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Abstract

Youth with family history (FH+) of substance use disorders (SUDs) are at increased risk for
developing SUDs. Similarly, childhood attention deficit hyperactivity disorder (ADHD) is
considered to be a risk factor for developing SUDs. Recent research has suggested a close
association between SUDs and impaired inhibitory control. As such, it is crucial to examine
common and distinct neural alterations associated with inhibitory control in these at-risk groups,
particularly prior to the initiation of heavy substance use. This paper reviews the functional
magnetic resonance imaging (fMRI) literature of inhibitory control in these two at-risk youth
populations (FH+ and ADHD), specifically considering studies that used motor response
inhibition tasks (Go/No-Go or Stop Signal). Across the selected fMRI studies, we discovered no
common alteration in the at-risk groups, but found neural alterations specific to each at-risk group.
In FH+ youth and youth who transitioned into heavy substance use, blunted activation in the
lateral part of the frontal pole (FP-lat) was most reliably observed. Importantly, longitudinal
studies indicate that the blunted FP-lat activation may predict later SUDs, irrespective of the
presence of FH+. In regards to ADHD, blunted activation was observed in the right dorsal anterior
cingulate cortex (dAACC) and left caudate. Of note, similar blunted dACC activation was also
reported by one FH+ study, and thus, we cannot preclude a possibility that the right dACC activity
may be a potential common alteration in both at-risk groups, particularly given a limited number
of FH+ studies in the current review. Research challenges remain, and large-scale, longitudinal
efforts will help determine the neurobiological markers predictive of SUDs among at-risk
adolescents, including those with FH+, as well as those with ADHD and other psychiatric
disorders.

Introduction

Children and adolescents with family history of substance use disorders (SUDs) are at
increased risk for developing SUDs as compared to those without such family histories [1°].
Adoption studies highlight a genetic vulnerability demonstrating that, although adopted at
birth, children of alcoholic biological parents develop alcohol use disorder (AUD) more
frequently than do those of non-alcoholic parents [2]. Critically, environmental factors
modulate genetic influences on adolescent substance use (SU), such as parental practice,
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substance availability, and peer pressure [3]. For example, when youth with family history of
SUDs (FH+) receive little parental monitoring, the expression of genetic vulnerabilities
enhances risk of SUD [3].

FH+ is not the only risk factor for SUDs. A recent large-scale study-based on the Nationally
Comorbidity Survey-Adolescent Supplement has revealed that youth with childhood
psychiatric disorders, especially anxiety and behavioral disorders, are also at increased risk
for SUDs [4°]. In these psychiatric disorders, which can be genetically inherited in families,
the pathway to SUD development differs. For youth with anxiety disorders, the expectation
or desire that SU will reduce distress and anxiety may largely contribute to the development
of SUDs [5]. In contrast, in youth with behavioral disorders, particularly attention deficit
hyperactivity disorders (ADHD), impaired inhibitory control (the ability to withhold or
suppress inappropriate, irrelevant, or undesirable actions or thought) may underpin the SUD
trajectory [6].

Inhibitory control is a strongly heritable component of higher-order executive functions [7].
A recent meta-analysis has emphasized a close association between impaired inhibitory
control (assessed by the Go/No-Go and Stop Signal paradigms) and current SUD
symptomologies, except for cannabis use disorder [8]. However, as described by another
review [9°], impaired inhibitory control can be both a risk factor and a consequence of
SUDs. If impaired inhibitory control is indeed a risk factor for developing SUDs, it is crucial
to understand the neurobiological underpinnings of inhibitory control, prior to the initiation
of SU, in youth at risk for SUDs.

Over the past decade, neuroimaging studies have revealed structural and functional deficits
in the brain regions (e.g., the prefrontal cortex [PFC]) underlying inhibitory control in
individuals with SUDs [10]. Such alterations have also been reported in substance-naive FH
+ youth [11*] and youth with ADHD [12,13], indicating that impaired inhibitory control
may constitute a common risk factor for SUDs. Of note, neuroimaging studies of anxiety
disorders have not focused on inhibitory control, partially because behavioral evidence for
inhibitory control deficits remains inconsistent in this clinical population [14].

