus on single domains hinders attempts to determine
the relationship between neural networks, if any, across multiple
domains, and accordingly, how those networks and potential
pathways may be organized. While different domains may be as-
sociated with distinct inhibitory networks, the brain can be con-
sidered an efficient processor (Ruppin et al. 1993) and, therefore,
the evolution of neural networks underlying multiple domains
of inhibitory regulation may also share common elements.
Thus, understanding this organization and the degree to which
neural networks overlap is an important step toward further
treatment of neurological and psychiatric disorders.

While meta-analyses can provide some insights, and suggest
that potential regions of interest (ROIs) within the PFC, what is

needed to concretely address how inhibitory networks are orga-
nized, is to examine the neural correlates of inhibitory regulation
over each psychological domain (i.e., cognitive, emotional, and
motor) within the same individuals. Therefore, the current study
utilized both group-level and individual difference analyses with-
in and across 3 tasks assessing inhibitory regulation during cogni-
tive, emotional, and motor behavior in the same individuals. By
defining the general neural networks at the group level and isolat-
ing their constituent functional and anatomical neural elements
that explain individual variation in inhibitory behavior, one can
determine the organization of inhibitory regulation networks
within each domain and subsequently, across multiple domains.

Our analysis utilized several procedures, including functional
and anatomical criteria, to determine the neural network in-
volved in inhibitory regulation within a given domain. First, we
determined which brain regions exhibited regional activation
for a task requiring inhibitory regulation in a standard group-
level general linear model (GLM). Second, we determined which
pairs of regions identified in the first procedure exhibited signifi-
cant group-level seed-based functional connectivity. This pro-
cedure detected possible functional pathways between pairs of
regions by estimating their coherence. Third, we determined
which WM tracts’ group-level integrity (fractional anisotropy,
FA) was related to the functional pathways defined in the second
procedure. This last procedure identified the possible anatomical
pathways that predicted coherence of the functional pathways.

In summary, these analysis procedures provide the general
neural networks associated with each domain of inhibitory regu-
lation and subsequently, to increase power for 2 sets of neural
predictors used to determine the degree to which they explain
differences in inhibitory behavior across individuals. The sets
of predictors include: (1) “functional pathways,” which provide
an individual’s level of coherence between the neural regions in-
trinsic to each defined inhibitory network and (2) “anatomical
pathways,” which provide an individual’s level of integrity of
the WM tracts that related to the coherence of the functional
pathways within each defined inhibitory network. Each function-
al and anatomical pathway within the sets of predictors was then
used in feature/subset selection, robust regression, and medi-
ation analyses to determine the best indicators of the individual
differences in brain-behavior contributions both within and
across different domains of inhibitory regulation. We predict
that the neural networks underlying different domains of inhibi-
tory regulation would exhibit common recruitment of MFG. How-
ever, this central hub will coordinate processing in distinct
pathways or downstream brain regions dependent on the do-
main in which inhibitory regulation is exerted.

Materials and Methods
Behavioral Methods

Participants

A total of 24 healthy, right-handed individuals (10 females) were
included in this study (mean age =21.5, SD = 2.3 years), 3 subjects
were excluded for incorrect diffusion tensor imaging (DTI) para-
meters, leaving a final N = 21. Participants were recruited through
an online, CU-Boulder-based recruitment website, and were paid
for their participation. Written informed consent was obtained
prior to experimental sessions and all experimental protocols
were approved by CU-Boulder’s Institutional Review Board prior
to data collection. Exclusion criteria included: psychiatric screen-
ing, left handedness, pregnancy, concussion, prior head injury in
the last 30 days and metal intrinsic to the body.
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Procedure

Three tasks were used to investigate inhibitory control over vari-
ous psychological domains. To investigate inhibitory control over
memory retrieval, we used the Think/No-Think task (TNT; Depue
etal. 2007). To investigate inhibitory control over motor response,
we used the Stop-signal task (SST; Chatham et al. 2012). To inves-
tigate inhibitory control over emotional reactivity, we used a vari-
ation of an emotion regulation paradigm (ER; Ochsner et al. 2002;
Phan et al. 2005). Participants performed all 3 tasks in a single
scanning session. The timing of the session is as follows: TNT
scans (24 min), high-resolution scans (8 min), SST scans
(10 min), DTI scans (12 min), ER scans (12 min), and resting-
state scans (6 min). Total time (72 min): High-resolution, DTI, and
resting-state scans were conducted between tasks to allow for ap-
propriate rest. Because the study aimed to investigate individual
differences in a within-subject repeated-measures design which
incorporated an emotional task, participants received the same
task order (TNT, SST, and ER) with the emotional task performed
last, to prevent carryover from heightened emotional responses.

Stimuli. TNT: Stimuli consisted of neutral faces and pictures taken
from the International Affective Picture Series (IAPS; Lang et al.
1995). Neutral IAPS stimuli were selected for little to no positive
or negative valence (neutral IAPS). SST: Stimuli consisted of sim-
ple arrows, circles, and squares informing individuals when re-
spond to stimuli. ER: Stimuli consisted of negative valenced
pictures taken from the IAPS (Lang et al. 1995) selected for a
mean rate of negative valence.

TNT procedure. The task consisted of a training phase; participants
learn 24 face-picture pairs, which are displayed for 4 s. Partici-
pants first viewed each pair, after all pairs were shown partici-
pants were shown only the faces and asked to select which of 2
pictures were originally paired with the face. Both of the 2 testing
pictures came from the training phase, so that novelty of choice
could not be used as a potential alternative cue for recognition.
This procedure continued until the participant recognized the
correct picture previously paired with a face with 97.5% accuracy
(23 items) over all 24 pairs. In the experimental phase (fMRI scan-
ning), participants saw the face for only 16 of the 24 pairs, half of
these were relegated (counter-balanced for pairing and condi-
tion) to the Think condition, and half to the No-Think condition.
An additional low-level fMRI Baseline including 8 novel faces was
also presented. In all conditions, an experimental trial consisted
of a face for 3.5 s, and then a 500-ms intertrial interval. The color
of a border around the faces indicated the condition: Green for
Think trials, red for No-Think trials, and yellow for low-level
fMRI Baseline trials. In the Think condition, participants were
told “Think of the picture previously associated with the face,”
whereas in the No-Think condition they were told “Do not to
let the previously associated picture come into consciousness.”
During the low-level fMRI Baseline condition, participants were
told to “Passively view the face.” Within each condition (Think/
No-Think/Baseline), participants also viewed faces 12 times
(in-house scripts for a pseudorandom design order were used).
Jittered fixation trials were interspersed in a pseudorandom
order with a variable timing of 500-4000 ms. The 8 faces not
shown in the experimental phase served as a O-repetition behav-
ioral baseline that assessed normal recollection accuracy. During
the test phase, participants were shown each of the faces and
told to write down a brief description of the picture originally as-
sociated with it. Behaviorally, both Think and No-Think trials
were compared with Baseline trials to assess the degree to
which the effect of exerting cognitive control over the stimuli

