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cal imaging to identify regions of the prefrontal cortex beyond the right inferior frontal gyrus which may
serve to support motor response inhibition. Forty-three right-handed healthy adults completed a manual
Go/No-Go task while evoked oxygenation of the prefrontal cortex was measured using 16-channel functional
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Response inhibition near-infrared spectroscopy. During motor response inhibition, the right inferior frontal gyrus, and to a lesser
Manual response control extent the homologous contralateral region, showed increased activation relative to a baseline task. Con-
Prefrontal cortex versely, the medial prefrontal cortex was significantly deactivated, and the extent of reduced activity in
Inferior frontal gyrus this region was associated with fewer errors on the response inhibition task. These findings suggest a more

substantial role of the left inferior frontal gyrus in response inhibition and possibly a distinct function of
the middle frontal gyrus subserving error detection on manual motor control tasks.
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Introduction

The prefrontal cortex (PFC) is a complex brain region that is thought
to subserve a number of higher-order cognitive abilities (Miller and
Cohen, 2001). Response inhibition represents perhaps one of the most
extensively studied of these abilities, particularly with respect to
motor control. The Go/No-Go paradigm has frequently been used to
measure motor response inhibition across a variety of response modal-
ities, including the hand, eye, and foot (Van't Ent and Apkarian, 1999).
In general, this paradigm asks respondents to provide a specific motor
response to a target stimulus (termed the Go stimulus) but to withhold
this response to a non-target stimulus (known as the No-Go stimulus).
Regardless of response modality, the Go/No-Go paradigm has been
found to reliably activate the right inferior frontal gyrus (right IFG)
under conditions of motor response inhibition (Chikazoe et al., 2007).
Accordingly, Aron et al. (2004) concluded that this region, in coordina-
tion with the basal ganglia and perhaps other subcortical regions, is crit-
ical to response inhibition based on their analysis of neuroimaging and
human lesion-mapping studies.

A recent meta-analysis of functional neuroimaging studies, how-
ever, suggests a different perspective on the prominence of the right
IFG in response inhibition. Swick et al. (2011) examined 47 neuroim-
aging studies that employed a Go/No-Go paradigm and quantitatively
synthesized their results using an activation-likelihood-estimation
approach. This study revealed significant areas of right-hemisphere
activation extending from the right IFG and middle frontal gyrus to
the insular cortex and inferior parietal lobule. Significant foci of acti-
vation were also identified in the left superior, middle, and inferior
frontal gyri. Therefore, in contrast to the widely reported finding of
primarily right IFG activation on the Go/No-Go task, the anticipated
dominance of this region in supporting response inhibition was not
strongly implicated in this meta-analytic review. Notable limitations
of this meta-analysis, however, were there it included a variety of
Go/No-Go tasks which varied in their relative proportions of Go versus
No-Go stimuli, which could impact the relative potency of a motor re-
sponse and its associated functional activation (Nieuwenhuis et al.,
2003). Also, given that most studies included in this meta-analysis com-
prised functional magnetic resonance imaging (fMRI) contrasts of a
condition requiring a motor response (Go) with one that does not
(No-Go), it is difficult to disentangle those areas of PFC activation relat-
ed to the execution of a motor response (e.g., manually pressing a but-
ton on a Go trial) versus response inhibition (e.g., withholding a manual
button press on a No-Go trial) when these two specific conditions are
contrasted (Hester et al., 2004b).

Although fMRI has been used most frequently in prior studies of re-
sponse inhibition, investigations based on other neuroimaging modali-
ties may help to elucidate the relative contributions of distinct regions
of the PFC to motor response inhibition. Functional near-infrared spec-
troscopy (fNIRS) is an optical brain imaging technique which measures
relative changes in the concentrations of oxygenated (oxy-Hb) and de-
oxygenated hemoglobin (deoxy-Hb) based on the differential absorp-
tion and backscattering of infrared light in cortical tissue (for a review,
see [rani et al., 2007). An important advantage of using fNIRS to advance
our understanding of the role of the PFC in response inhibition is that it
can generate distinct biological measures of cortical activation (i.e., oxy-
and deoxy-Hb) which may convey information unique to that provided
by the fMRI blood-oxygen level dependent signal (Steinbrink et al.,
2006; Strangman et al., 2002). Importantly, fNIRS can supply these
measures of cortical activation with high levels of temporal and spatial
precision within the PFC, which may be crucial for unravelling the com-
plexities of how functioning of this region may support response
inhibition.

Only a small number of studies have employed fNIRS to investi-
gate activation of the PFC under conditions of response inhibition
using Go/No-Go tasks. These studies have revealed bilateral activation
in the most anterior aspect of the IFG bilaterally (Herrmann et al.,

2005), but also more dominant right IFG activation (Tsujii et al., 2011)
during response inhibition. Similarly, Nishimura et al. (2011) detected
significant activation within the left anterior IFG associated with re-
sponse inhibition as well as an area of deactivation within the medial
PFC (a finding which was not observed in a schizophrenia comparison
group). Recently, Wriessnegger et al. (2012) used fNIRS to measure ac-
tivation of the medial PFC and sensorimotor areas for 11 participants
who completed finger and foot versions of a Go/No-Go task. They
found significant activation of the medial PFC as well as deactivation
of the corresponding sensorimotor cortex during motor response inhi-
bition. Taken together, these findings suggest that activation of the ho-
mologous left IFG may also support response inhibition, whereas
deactivation of specific prefrontal and sensorimotor cortical regions
may also be implicated in some as yet unknown manner.