In this review, we focus primarily on functional magnetic resonance imaging (fMRI) studies,
exploring common and distinct neural alterations associated with inhibitory control in two
at-risk populations: youth with FH+ and youth with ADHD. Given a relatively limited
number of fMRI studies comparing FH+ and FH- youth groups, we also included
longitudinal fMRI studies that followed youth who transitioned into heavy substance use and
those who remained non-users. We selectively target fMRI studies using the Go/No-Go
and/or Stop Signal paradigms—two of the most commonly used inhibitory control
paradigms. These tasks assess the ability to withhold a motor response (hereinafter “motor
response inhibition”). By limiting the focus of our review to just these two tasks, we aim to
mitigate inconsistencies in fMRI results of inhibitory control, which likely stem from the
inclusion of several other tasks (e.g., Stroop) that tap different aspects of inhibitory control
[11°].
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The goal of this review is an enhanced understanding of the neurobiological substrates that
underlie motor response inhibition in youth at risk for SUDs (FH+, ADHD), particularly
focusing on brain activation patterns prior to the initiation of heavy SU. This focus could
eliminate or minimize the effect of elevated SU on fMRI results, potentially identifying
neurobiological risk markers of SUDs in at-risk youth populations. Such an understanding
could help to develop effective and targeted early-prevention or intervention strategies for
SUDs.

Literature search

To select articles, we first searched previously published meta-analytic reviews of fMRI
studies conducted in youth with FH+ (e.g., [11**, 15°]) and those with ADHD (e.g., [12,13]).
Additionally, we searched Medline/PubMed for key words such as ‘substance use disorders’;
“family history’; ‘ADHD?’; “children’; ‘adolescents’; ‘fMRI’; ‘Go/No-Go’; ‘Stop Signal’;
and ‘inhibitory control’. Selected articles had to report studies that (1) used task-based fMRI
during either Go/No-Go or the Stop Signal paradigm in youth with FH+; those who
transitioned into heavy substance use; or those with ADHD; (2) provided either Talairach or
MNI peak coordinates of activated regions/clusters (note that given paucity of studies;
manuscripts with uncorrected thresholding were included); and (3) investigated individuals
aged <20 years old; this is the maximum age used in the Pediatric Imaging; Neurocognition;
and Genetics Study; a well-designed large-scale study that investigated brain and cognitive
development in adolescents.

The purpose setting the age limit (<20 years old) is that SU initiation, which occurs during
early adolescence, is typically followed by a steep escalation of SU throughout adolescence
[16]. This rationale is further strengthened by the clinical observation that early academic
and social failures in adolescents with ADHD potentially amplify the risk for antisocial or
risk-taking behaviors that are in turn associated with later SUDs [17]. From a
neurobiological perspective, adolescence is the period during which the structure and
function of the PFC, a core region regulating inhibition [18], undergo rapid maturation [19].
Such developmental changes in the adolescent brain can influence risk-taking behaviors in
youth [20].

Tables 1 and 2 in Supplementary materials summarize study fMRI results-based on group
comparisons between youth with FH+ and youth with no family history of SUDs (FH-), and
those between youth with and without ADHD, respectively. Given a small number of fMRI
studies of motor response inhibition for FH+ youth, we also included longitudinal fMRI
studies comparing youth who transitioned into heavy substance use to those who remained
non-users, in Table 1 in Supplementary materials. In these longitudinal studies, the two
youth groups were matched on family history density levels at baseline (the initial time
point). Each table includes information regarding study design (cross-sectional or
longitudinal), number of participants, age range, task (either Go/No-Go or Stop Signal), task
stimulus (e.g., alphabets), task performance, contrasts, statistical analysis (i.e., whole brain
or region of interest; p value for cluster-thresholding), and main fMRI findings showing
significant group differences (FH+ vs. FH-; those who transitioned into heavy use vs. those
who remained non-users; ADHD vs. controls). Although fMRI findings were based on
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simple group comparisons (i.e., baseline fMRI activations were compared for the
longitudinal studies), we also reported findings from “group x time” interactions for the
longitudinal studies. Additionally, Table 1 in Supplementary materials includes the
definition of family history (or family history density) and SU status (i.e., naive, minimal),
whereas Table 2 in Supplementary materials includes ADHD subtypes.