had. An individual’s inhibition index was computed by subtract-
ing No-Think performance (percent accuracy) from baseline per-
formance (percent accuracy). Correct performance in the Think
and Baseline conditions equated to whether an individual re-
membered the item, whereas, in the No-Think condition, correct
performance equates to whether an individual forgot the item.
These data provided a behavioral performance index that could
be used for regression analyses.

SST procedure. The Stop-signal task was implemented using the
procedure and stimuli of Chatham et al. (2012). The task con-
sisted of 240 two-choice reaction time (2CRT) trials, each involv-
ing a left or right pointing triangle. On 60 (i.e., 25%) of these trials,
the imperative 2CRT stimulus was obscured by a stop-signal—a
white box—following a variable stop-signal delay (SSD). Subjects
were instructed that the stop-signal required all motor responses
to be inhibited on that trial. The SSD was adjusted on a trial-by-
trial basis using an adaptive algorithm; specifically, it was varied
from its initial value of 100 ms according to each subject’s per-
formance. Following a failed stop-signal trial, the SSD was de-
creased from its previous value by 50 ms; following a successful
stop-signal trial, the SSD was increased from its previous value
by 50 ms. Both trial types consisted of either 2CRT or 2CRT plus
SSD and a variable interstimulus interval (ISI) that equaled 2 s.
Jittered fixation trials that presented 3 circles to incorporate a
low-level fMRI baseline were interspersed in a pseudorandom
order with a variable timing of 500-4000 ms (in-house scripts
for a pseudorandom design order were used). The dependent
measure, Stop-signal reaction time (SSRT), was calculated using
the integration method; that is, SSRT was the nth percentile of
each subject’s correct Go signal RT distribution minus that sub-
ject’s average SSD, where n is that subject’s error rate on Stop-
signal trials. An individual’s SSRT provided a behavioral perform-
ance index that could be used for regression analyses.

ER procedure. The task procedure required participants to view
negative IAPS pictures within 2 conditions: (1) (Suppress condi-
tion) participants are told to “Passively view the picture and re-
move yourself from any attached feeling” or (2) (Feel condition)
participants are told to “View the picture and focus on the emo-
tion it conveys.” The task was a blocked design task with fixation
trials at the end of each block to incorporate rest periods (60 s).
Additional low-level fMRI baseline blocks, including 4 novel neu-
tral pictures, repeated 4 times for 4 s were also presented at the
beginning of the blocks to incorporate a more appropriate low-
level baseline, in which participants simply viewed the neutral
pictures. Twelve different negative IAPS pictures appeared in
each condition (counter-balanced for condition) matched on va-
lence and arousal. Each picture was repeated across 4 different
blocks (48 s) per condition. A trial consists of a picture for 4s,
and then a 2-s intertrial interval. The color of a border around
the pictures indicated the condition: Green for Feel trials and
red for Suppress trials. Although relatively simple, this task has
been used successfully in many ERs (13-14). Individuals also
rated the 24 (12 per condition) and an additional 12 never previ-
ously viewed negative pictures on a Likert scale (1-7) at the end
of the experiment. These subjective ratings provided behavioral
measures in which Feel and Suppress trials were analyzed. Sub-
jective ratings of both Feel and Suppress trials were compared
with the Baseline items to assess whether invoking cognitive
control had any increase and/or decrease of subjective ratings
in each condition. An individual’s inhibition index was computed
by subtracting Suppress subjective ratings from baseline subjective
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ratings. These data provided a behavioral performance index that
could be used for regression analyses.

Neuroimaging Methods

Imaging Data Acquisition. Structural. All structural MRI images
were acquired using a Siemens 3-T MAGNETOM Trio MR scanner
located at the University of Colorado Boulder. A 12-channel head
coil was used for radiofrequency transmission and reception.
Foam padding was placed around the head, within the head
coil, to limit head motion during the scan. Structural images
were obtained via a T;-weighted magnetization-prepared rapid
gradient-echo sequence (MPRAGE) in 192 sagittal slices. Imaging
parameters were as follows: echo time (TE) = 1.64 ms, repetition
time (TR) = 2530 ms, flip angle =7.0°, field of view (FoV) = 256 mm,
and voxel size = 1.0 x 1.0 x 1.0 mm. Scan parameters were consist-
ent for all imaging sessions associated with this study.

DTI. Structural connectivity was assessed with a diffusion-
weighted scan (71 gradient directions; TR = 9600 ms; TE = 86 mm;
GRAPPA parallel imaging factor 2; g-value = 1000 s/mm?; FoV =
256 mm; 72 slices; 2 mm? isomorphic voxels; 7 0 images).

Functional. Functional blood oxygenation level-dependent (BOLD)
images were collected using gradient-echo T,*-weighted echo-
planar imaging (TR = 2000 ms; TE = 25 ms; 240 mm field of vision;
64 x 64 matrix; 31 axial slices, 3 mm slice thickness, 1 mm slice
gap, 3.4 x 3.4 mm voxels; flip angle = 67°). Slices were oriented ob-
liquely along the AC-PC line. The first 4 volumes from each run
were discarded to allow for magnetic field equilibration.