Although previous research using fNIRS to study response inhibition
has revealed meaningful information about the potential roles of the
left IFG and medial PFC in these processes, this research is limited in a
number of ways. First, these investigations tended to utilize very brief
activation periods (and sometimes only one activation period per con-
dition) for their response inhibition tasks, thereby limiting the statisti-
cal power of these research designs. Second, nearly all prior fNIRS
studies on this topic used probes that were limited in their spatial
extent, and therefore, only one study simultaneously measured activa-
tion within medial and lateral portions of the PFC (including the IFG)
(Nishimura et al,, 2011). Given preliminary evidence from separate
studies showing increased bilateral IFG activity in conjunction with re-
duced medial PFC activity during motor response inhibition, under-
standing the relative engagement and disengagement of these regions
in a single study is potentially important. Third, the majority of this
fNIRS research is based on considerably small samples of adults, limiting
the extent to which meaningful conclusions can be drawn from any sin-
gle study. Fourth, little research has examined the relationship between
accuracy on response inhibition tasks and the extent of activation in
specific neural regions. For example, research suggests that deactivation
in midline areas (insula, medial PFC) prior to the inhibition of a motor
response may be predictive of subsequent success in withholding that
response (Hester et al.,, 2004b). Investigating the interaction between
performance accuracy and cortical activation may elucidate whether
discrete areas of the PFC function to support distinct response inhibition
processes.

The present study accordingly set out to investigate several im-
portant unanswered questions regarding the role of inferior-lateral
and medial areas of the PFC in motor response inhibition. First, we
examined whether the homologous region in the left IFG is also
recruited for motor response inhibition, contrary to previous claims
of predominantly right IFG involvement (Aron et al., 2004). Second,
we investigated whether the medial PFC shows significant deactiva-
tion associated with motor response inhibition, a finding which has
been reported in only a small number of studies (Nishimura et al.,
2011; Wriessnegger et al., 2012). To understand the potential interac-
tion between behavioral performance and cortical activation, we also
explored the relationship between accuracy on the Go/No-Go task
and activation within inferior-lateral and medial aspects of the PFC.

Material and Methods
Participants

Forty-four right-handed healthy adults participated in this study.
Participants were recruited from the University of Toronto Scarborough
undergraduate research participant pool and the surrounding commu-
nity. From this original sample, one participant was excluded due to
problems with fNIRS signal acquisition during the experiment. In total,
fNIRS data for seven men and 36 women with a mean age of
24.8 years (SD=11.3) were included in our analyses. All individuals
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provided written informed consent to participate in this study, which
was approved by the Research Ethics Board at the University of Toronto.

Procedure

Prior to commencing the response inhibition task, participants
completed a brief screening interview to collect demographic infor-
mation and rule out the presence of any serious manual, ophthalmic,
neurologic (i.e., seizure disorder, severe head injury) or psychiatric
illnesses (i.e., psychosis). Following this interview, participants were
seated in a dimly-lit room in front of a computer monitor and a key-
board. They were asked to sit comfortably and interact with the com-
puter by only pressing a designated button with their right index
finger. Prior to beginning each task, instructions were presented on
the monitor and read aloud by the experimenter. Testing did not pro-
ceed until participants acknowledged that they understood all in-
structions completely. After finishing all procedures, participants
were compensated for their time with course credit or at a rate of
$10 per hour.

fNIRS Setup

After the participant's forehead was cleaned using an alcohol swab,
the fNIRS probe was positioned over the forehead and secured at the
back of the head using Velcro® straps. The fNIR Imager 1000® (fNIR De-
vices, Potomac, MD) is a continuous-wave fNIRS system described in
previous studies conducted by our research group (see Ayaz et al.,
2012; Ruocco et al., 2010). Two wavelengths of light (730 nm and
850 nm) were measured continuously at 500 ms intervals in 16 chan-
nels with 1.25 cm penetration. The probe was aligned with the elec-
trode positions F7, Fp, Fpp and F8 based on the international 10-20
EEG system (Jasper, 1958), which corresponds to Brodmann areas 9,
10, 45 and 46. Specific details regarding probe placement are provided
in Ayaz et al. (2011). Image reconstruction was rendered using the
topographic tools available in fNIRSoft® Professional Edition (Ayaz,
2010) which provides spatial visualization of fNIRS activation data
using MRI templates as described in Ayaz et al. (2006).

Measures

Scarborough Non-Affective Go/No-go Task (SNAG)

Participants completed a standard perceptual (non-affective)
Go/No-Go task as part of a block-design paradigm which required
them to press a button with their right index finger to Go stimuli
(i.e., a green circle) and withhold a response to No-Go stimuli
(i.e., ared circle). Each stimulus was presented on a black background
for 500 ms, and participants were given a window of 3000 ms from the
onset of the stimulus to respond. In total, 90 target stimuli and 30
non-target stimuli were arranged in six separate blocks. These six blocks
were categorized into two conditions with three blocks per condition. Go
blocks contained 20 (100%) Go stimuli, whereas No-Go blocks consisted
of a quasi-random combination of 10 (50%) Go and 10 (50%) No-Go stim-
uli per block. In total, the SNAG maintained a ratio of 75% Go and 25%
No-Go trials. This relative proportion of Go and No-Go trials was selected
to increase the prepotency of the specified manual response. The inter-
stimulus interval was jittered at increments of 500 ms (ranging from
4000 to 6000 ms, with a mean of 5000 ms) to discourage anticipatory
responding. This task was intentionally designed with relatively long
inter-stimulus intervals to ensure high levels of accuracy such that suc-
cessful response inhibition could be examined. For each participant, the
task always began with a Go block with subsequent blocks alternating be-
tween Go and No-Go.