Crucially, to compare results across all studies, we unified the coordinate systems used to the
MNI system (i.e., converting peak Talairach coordinates into MNI ones, using the Yale
Biolmage Suite Package [21], http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html).
Subsequently, each set of peak MNI coordinates was assigned to the corresponding
Brodmann Area (BA) using the Yale Biolmage Suite Package, and was also relabeled onto
the corresponding brain region-based on the Harvard—-Oxford Atlas (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases). The latter atlas provides an estimate of the probability
that a given voxel in MNI space belongs to a particular region. Our relabeling was based on
the highest probability value. However, when the highest and the second highest probability
values for a given set of MNI coordinates were close to each other (discrepancy <15%), both
regions were reported in the tables.

To explore common and distinct neural alterations in the two at-risk groups, we first
determined the frequency of reported activations (i.e., greater and blunted activations relative
to controls) in each region/label for each group. Note that for purposes of this review, a
region/label in the left hemisphere and its homologue in the right hemisphere are treated as
two separate regions/labels. Next, we identified regions/labels, for which a significant
activation was reported by =2 studies in each group: these regions were considered as loci
exhibiting reliable activation in each group. For each of the identified regions, we calculated
the ratio — the number of its activations to the total number of activations across all regions —
in each group. The calculated ratios were converted in percentages (e.g., the percentage for a
given region would be 30% if 3 activations were reported for that region, with a total number
of 10 activations across all regions). Finally, among the identified regions in each group,
regions reported in both groups and those reported only in each group separately were
considered as common and distinct loci of neural alterations, respectively.

Motor response inhibition tasks

In both the Go/No-Go and Stop Signal paradigms, participants are instructed to withhold a
motor response when a No-Go or Stop Signal is presented (Figure 1). In the Go/No-Go task,
participants are required to respond (e.g., press the key) only to “Go” stimuli and withhold
responses to “No-Go” stimuli. Commission errors (i.e., the inappropriate response to the No-
Go stimulus) typically provide the behavioral index of motor response inhibition. In the Stop
Signal task, participants are instructed to respond to Go stimuli, but on some trials, the Stop
Signal (e.g., a beep) is presented after a Go stimulus with a variable delay, requiring
participants to withhold responses. The estimate of time needed to respond to the Stop
Signal is referred to as the Stop Signal Reaction Time, which indexes response inhibition.
When the Stop process (delay + Stop Signal Reaction Time) terminates before the Go
process (Go reaction time), response inhibition is considered successful (i.e., no response is
emitted).
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In neuroimaging research, regional brain activations associated with motor response
inhibition are assessed by specific contrasts, most commonly the correct “No-Go minus Go”
(or “No-Go minus Rest”) trials on the Go/No-Go task and the correct “Stop minus Go” trials
on the Stop Signal task. These contrasts activate a distributed array of similar brain regions
[22], particularly frontal regions (e.g., inferior frontal gyrus and insula). In regards to the
current review, reduced activation in prefrontal circuits during response inhibition is
consistently found in individuals with SUDs [10] and those with ADHD [12].

Typical development of motor response inhibition

Inhibitory control functions, including motor response inhibition, improve with age; better
performance is observed in reduced reaction times and commission errors [23]. Similarly,
patterns of brain activation during motor response inhibition (e.g., No-Go minus Go) exhibit
developmental changes. Across Go/No-Go fMRI studies in non-clinical populations, age-
related decreases in the PFC, including the middle frontal gyrus and superior frontal gyrus,
have been consistently reported, as shown in Figure 2A [24]. Moreover, Tamm et al. [23]
have demonstrated developmental changes in prefrontal activation during the Go/No-Go task
in adolescents (age range: 8-20 years): age-related decreases in the medial and lateral parts
of the left frontal pole (FP), extending into the superior frontal gyrus, but age-related
increases in the left inferior frontal gyrus/insula. For the equivalent contrast on the Stop
Signal task (correct Stop minus correct Go), age-related decreases in activation were found
in the supragenual anterior cingulate cortex in individuals aged 9-30 years [25]. The greater
prefrontal activation, particularly in the FP, observed in children as compared to adults, may
reflect an increased involvement of effortful inhibitory control, which lessens as inhibitory
control becomes more automatic/less effortful with age. Taken together, these previous
findings could indicate that the developmental shift to lesser FP activation and greater
activation in the ventral parts of the PFC (e.g., inferior frontal gyrus) during motor response
inhibition characterize a typical developmental pattern.