Imaging Analyses. DTI. Diffusion-weighted images were pro-
cessed using FSL’s FDT toolbox (http:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FDT; Behrens et al. 2003), and tract-based spatial statistics
(TBSS; http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS; Smith et al.
2006). Images were corrected for motion and eddy current distor-
tions. A diffusion tensor model was fitted at each voxel, resulting
in FA images. FA images for each participant were nonlinearly
aligned to a 1 x 1 x 1 mm standard space FA template (Anderson
et al. 2007). Aligned FA images were then skeletonized, and an
average FA skeleton mask was created. WM tract ROIs were ex-
tracted from the JHU WM atlases available in FSL (Hua et al.
2008). WM ROIs were masked with the average FA skeleton, and
the mean FA values were extracted for each participant from
these ROIs. WM-ROIs were based on a priori determination of
the most probable WM tracts connecting the functional ROIs
from past studies investigating inhibitory control using the cur-
rent tasks (Phan et al. 2005; Aron and Poldrack 2006; Depue
et al. 2007). These included separate hemisphere masks (except
the genu) for: superior and inferior longitudinal fasciculi (SLF/
ILF), superior and inferior fronto-occipital fasciculi (sFOF/iFOF),
the cingulum bundle (CB) which included the averaged FA values
from the cingulum cingulate gyrus (CCG) and cingulum hippo-
campal part (CHp), the uncinate fasciculus (UNC), the external
capsule (EC), anterior limb of the internal capsule (ALIC), poster-
ior limb of the internal capsule (PLIC), superior region of the in-
ternal capsule (SCR), anterior region of the corona radiata (ACR),
posterior region of the corona radiata (PCR), posterior thalamic
radiation (PTR), and the genu of the corpus callosum (genu).

Functional. Image processing and data analysis were implemen-
ted using the FSL package (Analysis group, FMRIB, Oxford, UK,
http://www.fmrib.ox.ac.uk/fsl/). Standard preprocessing was ap-
plied: MCFLIRT—linear slice-time correction/motion correction,

BET—brain extraction, time-series prewhitening, high-pass fil-
ter (0.01 Hz), and registration and spatial normalization to the
Montreal Neurological Institute (MNI) 152—T; 2-mm template.
Individual’s functional images were first registered to their
high-resolution MPRAGE scans via a 6-parameter linear registra-
tion, and the MPRAGE images were in turn registered to the MNI
template via a 12-parameter nonlinear registration. These regis-
trations were combined to align the functional images to the
template. Functional images were resampled into the standard
space with 2-mm isotropic voxels and were smoothed with a
Gaussian kernel of 8-mm full-width at half-maximum.

Lower-level statistics were implemented in FEAT. Using mul-
tiple regression analysis, statistical maps representing the asso-
ciation between the observed time-series (e.g., BOLD signal) and
one or a linear combination of regressors for each subject were
constructed. Regressors in the main analyses were constructed
from: (1) TNT (Think =T, No-Think = NT, cr = correct trials): T >
NT, Tcr > NTcr, as well as each versus low-level fMRI baseline de-
scribed in the procedure above (group-level SPMs were selected
based on NTcr > Tcr), (2) ER (S=suppress, F =feel): S>F, as well
as each versus low-level fMRI baseline described in the procedure
above, and (3) SST (Sig = stop trials, No sig = CRT trials, cr = correct
trials): Sig>No sig, Sigcr > No sigcr, as well as each versus. low-
level fMRI baseline described in the procedure above (group-
level SPMs were selected based on Siger > No sigcr). For each
regressor, a double-gamma hemodynamic response function
(HRF) was convolved with an event vector starting at the stimu-
lus onset with a duration of: (1) TNT=3.5s, (2) ER=4s, and (3)
SST =2 s. Head motion (within rotation and translation) para-
meters (6-linear parameters: X, Y, and Z, for roll, pitch, and yaw,
respectively) were included as confound regressors estimated by
FSL’s MCFLIRT. Errors were also included as a confound regressor.
Contrasts of interest were formulated as linear combinations of
the main regressors. Repeated-measures ANOVA and conjunc-
tion analyses utilized FSL’s FEAT procedure for multisubject,
multisession analyses (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/
UserGuide). We first used 3 separate lower-level models to
motion correct to the mid-volume within task. Subsequently, a
preliminary group-level fixed-effect model preserving within-
subject variance was used to combine and register the 3 tasks’
functional volumes together for each subject individually. Final-
ly, a third-level mixed-effects model preserving within-subject
variance, estimating between subjects variance (FLAME 1), and
applying outlier de-weighting was used to combine and spatially
normalize all subjects. The higher level models employed non-
parametric permutation methods through FSL’s randomize func-
tion (Nichols and Holmes 2002). One-sample t-tests for each
contrast of interest were performed using the Threshold-Free
Cluster Enhancement (TFCE) method, which detects clusters of
contiguous voxels without first setting an arbitrary statistical cut-
off (e.g., Z>2.58), and controls the family-wise error (FWE) rate at
P <.05. Each contrast underwent 5000 permutations. Randomize
produces corrected 1-p maps, which we used to mask t-score
maps for all figures and tables. Figures of statistical maps were
created using FSLview.

Functional connectivity. Seed regions were based on ROIs selected if
they passed 2 criteria: (1) The peak of activity from a standard
whole-brain GLM passed the estimated threshold provided by
FSL’s TFCE and (2) was a priori ROIs defined by Phan et al.
(2005), Aron and Poldrack (2006), and Depue et al. (2007). This ap-
proach requires that the tasks elicited activation during the cur-
rent experiment, as well as, past experiments, thus increasing
the likelihood of future replication. Subsequently, whole-brain

810Z Jaqwiaoa(] 9| UO Jasn Jap|nog ope.lojo) Jo AlsieAiun Aq 0v0.L9€2/7E9 | /7/9Z19BNSe-3]0111e/100190/W02 dNo"dIWapeoe//:sdy Wol) PapEojuMO(]


http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS
http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
http://www.fmrib.ox.ac.uk/fsl/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FEAT/UserGuide