Prior to completing the task, participants read the following in-
structions with accompanying graphical examples of the Go and
No-Go stimuli: You are going to see either a green or a red circle appear
on the screen. Press the spacebar as fast as you can when you see the
green circle. Don't press for the red circle, only the green circle. When

the circle disappears, a plus sign will appear on the screen. Stare at the
plus sign until the next circle appears. Remember to press the spacebar
as fast as you can only when you see the green circle without making
any mistakes. Thus, both speed and accuracy were emphasized on
this task. Participants were given the opportunity to ask questions
and proceeded only when they acknowledged that they fully under-
stood the task instructions.

Conners' Continuous Performance Test-II

We administered an extensively validated computerized laboratory
test of motor response inhibition, the Conners' Continuous Performance
Test-II (CPT-II; Conners, 2000), as a cross-validation behavioral measure
for the SNAG. This task presents participants with a series of uppercase
letters on a computer monitor and respondents are instructed to press
the space bar for every letter, except for the letter X, and to do so as
quickly and accurately as possible. The primary measure of motor re-
sponse inhibition on the CPT-II is the number of commission errors on
this task (i.e., incorrectly pressing the space bar for the letter X).

Signal Processing and Statistical Analysis

Raw fNIRS light intensities were manually screened and then
underwent signal processing to exclude physiological artifacts using
a low-pass filter with a finite impulse response and a linear phase fil-
ter with an order of 20 and a cut-off frequency of 0.1 Hz (Ayaz et al.,
2010, 2012; Izzetoglu et al., 2004). Following these procedures, chan-
nels that showed signs of saturation or that were identified using a
sliding-window motion artifact rejection (SMAR) technique (Ayaz
et al.,, 2010) were identified and confirmed through visual inspection.
On average, 2-3 channels were excluded for each participant primar-
ily because of saturation with ambient light when contact with the
skin was not optimal or in lateral channels due to interference from
hair shafts. Time synchronization markers denoting the beginning
and end of each block were delivered to the fNIRS acquisition device
using a serial connection. Based on the markers that separated each
activation block, data for local baseline segments and activation seg-
ments were extracted and compared.

Relative changes in oxy-Hb and deoxy-Hb for each activation con-
dition were calculated relative to distinct local baselines for each
condition. Each local baseline consisted of a 10-second cross-hair
fixation period which immediately preceded each respective block.
These local baselines were then aggregated to produce a baseline
for comparison with Go and No-Go task conditions. Relative changes
in oxy-Hb and deoxy-Hb for the two activation conditions were calcu-
lated relative to this baseline condition.

Data Analytic Approach

The fNIRS time-series data were analyzed with multilevel models
(Bryk and Raudenbush, 1992; Kenny et al., 1998). Within the context
of the present study, multilevel models take into account that the ex-
perimental time-series are nested within participants and that the
number of observations may be unbalanced across participants. Vari-
ance in the dependent variable is partitioned into within-person
(Level 1) and between-person (Level 2) components, allowing pre-
dictor terms to be represented at both the level of the experimental
observation (Level 1) and at the level of the participant (Level 2). In
the primary, whole-probe analyses, we examined the Level 1 effect
of motor response inhibition. Type I error rate was controlled using
the False Discovery Rate (Benjamini and Hochberg, 1995; Benjamini
et al,, 2001) to correct for multiple comparisons. In the secondary,
region-of-interest (ROI) analyses, we examined the Level 1 effect of
motor response inhibition, the Level 2 effect of behavioral accuracy
(i.e., true negative responses on the SNAG), and the Motor Response
Inhibition x Behavioral Accuracy cross-level interaction on partici-
pants’ relative levels oxy-Hb in inferior-lateral and medial aspects of
the PFC during the SNAG.
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The multilevel models were estimated in R (R Development Core
Team, 2010) using the multilevel and nlme packages (Bliese, 2009).
We estimated random intercept models, nesting the experimentally
demarcated time-series data within each participant. To account for
the temporal autocorrelation in the time-series, all models were con-
servatively estimated using an unstructured covariance matrix and
the “between-within” method of estimating degrees of freedom
(Schluchter and Elashoff, 1990).

Following the recommendations of West et al. (1996), we
performed two sets of orthogonal contrasts to examine our a priori
comparisons of interest. Of principle interest were the contrasts that
examined the unstandardized mean differences in oxy-Hb between
(a) the No-Go condition and its local baseline, (b) the Go condition
and its local baseline, and (c) the Go and No-Go conditions. The first
set of contrasts featured a term specifying the No-Go condition as
“1/2” and its local baseline as “— 1/2” while the Go condition and its
local baseline were both coded as “0”; independent of this compari-
son, this contrast set also featured a term specifying the Go condition
as “1/2” and its local baseline as “— 1/2” while the No-Go condition
and its local baseline were both coded as “0.” The second set of con-
trasts featured a term specifying the Go condition as “1/2” and the
No-Go condition as “—1/2” while the local baselines for both Go
and No-Go were coded as “0.” Thus, with respect to our measures of
effect size and standard error, a one-unit difference on each contrast
term represents the mean difference in oxy- and deoxy-Hb between
our conditions of interest. For clarity of presentation, we strictly
report the results of the above contrasts for oxy-Hb. It should be
noted, however, that the estimated models featured code variables
to comprehensively represent the overall treatment effect (West et
al., 1996)." While we briefly summarize the results for deoxy-Hb,
the complete analyses for this fNIRS parameter are available in the
appended Supplementary Materials.