Motor response inhibition in FH+

Definitions of FH+ vary, but previous studies have largely defined FH+ as having at least
one biological parent and two (or more) second-degree relatives diagnosed with SUDs. In
contrast, individuals with FH- have no familial SUDs in first or second-degree relatives
[15]. In addition to this categorical, dichotomous definition (FH+ vs. FH-), a continuous
measure of family history density can index the degree of FH+: each parent with a history of
SUDs contributes to 0.5, and each grandparent with SUD history adds 0.25 to the score
(range 0-2). Using either of these definitions, we found five fMRI studies [26,27,28",
29,30*] (i.e., all of them used cluster-thresholding) that examined motor response inhibition
in youth with FH+, two of which were longitudinal studies that had both baseline and
follow-up scans in youth who transitioned into heavy substance use. It is worth mentioning
that the majority of these fMRI studies (Table 1 in Supplementary materials) examined
AUD, which is not surprising given that alcohol is one of the most widely available and used
substances during adolescence (http://www.samhsa.gov/disorders/substance-use). This
dominant pattern in the selected FH+ studies may also reflect an urgent need to further
understand AUD in adolescence.
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Across these studies, while task performance (e.g., commission errors, reaction times) was
comparable between the FH+ and FH- groups (and also between those who transitioned into
heavy use [“Future-User” in Table 1 in Supplementary materials] and those who remained
non-users), significant group differences in brain activations were reported. As shown in
Figure 3, blunted activity in the ventral part of the FP has been most frequently reported in
FH+ relative to FH- (for comparisons between “Future-Users” and non-users, baseline
activations were examined). Given that the FP, corresponding to BA10, is the largest single
architectonic area in the human brain, we divided it into three subregions (lateral, medial,
and orbital) according to recent parcellation diffusion tensor imaging results [31]. This
analysis-based on the FP subregions revealed that the lateral FP (FP-lat) was consistently the
most reported subregion; the left FP-lat was reported by three studies and the right FP-lat by
two studies; the left medial FP (FP-med) and the right FP-med were each reported by one
study. Additionally, three studies reported blunted activation in subcortical regions in FH+,
though the anatomical location reported differed across these studies (the right thalamus, left
putamen, left pallidum). No study has reported greater activations in FH+ (or greater
baseline activations in Future-Users) for the “No-Go minus Go” contrast.

Interestingly, the FP-lat activation during motor response inhibition seems to undergo
differential developmental trajectories in FH+ and FH-. For example, youth with FH+ (of
AUD) exhibited blunted activation in the right FP-lat at baseline (7-12 years) and an age-
related increase (13-16 years) in the same region (Figure 3C, right) [28]. This FP-lat
activation pattern is opposite to that reported for the typically developing youth, as shown by
this study (Figure 3C, left) [28], and supported by others (e.g., [23]). A similar
developmental dissociation for FP-lat activation has been reported in youth who transitioned
into heavy drinking and those who remained non-drinkers [26,27]. For example, in the
future drinking group, bilateral FP-lat activation during motor response inhibition was
blunted at baseline (11-16 years) but increased with age (14-19 years). This pattern was
different from the expected age-related decrease observed in the non-drinking group [27].
Critically, in these studies, family history density of AUD was matched between the two
groups, indicating that the observed FP-lat activation pattern may not be driven by FH+
status.

Our findings from both FH+ youth and those who transitioned into heavy drinking indicate
that blunted FP-lat activation prior to the initiation of SU may serve as a neurobiological risk
marker that predicts the development of SUDs, rather than solely characterizing FH+. We
speculate that heavy alcohol use and other environmental factors (e.g., stress [3]) may have
contributed to the increased FP-lat activation in the future drinking group. Future studies
using a longitudinal approach could help demarcate potential mechanisms underlying
predictive associations between blunted baseline FP-lat activation and future SUDs.

Motor response inhibition in ADHD

ADHD is characterized by developmentally inappropriate inattentiveness, impulsivity, and
hyperactivity. For diagnostic purposes, its symptoms must have been present before the age
of 12. ADHD is particularly of interest to SUD research considering common behavioral
impairments (including deficits in inhibitory control) and dopaminergic abnormalities [32].
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Impaired inhibitory control is considered to be a core deficit in the hyperactive/impulsive
and combined (with both inattentive and hyperactive/impulsive symptoms) subtypes of
ADHD, rather than in the primarily inattentive subtype of ADHD [33].