1638 | Cerebral Cortex, 2016, Vol. 26, No. 4

seed-based functional connectivity was performed by: Trimming
functional data to remove 7 initial volumes and a first FSL FEAT
model was run applying motion correction and high-pass filter-
ing. Then, the first model’s res4d and mean_func output are
added together. From that output FSL’s fslmeants utility ex-
tracted the average time course over 3 brain masks: ventricles,
WM, and subject space whole brain, thresholded by fslmaths at
0.5 demeaned. A second FSL FEAT model was then run on the
combined first model’s res4d and mean_func output with the 3
demeaned time courses as explanatory variables (EVs). Subse-
quently, the res4d and mean_func output of the second model
was added together, and FSL’s fslmeants utility extracted the
average demeaned time course over each of the experimental
conditions (TNT =NTc > Baseline; ER =S > Baseline; SST = Sigc >
Baseline) in subject space. This procedure uses the main condi-
tion of interest versus baseline to avoid independence issues. Fi-
nally, a third FSL FEAT model is then run on the combined res4d
and mean_func output of the second model, with input EVs con-
taining the masked demeaned condition time courses. After
these 3 models were run per subject at the lower level, a higher
level group model was then run in FSL FEAT. One-sample
t-tests for each contrast of interest were performed using the
TFCE method, which detects clusters of contiguous voxels with-
out first setting an arbitrary statistical cutoff (e.g., Z>2.58), and
controls the FWE rate at P <.05. Each contrast underwent 5000
permutations. Randomize produces corrected 1-p maps, which
we used to mask t-score maps for all figures and tables. Masks
were then used to extract parameter estimates of functional con-
nectivity at a 5-mm diameter standard space sphere surrounding
peaks from selected ROIs, except for the STN, which was identi-
fied by MNI coordinates 10, —15, -5, which provides full STN
coverage (Aron and Poldrack 2006). We then selected the peak
STN voxelin an individual’s subject space by applying the reverse
of the transformation matrix used to register an individual to
standard space. An individual’s STN voxel was visually inspected
against a high-resolution 7-T basal ganglia atlas (http:/www.
nitrc.org/projects/atag) to ensure localization. Because our ROI
procedure centered a 5-mm diameter standard space sphere
around peak activations, the spheres localized to the AMY ex-
tended into nonbrain tissue. Therefore, we extracted parameter
estimates by applying a Harvard-Oxford bilateral mask. Figures
of statistical maps were created using FSLview.

In summary, our full analysis procedure consisted of the fol-
lowing steps: (1) identify peaks of activity from a task-based GLM
using the contrasts of TNT = NTcr > Tcr, ER=S>F, SST = Sigcr >
No sigcr. If these regions also had been identified a priori in rep-
resentative studies (Phan et al. 2005; Aron and Poldrack 2006;
Depue et al. 2007), they were included in (2) seed-based function-
al connectivity analyses performed on the contrasts of TNT =
NTc > Baseline; ER=S>Baseline; SST =Sigc>Baseline (using
these different contrasts to avoid dependent analyses), (3) par-
ameter estimates of functional connectivity were then extracted
and analyzed in robust and multiple regression and mediation
analysis to assess brain-behavior relationships.

Robust regression. Robust regression was conducted using Huber’s
method (Huber 1964) as an alternative to least squares regression
to better estimate regression coefficients in the potential case
where outliers were present in the data. To adequately adjust
for our multiple comparisons and small sample size, we per-
formed bootstrapping using 3000 iterations of Monte Carlo simu-
lations to obtain upper and lower confidence intervals (CIs) of
the beta estimates. Regressions were considered significant at
the P <0.05 two-tail level, provided the upper and lower CIs did

not include zero. All P-values are adjusted for FDR as outlined
in Benjamini and Hochberg (1995).

Multiple regression. To perform multiple regression, we used a
two-stage procedure as outlined in Hastie et al. (2009). We first
used penalized regression using LASSO (Tibshirani 1996) to per-
form subset variable/feature selection. Subsequently, because
LASSO can over penalize highly collinear variables, we then per-
formed an ordinary least squares (OLS) best model multiple re-
gression on the subset of selected variables/features taken from
LASSO to obtain beta estimates, regression coefficients, and de-
terminants of explained variance. Finally, cross-validation was
performed using leave-one-out (LOOCV) to provide measures of
fit and cross-validated R% Regressions were considered signifi-
cant at the P<0.05 two-tail level. All P-values are adjusted for
FDR as outlined in Benjamini and Hochberg (1995).

Mediation analyses. Mediation analyses were performed using the
Preacher and Hayes (2004) method using the AMOS module for
SPSS. Simple mediation analyses were run to examine any indir-
ect effect of any independent variables on the relationship of
other independent variables with the dependent variable. Again,
to adequately adjust for our multiple comparisons and small sam-
ple size, we performed bootstrapping using 3000 iterations of
Monte Carlo simulations to determine whether the indirect ef-
fect’s beta estimate was different from zero. Indirect effects were
considered significant at the P <0.05 two-tail level. Partial versus
full mediation was determined by establishing whether the beta
estimate for the ¢ pathway (relationship between the independent
and dependent variables) was significantly different than zero.

Results

Behavior

To examine the neural mechanisms underlying “cognitive” inhibi-
tory regulation, we used the TNT task (Anderson and Green 2001),
which requires individuals to attempt to regulate memory re-
trieval of previously learned pairs of stimuli (behavioral measure:
accuracy of attempted inhibition over retrieval compared with
baseline memory). To assess “emotional” inhibitory regulation,
we used an ER task (Ochsner et al. 2002; Phan et al. 2005), which
requires individuals to attempt to regulate emotional reactivity
to negative stimuli (behavioral measure: change in subjective rat-
ings for attempted inhibition of emotional response compared
with baseline ratings). To assess “motoric” inhibitory regulation,
we used the SST (Chatham et al. 2012), which requires individuals
to attempt to regulate motor responses by stopping an initiated
button press cued by certain stimuli (behavioral measure: SSRT).

Consistent with previous results (Phan et al. 2005; Aron and
Poldrack 2006; Depue et al. 2007), individuals were successful
at: (1) reducing memory retrieval, when compared with baseline
[t20y=2.07, P<0.05], (2) reducing their emotional reactivity to
negative stimuli, when compared with baseline [t =2.59, P <
0.02], and (3) inhibiting their motor responses [accuracy = 0.50
(0.006), GORT =442 (11.82), StopRT =398 (8.17), SSD = 192 (16.23),
SSRT =228 (8.57); group average, standard error in parenthesis;
for behavioral results, see Supplementary Material S1].