Results
Behavioral

High levels of accuracy were achieved on the SNAG with regard to true
negative responses (ie., correctly withholding responses to No-Go
stimuli), M=93.7%, SD=6.09, and true positive responses (i.e., correctly
responding to Go stimuli), M=99.9%, SD=0.36, with a mean reaction
time (RT) of 344.6 ms (SD=54.9). As expected, commission errors on
the SNAG were significantly correlated with the same index on the
CPT-II, r (41)=0.32, p=0.04, supporting the SNAG as a measure of
motor response inhibition. Mean RT for commission errors on the SNAG
(M=343.5, SD=65.5) was significantly faster (M=376.0, SD=60.7)
than true positive responses, t(29) =2.70, p=0.01, suggesting that the
few commissions on the SNAG represent genuine response inhibition er-
rors (i.e., they are faster than correct responses on this task and could be
considered more impulsive).

NIRS

As detailed in Table 1, the intraclass correlations across the fNIRS
channels ranged from 0.05 to 0.10 indicating a small but significant de-
gree of dependence among participants' nested observations and a sub-
stantial amount of within-person variation during the time-course of

! The first set of contrasts described above additionally featured a term specifying
both the No-Go condition and its local baseline as “— 1/2” while both the Go condition
and its local baseline were both coded as “1/2.” The second set of contrasts described
above also featured two additional but similarly irrelevant terms. One term specified
both the Go and the No-Go condition as “1/2” while the corresponding local baselines
were both coded as “—1/2.” The other term specified both the local baseline for the Go
condition as “1/2” and the local baseline for the No-Go condition as “— 1/2” while both
the Go and No-Go conditions were coded as “0.” Because these contrasts are of neither
a priori nor exploratory interest, we do not report the corresponding results.

Table 1

Descriptive statistics for oxy-Hb time-series across fNIRS channels.
fNIRS Channel Intraclass correlation N n
1 0.09 33,904 25
2 0.09 53,142 40
3 0.08 52,082 38
4 0.08 41,046 31
5 0.06 53,554 39
6 0.07 42,149 32
7 0.05 51,736 39
8 0.07 35,492 27
9 0.06 45,089 34
10 0.07 42,162 32
11 0.09 51,443 38
12 0.07 47,876 37
13 0.07 49,257 36
14 0.08 48,048 37
15 0.07 35,213 27
16 0.10 55,069 42

Note: All intraclass correlations are significant at p<0.0001. N=total number of
observations, aggregated across all participants; n = total number of participants with
available data. The numbers of observations across fNIRS channels are unbalanced
due to filtering.

the SNAG, as expected. The channel-wise time-series for oxy-Hb and
deoxy-Hb during the No-Go condition is depicted in Fig. 1.

No-Go Versus Baseline

Table 2 reports the results of multilevel analyses comparing
oxy-Hb across the No-Go and baseline conditions. Significant in-
creases in oxy-Hb compared to baseline were observed in two clus-
ters encompassing the anterior aspects of the right (channels: 13,
14, and 16) and left middle/inferior frontal gyri (channels 2 and 4),
and a discrete area of activation situated in one channel over the
left superior frontal gyrus (channel 5). Conversely, significant de-
creases in oxy-Hb compared to baseline were observed in the right
medial PFC (channels 9 and 10). These results are portrayed in Fig. 2a.

With regard to deoxy-Hb, similar increases were observed in the
left PFC, and to a lesser extent, the right PFC (channels 2, 3, 4, 5, 7,
12, and 13). Significant decreases were also seen in five channels
largely in the right PFC (channels 6, 9, 11, 16, 10). As previously
noted, the results of these analyses are available in the Supplementa-
ry Materials.

Go Versus Baseline contrasts

Table 3 reports the results of multilevel analyses comparing
oxy-Hb across the Go and baseline conditions. Remarkable increases
in oxy-Hb relative to baseline were observed in a large cluster that in-
cluded the left and right medial PFC (channels 4, 6, 7, 8, 9, 10, 11, 12,
14). Conversely, significant decreases in oxy-Hb as compared to base-
line were observed in an area comprising the right middle/inferior
frontal gyri (channels 13 15). These results are portrayed in Fig. 2b.
Significant decreases in deoxy-Hb were observed across the anterior
PFC for this contrast (see Supplementary Materials).

Go Versus No-Go contrasts

Table 4 reports the results of multilevel analyses comparing oxy-Hb
across the No-Go and Go conditions. The comparison of Go and No-Go
conditions for oxy-Hb revealed higher activation for No-Go in two later-
al clusters encompassing the left and right middle/inferior frontal gyri
(channels 2, 3, 4, 13, 14, 15, and 16). On the other hand, Go activation
was significantly higher than No-Go in medial channels across both
the left and right medial PFC (channels 5, 6, 7, 8, 9, 10, 11, and 12,).
These results are portrayed in Fig. 2c.