Across the selected eight ADHD studies [34—41], two studies reported that ADHD youth
exhibited blunted activation in the right dorsal anterior cingulate cortex (d4ACC), extending
into the paracingulate cortex (note that one additional study reported the left JACC
reduction). Similarly, two studies reported blunted activation in the left caudate (one study
reported the left sided reduction, and another study reported the bilateral caudate reduction)
(Table 2 in Supplementary materials). This pattern of reduced activations remains even after
excluding studies without using cluster-thresholding, and is largely consistent with recent
meta-analytic reviews [12,13].

Interestingly, the two studies examining medication-naive ADHD youth have reported
ADHD-related hypoactivations in the ventral part of the PFC within and adjacent to the
orbitofrontal cortex. Although the exact locations (i.e., regions/labels) differ in these studies,
this observation indicates that dysfunctions in the orbitofrontal cortex and adjacent regions
may be inherent neural abnormalities in ADHD youth, independent of treatment. In addition
to hypoactivations in the ventral PFC, hyperactivations were noted in an array of regions,
although no region was reported by =2 studies, indicating the need for further investigation.

To date, neither prospective nor longitudinal studies have examined whether ADHD-specific
activations prior to the initiation of SU predict later SUDs. Thus, possible predictive
associations between ADHD biomarkers and the development of SUDs during adolescence
remain to be explored. One study in adult cannabis users with a childhood diagnosis of
ADHD has demonstrated blunted fronto-parietal activation during motor response inhibition
(Go/No-Go), irrespective of cannabis use history (four groups were examined: childhood
ADHD with and without cannabis use; no childhood ADHD with and without cannabis use)
[42°]. This retrospective finding, together with previous fMRI findings from youth with
ADHD (Table 2 in Supplementary materials), suggests that blunted fronto-parietal activation
during motor response inhibition may be characteristic of ADHD, irrespective of age or
SUDs. However, given that cannabis use disorder, unlike other SUDs (e.g., alcohol,
cocaine), is not specifically associated with deficits in response inhibition [8], it is vital to
longitudinally examine a potential interaction effect of “childhood ADHD x the use of other
substances” on brain activation during motor response inhibition.

Common activations in FH+ and ADHD

Figure 4 illustrates the percentage of regions/labels showing blunted activations that were
reported by > 2 studies in each at-risk group: A and B for blunted activations in youth with
FH+ (including those who transitioned into substance use) and those with ADHD,
respectively. Figure 4C depicts some Brodmann Areas (BAs) relevant to the results in this
review. There seems to be no common alterations in FH+ and ADHD groups. Notably, the
left FP-lat, a region reported by three FH+ studies, was not reported by any of the selected
ADHD studies, although one ADHD study reported blunted activation in the right FP-lat and
the orbital part of the right FP. Although family history of SUDs or current SU levels are
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likely to influence fMRI activation during motor response inhibition, as indicated by the
current FH+ findings and others [10], the majority of the selected ADHD studies did not
provide this critical information. Particularly when considering high risks of SUDs in
ADHD youth, it is crucial to consider FH and current SU in this clinical population. Further
research needs to longitudinally examine young children with ADHD and follow them into
late adolescence and early adulthood, during which the risk of SUDs is escalated [20].

Of note, we did not find any significant alterations in regions known to underlie motor
response inhibition (e.g., inferior frontal gyrus, insula). This negative result may be
attributed to our focus on group comparisons “prior to the heavy SU”. For example, when
comparing youth with heavy SU to those with light SU, blunted activations in the inferior
frontal gyrus and insula during motor response inhibition have been reported [43], indicating
that these regions’ activations may capture neurobiological alterations associated with
inhibitory control in the current SUDs, rather than those predicting subsequent SUDs.
However, these regions’ activations during motor response inhibition undergo developmental
changes (i. e., age-related increase) in normally developing children [23]. This may explain
the inconsistent results for the inferior frontal gyrus opercularis in the current work (i.e., one
study showed an ADHD-related increase in children ages 6-10, whereas another showed an
ADHD-related reduction in children ages 9-16). Future research with large-scale,
longitudinal examinations on these known regions for motor response inhibition in the at-
risk groups could provide valuable insights into developmental pathways linking initial
neurobiological risks to subsequent SUDs.