Neuroimaging

Inhibitory Regulation of Cognition (TNT Task)
Group-level GLM provided a set of peaks that were then used as
seeds for functional connectivity. Results based on the overlap
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of these 2 analyses indicated that upregulation of right anterior
MFG (aMFG) was correlated with downregulation of the bilateral
visual cortex and HIP (Fig. 1A). Increased integrity of the anatom-
ical pathway between PFC and hippocampal regions as assessed
by FA of the cingulum bundle (CB) predicted increased coherence
of the right aMFG-HIP functional pathway (R®=0.40, F = 12.90,
P =.002; Fig. 1B). Better behavioral inhibitory regulation was asso-
ciated with increased coherence of the aMFG-HIP functional
pathway (R?=0.50, F = 18.74, P =0.0004) and increased integrity
of the CB anatomical pathway (R*=0.20, F =4.59, P = 0.04).
Feature selection and regression indicated that the model best
predicting behavior (an individual’s ability to inhibit memory re-
trieval) included the functional pathway of right aMFG-HIP alone
(R?=0.50, P =0.0004; Fig. 1C). However, analyses indicated that
the CB anatomical pathway partially mediated the relationship
between the right aMFG-HIP functional pathway and behavior
(P=0.03; Fig. 1D). These findings suggest that the neural network
underlying successful inhibitory regulation of memory retrieval
likely involves right aMFG regulation of hippocampal activity,
and that this communication is facilitated by the integrity of
the CB (for full TNT analyses, see Supplementary Material S2).

TNT - functional and anatomical connectivity

(@]

TNT behavior - regression

aMFG-HIP

Std. coefficients

Inhibitory Regulation of Emotion (ER Task)

A group-level GLM provided a set of peaks that were then used as
seeds for functional connectivity. Results based on the overlap of
these 2 analyses indicated that upregulation of the right aMFG
correlated with upregulation of the right lateral orbitofrontal cor-
tex (OFC), which was correlated with downregulation of the bilat-
eral AMY (Fig. 2A). Increased integrity of the anatomical pathway
between PFC and ventral temporal/occipital regions as assessed
by FA of the inferior fronto-occipital fasciculus (iFOF) predicted
increased coherence of the right aMFG-OFC functional pathway
(R*=0.34, F =9.81, P = 0.006; Fig. 2B). Increased integrity of the ana-
tomical pathway between PFC and AMY/anterior temporal regions
as assessed by FA of the uncinate fasciculus (UNC) predicted
increased coherence of both the right aMFG-OFC and right OFC-
AMY functional pathways (R? =0.39, F = 12.27, P =0.002; R?=0.23,
F=5.73, P=0.03, respectively). Increased coherence of the right
aMFG-OFC and right OFC-AMY functional pathways both pre-
dicted better inhibitory regulation (R?=0.61, F = 32.85, P = 0.00001;
R?=0.34, F=9.73, P =0.006, respectively). Better inhibitory regula-
tion was also associated with increased integrity of the iFOF
anatomical pathway (R?=0.30, F=8.17, P=0.003).

Decreased DTI
functional activity mask

Increased
functional activity

aMFG-HIP TNT Beh

Figure 1. Functional and anatomical connectivity of the TNT (N = 21). (A) Significant brain regions of seed-based functional connectivity identified through the GLM. Z
indicates the maximum functional connectivity parameter estimate (red/upregulation and blue/downregulation). (B) Significant WM tracts overlayed on the functional
pathways, of which FA values predict the functional coherence. R? indicates the variance explained in the functional connectivity by the FAvalues from the CB. (C) Feature
selection and multiple regression indicating the combination of predictors (aMFG-HIP) explaining the most variance in behavior (inhibition of memory retrieval). (D)
Mediation analyses testing the indirect effect of a mediator (CB) on the relationship between the independent (aMFG-HIP) and dependent variables (inhibition of

memory retrieval).
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ER - functional and anatomical connectivity

ER behavior - regression
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Std. coefficients
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Figure 2. Functional and anatomical connectivity of the emotion regulation task (ER) (N = 21). (A) Significant brain regions of seed-based functional connectivity identified
through the GLM. Z indicates the maximum functional connectivity parameter estimate (red/upregulation and blue/downregulation). (B) Significant WM tracts overlayed
on the functional pathways, of which FA values predict the functional coherence. R? indicates the variance explained in the functional connectivity by the FA values from
the iFOF and UNC. (C) Feature selection and multiple regression indicating the combination of predictors (aMFG-OFC and OFC-AMY) explaining the most variance in
behavior (inhibition of emotional response). (D) Mediation analyses testing the indirect effect of a mediator (aMFG-OFC) on the relationship between the independent

(OFC-AMY) and dependent variables (inhibition of emotional response).

Feature selection and multiple regression indicated that the
model best predicting behavior (an individual’s ability to inhibit
emotional reactivity) included both functional pathways
(aMFG-OFC and OFC-AMY; R? = 0.63, P = 0.0001; Fig. 2C). Analyses
indicated that the coherence of the right aMFG-OFC functional
pathway partially mediated the relationship between the right
OFC-AMY functional pathway and behavior (P=0.03; Fig. 2D).
These findings indicate that the neural network underlying suc-
cessful inhibitory regulation of emotional reactivity likely in-
volves communication between the right aMFG and right OFC
to regulate amygdalar activity, which appears to be facilitated
by the integrity of the iFOF and UNC (for full ER analyses, see Sup-
plementary Material S3).

Inhibitory Regulation of Motor (SST Task)

A group-level GLM provided a set of peaks that were then used as
seeds for functional connectivity. Results based on the overlap of
these 2 analyses indicated that (1) upregulation of the right pos-
terior MFG (pMFG) was correlated with upregulation of the right
IFG and ACC, (2) upregulation of the right IFG was correlated
with upregulation of the STN and ACC (Fig. 3A). Increased

integrity of the anatomical pathway between PFC and subcor-
tical/thalamic regions as assessed by FA of anterior limb of the
internal capsule (ALIC) predicted increased coherence of the
right pMFG-ACC and right IFG-STN functional pathway (R = 0.20,
F=4.74,P=0.04; R?=0.20, F=4.44, P = 0.04, respectively; Fig. 3B).
Increased coherence of the right pMFG-IFG, pMFG-ACC, and
right IFG-STN functional pathways all predicted better inhibitory
regulation (R?=0.21, F=4.92, P=0.04; R*=0.20, F=4.77, P=0.04;
R?=0.32, F=8.97, P=0.007, respectively).