Significantly higher levels of deoxy-Hb were observed for No-Go
condition as compared to Go condition for channels spanning the
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Fig. 1. Time-series of oxy-Hb and deoxy-Hb (umolar) for all channels during No-Go (a) and Go (b) conditions.

anterior PFC bilaterally (channels 1,2, 3,4, 5,6, 7,8,10,12, 13, 14, 15,
and 16). Conversely, lower levels of deoxy-Hb were detected in one
channel corresponding to the right medial PFC (channel 9) for Go

Table 2

Multilevel analyses comparing oxy-Hb levels across No-Go and baseline conditions.
fNIRS channel b SE df T
1 0.00 0.01 33,876 —023
2 0.04 0.01 53,099 3.627"
3 0.02 0.01 52,041 1.53
4 0.06 0.01 41,012 486"
5 0.03 0.01 53,512 3.24™*
6 —0.01 0.01 42114 —0.38
7 0.02 0.01 51,694 1.93f
8 0.00 0.02 35,462 0.28
9 —0.03 0.01 45,052 —2.48"
10 —0.04 0.01 42,127 —3.00™
11 0.01 0.01 51,402 135
12 0.02 0.01 47,836 1.18
13 0.07 0.01 49218 5.63**
14 0.06 0.01 48,008 440"
15 0.03 0.02 35,183 1.99F
16 0.03 0.01 55,024 2.58"

Note: All models were estimated with an unstructured covariance matrix and the
between-within method of estimating degrees of freedom. Significance levels are
FDR corrected.
% p<0.001.

** p<0.01.

* p<0.05.

T p<0.10.

condition as compared to No-Go condition (see Supplementary
Materials)

Relationships Between Accuracy and PFC Activation

We estimated a set of nested multilevel models to examine the asso-
ciations between performance on the Go/No-Go task and activation
within areas of the inferior-lateral and medial PFC. Specifically, these
models compared mean differences in oxy-Hb for our primary contrast
of No-Go condition and its local baseline as a function of No-Go ac-
curacy. The main effect for No-Go inhibition was entered at step 1.
The main effect for No-Go accuracy was entered at step 2. The
No-Go Inhibition x No-Go Accuracy cross-level interaction term was en-
tered at step 3. Log-likelihood ratio tests were utilized to formally ex-
amine whether progressively complex models explained significantly
greater amounts of variance in oxy-Hb (Snijders and Bosker, 1999).
Separate models were estimated for specific ROIs, for which the respec-
tive observations were aggregated across a specific set of channels. The
fNIRS channels featured different missing time-marked observations.
Because these data were missing at random, the observed means for
each ROI were calculated with listwise deletion. The right middle/IFG
was defined by channels 13, 14, and 16; its corresponding models
were estimated with 37,652 observations across 31 participants. The
right medial PFC was defined by channels 9 and 10; its corresponding
models were estimated with 33,926 observations across 27 partici-
pants. The left middle/IFG was defined by channels 2 and 4; its corre-
sponding models were estimated with 39,787 observations across 31
participants. Finally, the left superior frontal gyrus was defined by the
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(b)

Fig. 2. Topographic images representing oxy-Hb for (a) No-Go—baseline, (b) Go—baseline, and (c) Go—No-Go activation contrasts. Images are overlaid onto an anatomical refer-

ence image of the brain. Values represent t-scores.

area activation observed in channel 5; its corresponding models were
estimated using 53,554 observations across 39 participants. Table 5 dis-
plays the results of these multilevel analyses for the relevant predictors.

Right Lateral PFC. Although the log-likelihood ratio test indicated
that the full model with interactions (step 3) explained significantly
more variance than the simpler model (step 1 and 2), the No-Go
Inhibition x No-Go Accuracy interaction was only marginally signifi-
cant, p=0.0572 (see Table 5). For exploratory purposes, we nonethe-
less plotted and examined the simple slopes of the No-Go Inhibition
contrast term at high (41 SD) and low (—1 SD) levels of No-Go accu-
racy (Aiken and West, 1991). The simple effect of No-Go inhibition
was less pronounced and not significantly different than zero among
participants achieving higher levels of No-Go Accuracy (+1 SD), b=
0.03, SE=0.02, t(37615)=1.88, p=0.0603, relative to those partici-
pants with lower levels of No-Go Accuracy (— 1 SD), for which the sim-
ple effect was significantly positive and greater than zero, b=0.08,
SE=0.02,t(37615) =4.37, p<0.0001. These unstandardized regression
coefficients signify that, in the right lateral PFC, No-Go inhibition pre-
dicted a 0.08 umolar increase of oxy-Hb levels among those participants
with lower levels of No-Go accuracy relative to baseline; among those
participants with higher levels of No-Go Accuracy, No-Go inhibition
did not predict any significant changes in oxy-Hb levels relative to base-
line. Given that this interaction was only marginally significant, this
trend should be interpreted with caution.

Table 3

Multilevel analyses comparing oxy-Hb levels across Go and baseline conditions.
fNIRS Channel b SE Df t
1 0.00 0.01 33,876 0.09
2 0.02 0.01 53,099 178t
3 0.01 0.01 52,041 0.82
4 0.03 0.01 41,012 1.94F
5 0.07 0.01 53,512 6.56""
6 0.09 0.01 42,114 643"
7 0.09 0.01 51,694 8.65™"
8 0.17 0.02 35,462 9.97**
9 0.09 0.01 45,052 7.89™*
10 0.14 001 42,127 9.67""
1 0.06 0.01 51,402 6.05""
12 0.06 0.01 47,836 453"
13 —0.05 0.01 49218 —412""
14 0.03 0.01 48,008 240"
15 —0.07 0.01 35,183 —246"
16 —0.02 0.01 55,024 —1.50

Note: All models were estimated with an unstructured covariance matrix and the
between-within method of estimating degrees of freedom. Significance levels are
FDR corrected.
** p<0.001.
* p<0.05.
T p<0.10.