Feature selection and multiple regression indicated that the
model best predicting behavior (an individual’s ability to inhibit
motor response) included the functional pathways of right
PMFG-IFG, right pMFG-ACC, and right IFG-STN (R®=0.44,
P=0.001; Fig. 3C). Analyses indicated that the coherence of the
right IFG-STN functional pathway partially mediated both rela-
tionships between the right pMFG-ACC and right pMFG-IFG func-
tional pathways and behavior (P=0.03 and 0.04, respectively;
Fig. 3D). These findings suggest that the neural network under-
lying successful inhibitory regulation of motor response likely
involves: Communication between the right pMFG, right IFG,
and ACC to regulate the STN, which in turn is responsible for
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SST — functional and anatomical connectivity
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Figure 3. Functional and anatomical connectivity of the SST (N =21). (A) Significant brain regions of seed-based functional connectivity identified through the GLM. Z
indicates the maximum functional connectivity parameter estimate (red/upregulation and blue/downregulation). (B) Significant WM tracts overlayed on the functional
pathways, of which FA values predict the functional coherence. R? indicates the variance explained in the functional connectivity by the FA values from the ALIC. (C)
Feature selection and multiple regression indicating the combination of predictors (IFG-STN, pMFG-IFG, and pMFG-ACC) explaining the most variance in behavior
(inhibition of motor response). (D) Mediation analyses testing the indirect effect of a mediator (IFG-STN) on the relationship between both independent (pMFG-ACC

and pMFG-IFG) and dependent variables (inhibition of motor response).

initiating a neural cascade of inhibition to stop motor response,
via the pallidum and thalamus (for full SST analyses, see Supple-
mentary Material S4).

Across Task

Correlations across behavioral measures indicated that inhibi-
tory regulation was only correlated across individuals between
the TNT and ER tasks (R?=0.33, F=9.5, P = 0.006; see Supplemen-
tary Material S5). Functional pathway predictors that explained
the most variance in single task behavior [aMFG-HIP (TNT),
aMFG-OFC (ER), and IFG-STN (SST)] were highly correlated across
task: aMFG-HIP (TNT) correlated with both aMFG-OFC (ER;
R?=0.25, F=6.39, P=0.02) and IFG-STN (SST; R?=0.38, F=11.45,
P=0.003), aMFG-OFC (ER) correlated with pMFG-IFG (SST;
R%2=0.25, F=6.33, P=0.02), and OFC-AMY (ER) correlated with
IFG-STN (SST; R?=0.39, F=12.32, P=0.002; Fig. 4A; see Supple-
mentary Material S5). Anatomical pathway predictors that con-
tributed to each of the single task’s described neural networks
[CB (TNT), iFOF/UNC (ER), and ALIC (SST)] also were correlated
across task. The CB (TNT) correlated with the iFOF (ER) and the
ALIC (SST; R?=0.64, F=33.76, P=0.00001; R?=0.37, F=11.35,
P=0.003, respectively). The UNC (ER) correlated with the iFOF

(ER) and the ALIC (SST; R*=0.31, F=8.52, P=0.009; R?=0.57,
F=25.51,P=0.0001, respectively). Finally, the iFOF (ER) correlated
with the ALIC (SST; R?=0.60, F=27.95, P =0.00001; see Supple-
mentary Material S5). Repeated-measures ANOVA and conjunc-
tion analyses on whole-brain functional activation across the 3
tasks indicated that only the right MFG and right angular gyrus
were consistently activated across all 3 tasks (Fig. 4B; see Supple-
mentary Material S5). However, because only the right MFG ex-
hibited functional connectivity in the 3 individual tasks, we
focused on that region.

Because the pathways correlated highly across task, we deter-
mined whether they exhibited specificity to the inhibitory regula-
tion task in which they were defined. To do so, we examined each
of the functional and anatomical pathways in relation to behav-
ioral performance in the other 2 tasks. Of the 11 functional and
anatomical pathways, only the pathway of aMFG-HIP exhibited
a trend toward significance for predicting behavior in the ER
task (R2=0.14, F=3.15, P =0.09), suggesting that the pathways
are relatively specific to the inhibitory regulation task in which
they were defined, but that the coherence and integrity of the
pathways is related across task within individuals (for full across
task analyses, see Supplementary Material S5).
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Figure 4. (A) Significant prefrontal brain regions of seed-based functional connectivity identified through the GLM within individual tasks [Think/No-Think (TNT) = yellow,
Emotion Regulation (ER) =red, and Stop-signal (SST) = green)] (N = 21). (B) Repeated-measures ANOVA and conjunction analysis of functional activation across the 3 tasks
indicating common activation of the angular gyrus and aMFG. Z indicates the peak functional activity parameter estimate across tasks.

Moreover, although the majority of the prefrontal compo-
nents of the functional pathway predictors appear to be spatially
or anatomically distinct for each type of inhibitory regulation, a
region within the right MFG and its connectivity appear to over-
lap across tasks.

Discussion

The current study provides a detailed account of the neural net-
works underlying inhibitory regulation of cognitive, affective,
and motor processes by examining 3 divergent inhibitory tasks
performed by the same individuals. Using structural and func-
tional neuroimaging, we demonstrate the overarching organiza-
tion of 3 distinct inhibitory neural networks, each of which
incorporate functional pathways that exhibit coherence between
pairs of brain regions and anatomical pathways that predict the
coherence of the functional pathways, thus indicating the inter-
connectivity of brain regions within the networks. These conver-
ging pathways have robust explanatory power in predicting
brain-behavior relationships underlying inhibitory regulation,
evidenced by the degree of variance explained (44%-63%) in the
regression models for each of the 3 different inhibitory networks.
We subsequently showed that each inhibitory domain’s set of
pathways highly correlated across task, but only predicted behav-
ior with the task in which they were defined, indicating their spe-
cificity. These findings indicate strong relationships between the
functional and anatomical pathways underlying inhibitory regu-
lation across the 3 psychological domains. Finally, we deter-
mined that a common brain region, the right MFG, is recruited
across all 3 inhibitory regulation tasks. Individual regions of the

right MFG indicated peaks of localization occurring along a gradi-
ent from more posterior regions involved in motor inhibition and
more anterior ones in emotional and cognitive inhibition.

The neural network responsible for inhibitory regulation over
memory retrieval predominantly involves the pathway that al-
lows modulation of the HIP by the right anterior MFG (Fig. 1A),
which accounted for a high degree of behavioral variance (R? =
0.50). This pathway is consistent with the current fMRI literature,
which also suggests modulatory effects of the MFG over the HIP
(Anderson et al. 2004; Depue et al. 2007; Butler and James 2010;
Benoit and Anderson 2012). Here, we also provide the first empir-
ical evidence that the CB, the WM tract connecting the aMFG-HIP
pathway (Schmahmann and Pandya 2006), plays a critical role in
this network, as the CB’s integrity correlated with inhibition
regulation of memory retrieval, and was highly predictive of co-
herence of the aMFG-HIP pathway (R? = 0.40; Fig. 1B). Indicating
an intrinsic relation between function, structure, and behavior,
integrity of the CB was found to partially mediate the relation be-
tween the aMFG-HIP pathway and cognitive inhibition.

The neural network responsible for inhibitory regulation of
emotional reactivity involves at least 2 pathways: right aMFG
with the OFC, and the right OFC with the AMY (Fig. 2A), which
contributed independent variance in a multiple regression pre-
dicting inhibitory regulation of emotion (R? = 0.63). This network
may function hierarchically, with the aMFG modulating the lat-
eral OFC’s inhibitory regulation of the AMY, which is consistent
with the current literature (Eisenberger et al. 2003; Phan et al.
2005; Sokol-Hessner et al. 2013). We extend the functional and
anatomical characterization of this network by demonstrating
that iFOF and UNC, the WM tracts connecting the aMFG-OFC

8102 1eqwisos(] 9| UO Jasn Japjnog opelojod 1o Ausiaaiun Aq 07029E2/vE91/¥/92/10B1Sqe-8[011e/100180/W0o dno olwapese//:sdiy woll pepeojumod



Inhibitory Neural Networks Regulating Cognitive, Affective, and Motor Processes Depueetal. | 1643

and OFC-AMY pathways (Martino et al. 2010; Von Der Heide et al.
2013), respectively, predicted their coherence (R*=0.34 and 0.23,
respectively; Fig. 2B). Indicating that coordination between these
2 pathways is likely, the aMFG-OFC partially mediated the influ-
ence of the OFC-AMY with inhibitory behavior.

The neural network underlying inhibitory regulation of motor
response involves at least 3 pathways: right pMFG with the right
IFG, right pMFG with the ACC, and the right IFG with the STN
(Fig. 3A), each of which contributed independent variance in a
multiple regression predicting motor inhibition (R?=0.44). Re-
search indicates that the IFG and/or the ACC signal the STN to ini-
tiate a cascade of neural inhibition via the pallidum, resulting in
decreased information flow to the thalamus and subsequently to
the motor cortex to terminate a motor response (Aron et al. 2004;
Aron and Poldrack 2006). While our results reflect this general cir-
cuitry, our data further suggest that this neural network may
function in a similar fashion as outlined for the inhibitory regu-
lation of emotion network above: where hierarchical influence of
the pMFG acts via the IFG and the ACC. This is supported by the
fact that the influence on motor inhibition by both the pMFG-IFG
and pMFG-ACC pathways was partially mediated by the IFG-STN
pathway, again suggesting coordination between the former 2
pathways. We further suggest that the pMFG-ACC pathway has
an additive effect by (i) monitoring the success of motor stopping
and (ii) providing additional neural support/feedback. Providing
anatomical support for this network, we show that increased in-
tegrity of the ALIC, which connects the IFG-STN pathway (Nieu-
wenhuys, et al. 1988), the largest mediating predictor of the
network, is related to its coherence (R?=0.20; Fig. 3B).

Comparing behavioral performance and each of the sets of
functional and anatomical pathway predictors across task indi-
cated a high degree of association between pathways of the 3 do-
mains’ inhibitory regulation. Behavioral performance correlated
between the TNT and ER tasks (R?=0.33), but not the SST. This
may reflect an increase in the relatedness of behavioral perform-
ance measures between inhibitory tasks that can be considered
cognitive (e.g.,, TNT and ER) when compared with inhibitory
tasks that are more behavioral (e.g., SST) in nature. However,
the functional and anatomical pathways between all 3 tasks
were highly related. The functional (aMFG-HIP, aMFG-OFC, and
IFG-STN) and anatomical (CB, iFOF, UNC, and ALIC) pathways
that accounted for the most explained variance in behavioral per-
formance for each of the tasks accounted for a large degree of
variance in one another’s functional coherence (25-40%) and in
one another’s anatomical integrity (30-64%), respectively.

The relatedness among the 3 domain networks found in our
data raises the question of how these networks are neurally coor-
dinated. A striking finding across all 3 of the above networks in-
dicates the recruitment of a common region of the right MFG,
suggesting a prominent role during inhibitory regulation. Indi-
vidually, the tasks exhibited right MFG recruitment during inhibi-
tory regulation of memory retrieval and emotional reactivity
localized to “anterior” MFG, whereas inhibitory regulation of
motor response recruited a distinct but more “posterior” region
of the MFG. This anterior-posterior delineation of the MFG in
our data is consistent with several prominent theoretical views
of PFC function. First, there is evidence indicating that inhibition
can be segmented into behavioral and cognitive components
(Harnishfeger 1995; Aron 2007). Second, a major synthesis of
PFC function suggests that the organization of the PFC has
evolved to exhibit a gradient of increasing abstraction (Badre
2008; Badre and D’Esposito 2009; Christoff et al. 2009) from
posterior to anterior regions of the PFC (e.g., from concrete,
motor functions to abstract, cognitive processes). Although

specific evidence for the functional organization of the MFG is
sparse relative to the PFC in general [however, see Nee and
Brown (2012)], our data are consistent with a gradient of abstrac-
tion view, where the pMFG represents behavioral/motor in-
formation and the aMFG is involved with cognitive/affective
representations.