Right Medial PFC. For all remaining analyses (3.2.2.-3.2.2.4), the log-
likelihood ratio test indicated that the full model with interactions
(step 3) explained significantly more variance than the simpler model
(steps 1 and 2). The No-Go Inhibition x No-Go Accuracy interaction for
the right medial PFC was significant (see Table 5) and is illustrated in
Fig. 3a. Following Aiken and West (1991), we plotted and examined the
simple slopes of the No-Go Inhibition contrast term at high (+1 SD)
and low (—1 SD) levels of No-Go accuracy. Interestingly, for participants
with higher levels of No-Go accuracy (+1 SD), No-Go inhibition was
associated with lower levels of oxy-Hb, b= —.09, SE=0.02, t(33893) =
—4.46, p<0.0001, relative to those participants with lower levels of
No-Go Accuracy (—1 SD), for which the simple effect was significantly
positive, b= 0.04, SE=0.02, t(33893) =2.17, p<0.05. To further investi-
gate the significant No-Go Inhibition x No-Go Accuracy interaction term
in the right medial PFC, we examined the simple slopes of No-Go accuracy
at baseline and during No-Go inhibition. Although the simple effect of
accuracy was not significant during baseline, higher levels of accuracy
were associated with lower levels of oxy-Hb during No-Go inhibition,
b=—1.10, SE= 040, t(25) = — 2.76, p<0.05. These results indicate that
successful response inhibition was associated with significant deactiva-
tion in the right medial PFC during response inhibition.

Left Lateral PFC. The No-Go Inhibition x No-Go Accuracy interaction for
the left lateral PFC was significant (see Table 5) and is illustrated in
Fig. 3b. Examining the simple slopes of the No-Go Inhibition contrast

Table 4

Multilevel analyses comparing oxy-Hb levels across Go and No-Go conditions.
fNIRS Channel b SE df t
1 —0.00 0.01 33,8761 —0.65
2 —0.03 0.00 53,099 —597"
3 —0.01 0.00 52,041 —3.28"
4 —0.05 0.01 41,012 —8.62™
5 0.03 0.00 53,512 724"
6 0.10 0.01 42,114 16.50™"
7 0.07 0.00 51,694 15.97""
8 0.17 0.01 35,462 2455
9 0.13 0.00 45,052 25.41™*
10 0.17 0.01 42,127 30.36™
11 0.04 0.00 51,402 10.02""
12 0.04 0.01 47,836 764"
13 —0.12 0.00 49218 —2451™
14 —0.04 0.00 48,008 —7.67"
15 —0.07 0.01 35,183 —11.98™
16 —0.06 0.00 55,024 —12.76™*

Note: All models were estimated with an unstructured covariance matrix and the
between-within method of estimating degrees of freedom. Significance levels are
FDR corrected.

** p<0.001.

* p<0.01.
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Table 5
Multilevel models examining No-Go Accuracy across No-Go and baseline conditions.
ROI Step Predictor b SE df t Ax2(df)
Right Lateral PFC Step 1 No-Go inhibition 0.05 0.01 37,618 420" 200.91(3)™*
Step 2 No-Go accuracy 0.38 043 29 0.87 93(1)
Step 3 No-Go inhibition x No-Go accuracy —037 0.20 37,615 —1.90f 389.81(3)™"*
Right Medial PFC Step 1 No-Go inhibition —0.03 0.01 33,896 —2.02" 773.33(3)**
Step 2 No-Go accuracy —0.36 0.39 25 —0.92 81(1)
Step 3 No-Go inhibition x No-Go accuracy —1.09 0.26 22,893 — 423" 191.52(3)"""
Left Lateral PFC Step 1 No-Go inhibition 0.07 0.01 39,753 6.10"* 147.62(3)"""
Step 2 No-Go accuracy 0.44 0.45 29 0.98 1.21(1)
Step 3 No-Go inhibition x No-Go accuracy —0.43 0.21 39,750 —2.02" 45226(3)"
Left Superior Frontal Gyrus Step 1 No-Go inhibition 0.03 0.01 53,512 324" 76.67(3)"""
Step 2 No-Go accuracy —0.01 0.32 37 —0.03 A47(1)
Step 3 No-Go inhibition x No-Go accuracy —0.97 0.17 53,509 —5.77* 795.43(3)

Note: All models were estimated with an unstructured covariance matrix and the between-within method of estimating degrees of freedom. The No-Go Inhibition term compared
the unweighted mean of the No-Go condition with the corresponding local baseline condition. The No-Go Accuracy term was mean-centered. The log-likelihood ratio test at Step 1
compared the estimated model against an unconditional means model that specified an intercept with no predictors. The log-likelihood ratio test at Step 2 compared the previously
estimated model at Step 1 against a model that additionally featured a main effect term for No-Go accuracy. Finally, the log-likelihood ratio test at Step 3 compared the previously

estimated model at Step 2 against a model that additionally featured interactions for No-Go Accuracy and the three orthogonal contrast terms. PFC = prefrontal cortex.

20,001,
** p<0.01.
* p<0.05.
T p<0.10.

term at high (+1 SD) and low (—1 SD) levels of No-Go accuracy re-
vealed that the simple effect of No-Go inhibition was weaker for partici-
pants with higher levels of No-Go accuracy (+ 1 SD), b=0.05, SE=0.02,
t(39750) = —3.11, p<0.01, relative to those participants with lower
levels of No-Go accuracy (—1 SD), b=0.10, SE=0.02, t(39750) =5.48,
p<0.0001. The simple effect of No-Go accuracy was neither significant
during baseline nor during No-Go inhibition. These results indicate that
successful response inhibition was associated with significantly less acti-
vation in the left lateral PFC during response inhibition.

Left Superior Frontal Gyrus. The No-Go Inhibition x No-Go Accuracy in-
teraction for the left superior frontal gyrus was significant (see Table 5).
For participants with higher levels of No-Go accuracy (+1 SD), No-Go
inhibition tended to be associated with decreased activation in the
left superior frontal gyrus, b= —.02, SE=0.01, t(53509) = —1.71,
p=0.0865. However, for participants with lower levels of No-Go Accura-
cy (—1 SD), the simple No-Go inhibition was associated with elevated
hyper activation the left superior frontal gyrus, b=0.09, SE=0.01,
t(53509) = 6.38, p<0.0001. To further investigate this significant interac-
tion, we examined the simple slopes of No-Go accuracy at during baseline
and during No-Go inhibition. Although the simple effect of accuracy was
not significant during baseline, higher levels of accuracy were associated
with lower levels of oxy-Hb during No-Go inhibition, b= —1.00,
SE=0.32, t(37) = —3.06, p<0.01. These results indicate that suc-
cessful response inhibition is associated with significantly less acti-
vation in the left superior frontal gyrus during response inhibition.

== No-Go Accuracy (+1 SD)
No-Go Accuracy (-1 SD)

Discussion

The current study evaluated manual motor response inhibition
using a Go/No-Go task while activation in the PFC was monitored
using 16-channel fNIRS. Analyses revealed higher levels of activity
bilaterally in the middle/inferior frontal gyri as well as the left supe-
rior frontal gyrus under conditions of response inhibition. Conversely,
significantly reduced activity was observed in the right medial PFC.
Importantly, deactivation in this region during response inhibition
was associated with greater accuracy on the Go/No-Go task. On the
other hand, greater accuracy was associated with significantly less
activation in the left lateral PFC during response inhibition. These
findings suggest that the left inferior frontal gyrus may play a more
prominent role in response inhibition than previously suggested
while highlighting the potential importance of the middle frontal
gyrus for the detection of errors on tests of manual motor control.

The right IFG has been strongly implicated in studies of response in-
hibition using diverse neuroimaging and lesion-mapping techniques
(Aron et al., 2004). Consistent with our hypotheses, the present study
provided additional support for these findings by demonstrating that
conditions of response inhibition were associated with significant
increases in activation within the right IFG. Recently, the distinct impor-
tance of this region in subserving response inhibition has been
questioned in a meta-analytic review of fMRI studies investigating the
neural correlates of this cognitive function (Swick et al., 2011). The sug-
gestion was that right IFG activation may be an artifact of fMRI spatial

@p== No-Go Accuracy (+1 SD)
No-Go Accuracy (-1 SD)
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Fig. 3. Predicted levels of oxy-Hb in (a) right medial prefrontal cortex and (b) left lateral prefrontal cortex in umoles for baseline and No-Go activation conditions. Note: SD = stan-

dard deviation.
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smoothing techniques which could inaccurately localize activity to this
region when in fact it may originate from within the insular cortex. Im-
portantly, our use of fNIRS in this study allowed us to measure cortical
activity with a depth of penetration (1.25 cm) that is very unlikely to in-
clude activation within the insula. Additionally, no spatial smoothing
procedures were applied to our data which could have obscured the
spatial extent of the activations observed in this study. Therefore,
these results derived from fNIRS based techniques lend support to the
right IFG as a critical region subserving motor inhibitory processes.

There has also been an increasing acknowledgment that the left
IFG may be activated along with the right IFG on tasks requiring
motor response inhibition. Several such studies using fMRI, fNIRS,
and lesion-mapping, have found that this homologous region within
the left hemisphere may also be critical for response inhibition
(Swick et al., 2008, 2011; Wriessnegger et al., 2012). Consistently,
the present study observed significant increases in activation (No-Go
—baseline) within three channels comprising the most anterior as-
pects of the middle and inferior frontal gyri in the left hemisphere.
In contrast, activation within the right lateral region of the PFC was
distributed over a larger area of the middle and inferior frontal gyri
and extended from the most anterior portion of the PFC to the most
dorsal region of the probe. These findings, therefore, are consistent
with emerging research which suggests that both the right and left
areas of the lateral PFC may be engaged for motor response inhibition,
with the results of this study suggesting perhaps a greater extent of ac-
tivation in the right lateral PFC.