In view of the fact that the right MFG is common to the 3 net-
works, we suggest that it resides at the top of a functional hier-
archy of regions in each inhibitory network. Its position at the
top of hierarchies suggests that its function incorporates a work-
ing memory process that enables it to maintain and update goal-
related information, which is highly consistent with literature
concerning its anatomical and functional connectivity (Goldman-
Rakic et al. 1984; Morris et al. 1999; Miller and Cohen 2001;
D’Ardenne et al. 2012). In the case of inhibitory regulation of
memory retrieval, the network has a single hierarchical level,
possibly because both maintenance and updating of the task
goal and modulation of the HIP is accomplished by the same re-
gion (MFG), due to its direct anatomical connections (i.e., CB).
During inhibitory regulation of emotional reactivity and/or
motor response, higher-order maintenance and updating of
task goals would be performed by MFG, whereas modulation of
the AMY or STN (downstream effectors) is performed by an inter-
mediary region (OFC and IFG, respectively) that exhibits direct
anatomical connectivity (i.e., UNC and ALIC, respectively), in-
creasing the hierarchical nature of these neural networks. There-
fore, we suggest that a central role of the MFG during inhibitory
regulation is to: (1) update and maintain a task goal or represen-
tation, and then subsequently (2) influence the activity of other
network regions to accomplish the goal. Supporting this view,
the 3 functional pathways involving the MFG that accounted for
the most explained variance in behavioral performance in each
of the tasks all correlated with performance on a working mem-
ory task requiring both updating and maintenance (see Supple-
mentary Material S6). Thus, the role of MFG during inhibitory
regulation is more parsimonious with a view of it performing
working memory and goal-oriented operations than to strictly
perform neural inhibition over other brain regions.

Recent literature discusses multiple viewpoints of inhibitory
control, ranging from its necessity to its superfluousness. How-
ever, this debate is complicated by the multitude of inhibitory
definitions in such arguments. Definitions include, behavioral in-
hibition (reduction in behavior), cognitive inhibition (the mind’s
capacity to tune down irrelevant processing), and neural in-
hibition (the physical mechanism by which neurons signal;
i.e., GABAergic interneurons), to name a few. While the question
of whether inhibition is necessary lies outside the scope of this
article, we refer the reader to recent research that presents a var-
iety of differing views. As done quite elegantly in a recent paper
(Erika-Florence et al. 2014), the authors discuss a computational
perspective for the role of top-down potentiation (inducing local
collateral inhibition), rather than top-down inhibition, that ren-
ders behavioral inhibition obsolete. However, Aron and col-
leagues (Cai et al. 2011) recently present strong evidence for
behavioral inhibition, by indicating reductions in effector muscle
motor-evoked potentials below resting rates. While the evidence
for both cases is strong and may seem at odds, our previous work
provides a framework that helps to reconcile these 2 perspectives
(Munakata et al. 2011; Depue 2012). This framework suggests that
different types of inhibition may emanate from the PFC in both a
“global and directed” as well as an “indirect and local” fashion.
Briefly, the former taking form of long-range excitatory projec-
tions from the PFC synapsing on distinct inhibitory cell popula-
tions or gating mechanisms in nonneocortical or subcortical

810Z Jaqwiaoa(] 9| UO Jasn Jap|nog ope.lojo) Jo AlsieAiun Aq 0v0.L9€2/7E9 | /7/9Z19BNSe-3]0111e/100190/W02 dNo"dIWapeoe//:sdy Wol) PapEojuMO(]


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhu324/-/DC1
http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhu324/-/DC1

1644 | Cerebral Cortex, 2016, Vol. 26, No. 4

brain regions in order to decrease their activity or output (e.g.,
fear extinction). While the latter involves cortical representations
competing for expression, which is resolved through lateral in-
hibition to amplify the selected representation (e.g., selection
and attention). While we do not ascribe to the notion that the
rLPFC contains discrete units or modules associated with inhib-
ition, the current study indicates that regions within the rLPFC
may serve to regulate a nonneocortical or subcortical region’s
output to reduce unwanted behavior or cognition.

One distinct feature highly apparent in our data, as well as
across a majority of neuroimaging studies investigating inhibi-
tory regulation, is the predominance in the recruitment of the
“right” hemisphere (Garavan et al. 1999; Eisenberger et al. 2003;
Aron et al. 2004; Phan et al. 2005; Aron and Poldrack 2006;
Depue et al. 2007; Butler and James 2010; Congdon et al. 2010;
Nowicka et al. 2011; Benoit and Anderson 2012; Sokol-Hessner
et al. 2013). To our knowledge, no formal theoretical view regard-
ing the neural networks underlying inhibitory regulation account
for these findings. Research suggests a relative difference in pro-
cessing of the right versus left hemisphere, with the right show-
ing predominance in (1) early development (Chiron et al. 1997), (2)
object-based recognition and spatial processing when compared
with language (Gauthier et al. 1999), (3) processing stimuli in a
global or holistic manner when compared with local or feature-
based representation (Fink et al. 1997), (4) encoding and integrat-
ing the temporal duration of events (McKibbin et al. 2003), (5)
withdrawal when compared with approach behavior (Davidson
et al. 1990), (6) generating negative when compared with positive
emotion (Davidson 1992), and (7) sensitivity to faces, body pos-
ture, and prosody especially in the context of threat (Ohman
2002; Sander et al. 2005; De Gelder 2006). Taken together, these
findings suggest that the right hemisphere may provide a rela-
tively quick snapshot and global representation of the current
environmental context. This global representation would con-
tain crude yet rapidly processed information about potentially
threatening stimuli and, if so perceived, would initiate negative
affect (e.g., fear) and withdrawal. Under such circumstances,
being able to apply inhibitory regulation of (1) selection or in-
terruption of already-initiated motor programs, (2) emotional re-
activity to reduce behavioral freezing or panic, and subsequently
(3) intrusive memories may increase survival. Because inhibitory
regulation under potentially threatening circumstances would be
required early in life, throughout evolutionary adaptation, inhibi-
tory regulation may have been selected for right hemispheric
dominance due to its earlier developmental trajectory. And
given the multiple behavioral systems requiring inhibitory regu-
lation during such events, prefrontal coordination (e.g., via MFG)
would be required to assure synchronized processing across
domains.

In all, the current research indicates detailed functional and
anatomical neural networks for various psychological domains
of inhibitory regulation. Furthermore, we emphasize the poten-
tial higher-order coordinating role of the right MFG, which puta-
tively initiates inhibitory regulation across the 3 domain
networks by updating and maintaining important working mem-
ory representations. Defining neuroanatomical models contrib-
uting to inhibitory regulation is critical to understanding and
treating neurological and psychiatric diseases affected by inad-
equate self-regulation.

Supplementary Material

Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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