Considering that significant increases in activation under condi-
tions of response inhibition were observed within lateral regions of
the PFC, it was perhaps surprising that highly accurate performances
on the Go/No-Go task were associated with attenuated increases in
activation within these regions bilaterally. Conversely, unlike their
more accurate counterparts, participants who were less accurate
appeared to show notable increases in oxy-Hb under conditions of re-
sponse inhibition. These findings may be indicative of “neural effi-
ciency” (for an example using fNIRS, see Leon-Carrion et al., 2010)
among those who were very highly successful at inhibiting their
motor responses, given that participants, on average, achieved high
levels of accuracy on this task (~94% true negatives). In light of this
consideration, we examined the number of commission errors made
by participants in the highly accurate group and found that these in-
dividuals made no errors on the Go/No-Go task. These results could
suggest that the lateral PFC may not only function to inhibit prepotent
responses but also play a more complex role associated with error
monitoring, a process invoked primarily in the presence of errors.
This would be in line with previous findings demonstrating that later-
al PFC, in conjunction with the anterior cingulate cortex, may guide
error monitoring and other compensatory functions (Gehring and
Knight, 2000). Further research using event-related designs and neu-
roimaging modalities allowing for a greater depth of penetration is
needed to more fully investigate these speculations. Our findings,
however, provide initial evidence ascribing a more complex function
to the lateral PFC which goes beyond inhibitory processes to include
error-monitoring, perhaps in combination with the anterior cingulate
cortex.

In addition to recruitment of the lateral PFC, emerging research
suggests that medial portions of the frontal cortex may actually
show significant deactivation associated with motor response inhibi-
tion (Wriessnegger et al., 2012). Our findings were in line with these
expectations, as they revealed robust deactivation of the right medial
PFC under conditions of response inhibition. To investigate the func-
tional significance of this deactivation, we conducted moderation
analyses that examined whether and how different levels of accuracy
on the Go/No-Go task (defined as true negative responses) predicted
activity in the right medial PFC. These analyses indicated that individ-
uals who reached the highest levels of accuracy on this task showed
greater deactivation in the right medial PFC as compared to those

who achieved lower levels of accuracy. Deactivation of this region
has been demonstrated in previous fMRI work examining motor re-
sponse inhibition (Hester et al., 2004b), showing that deactivation
in the medial PFC may be associated with higher accuracy on re-
sponse inhibition tasks. The proposal of these researchers was that
while activation of task-relevant regions (i.e., lateral PFC) may favor
successful response inhibition, failure to suppress task-irrelevant acti-
vation (i.e., medial PFC) may lead to interference with efficient task
performance.

More speculatively, another (non-mutually exclusive) possibility
concerns the role of the medial PFC in self-referential processes
(Lieberman, 2007; Mitchell, 2009; Northoff and Bermpohl, 2004). A
large number of imaging studies highlight the medial PFC in various
forms of self-reflection such as reflecting upon one's own personality
traits, feelings, and physical attributes (e.g., Jenkins and Mitchell,
2011). Interestingly, research from the field of motivation character-
izes optimal performance along experiential lines as involving a tran-
sient “loss of self-consciousness” (Csikszentmihalyi, 1990; also see
Deci et al., 1999). Similarly, developmental psychologists have long
noted that one of the cardinal phenomenological features of success-
ful self-control is cognitive automaticity or the relative absence of
subjective “self-exertion” (e.g., see Pascual-Leone, 1990). The pres-
ently observed relationship between behavioral accuracy and medial
PFC deactivation during the No-Go task is in correspondence with
these ideas, suggesting that deactivation of this region in specific
contexts may constitute an index of one's neural disposition for opti-
mal task engagement (cf. Gusnard and Raichle, 2001; Sheline et al.,
2009). Although the present research was not specifically designed,
and therefore is not well-suited, to thoroughly examine this possibil-
ity, our results suggest that future research would benefit by investi-
gating the functional role of task-induced medial PFC deactivations in
the prediction of behavioral performance.

A number of limitations should be noted in reference to the results
of this study. First, an important constraint of the fNIRS system
employed in the present study was that it could not provide measure-
ments of hemodynamic activity with acceptable levels of spatial
precision in subcortical regions. Related, the probe used in this
study provided coverage of the PFC bilaterally, which allowed us to
advance prior fNIRS research by measuring medial and lateral regions
simultaneously; however, we could not measure activation in more
dorsal aspects of the frontal cortex which may play a role in motor
response inhibition (Wriessnegger et al., 2012). Second, our use of a
block-design precluded us from examining trial-wise activation asso-
ciated with correct and incorrect responses, although there were very
few of the latter. Therefore, an event-related design may also help to
further differentiate functions of the medial and lateral regions of the
PFC subserving specific aspects of response inhibition. Third, whereas
this study represents one of the largest investigations (N=43) of re-
sponse inhibition using fNIRS, this sample of participants was com-
posed primarily of females, and there is emerging research which
suggests that there may be subtle sex differences in PFC activation
associated with response inhibition (Garavan et al., 2006; Hester et
al., 2004a; Li et al., 2006). Future work should strive to achieve great-
er balance in this respect, which might allow for investigation of po-
tential sex differences in the neural systems underlying response
inhibition.

In summary, the findings of the current study suggest that the mid-
dle and inferior frontal gyri may be bilaterally activated under condi-
tions of motor response inhibition. Less activation within these
regions, particularly on the left side, may be associated with a reduced
likelihood of inhibitory errors. The medial PFC, on the other hand,
showed significantly reduced activity during response inhibition, with
fewer inhibitory errors associated with the extent of deactivation ob-
served in this region. This pattern of findings suggests that the lateral
and medial aspects of the PFC may support distinct functions as they re-
late to manual motor response control.
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