Distinct activations specific to FH+

As mentioned above, the blunted activation in the FP-lat is specific to FH+ youth and youth
who transitioned into heavy substance use. The FP-lat is involved in cognitive branching, the
ability to hold in mind one goal while performing concurrent subgoals [44]. Importantly, this
cognitive function is required for appropriate motor response inhibition in the Go/No-Go
and Stop Signal tasks. In the selected FH+ studies, the performance on motor response
inhibition was statistically comparable between FH+ and FH- groups (and also between
future substance users and future non-users). However, the presence of neural alteration in
the FP-lat, prior to the heavy SU, indicates that vulnerability of this brain region may predict
the development of SUDs.

It is worth mentioning that in fMRI studies using tasks that assess domains other than
inhibition (e.g., monetary tasks), the FP-lat has rarely been reported as a locus of
abnormalities in both FH+ youth and those who transitioned into heavy substance use. This
indicates that the prediction capacity of FP-lat activation may be specific to motor response
inhibition. Yet, this region’s activation may be informative in different stages on the path to
the development of SUDs in FH+ individual; Kareken et al. [45] has demonstrated that the
right FP-lat activation during the Signal Stop task at the placebo condition (i.e. saline
infusion) was significantly decreased at the alcohol infusion condition in FH- AUD adults,
but that this shift in the FP-lat activation pattern was absent in FH+ AUD adults (a
statistically non-significant increase observed in this group). These findings suggest that less
susceptibility to (or greater resistance to) the effect of alcohol exposure in FP-lat activity
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may characterize FH+. Longitudinal fMRI investigations on FH+ individuals, specifically
before, during, and after the development of SUD, merit further research.

Distinct activations specific to ADHD

Among the regions reported (Table 2 in Supplementary materials), a consistent pattern was
observed in the right JACC and left caudate, which is in line with previous meta-analysis
findings in ADHD [12,13]. In the fMRI literature, the dACC is thought to play a central role
in cognitive control functions, including response inhibition and error detection [46], and is
sensitive to the effects of stimulant medications (e.g., methylphenidate) in children with
ADHD [47]. Moreover, abnormal activation in this region has been reported in individuals
with other psychiatric disorders, such as schizophrenia, some of which are comorbid with
SUD [48]. Importantly, blunted dACC activation is observed in those with SUDs [10], and
also was reported by one of the selected FH+ study included in the current review [28].
Particularly given a limited number of the selected Fh+ studies, we cannot rule out the
possibility that the JACC may be commonly dysfunctional in both at-risk populations.

Interestingly, unlike FH+ youth, ADHD youth (relative to controls) exhibited atypically
increased activations in a distributed array of regions, although its pattern was not consistent
(i.e., not reported by =2 studies in this group). Of note, one study reported ADHD-related
increase in the posterior part of the middle temporal gyrus in the left hemisphere. Another
study reported increase in the homologue region in the right hemisphere. The observed
increase in these clusters and others may reflect a compensatory mechanism for inefficient
response inhibition in ADHD individuals, as previously suggested [40]. Consistent with this
suggestion, in our review, some studies reported lower accuracy in youth with ADHD
relative to those without ADHD, indicating impaired behavioral response inhibition, and the
need to deploy compensatory mechanisms in ADHD youth.

Limitations

The current review has several limitations. First, and most notably, relative to studies in
ADHD youth, the number of the selected studies that examined FH+ youth was limited.
Second, the sample size of the selected FH+ and ADHD studies was relatively small. Third,
statistical approaches (e.g., cluster-thresholding) varied across the studies. Fourth, our
analysis focused on peak coordinates, as well as their corresponding BAs and brain regions/
labels (based on the Harvard—Oxford atlas). This approach is unable to fully describe the
spatial extent of volumes activated across different studies, thus our findings could be biased
towards larger brain regions, although we divided the biggest region, FP, into three
subregions. Fifth, the information about SU status in ADHD youth was scarce in the selected
ADHD studies, and only a few FH+ studies reported ADHD diagnosis. Finally, the ADHD
studies included differential ratios of ADHD subtypes, which may exert differential impact
on brain activation patterns. For example, the literature indicates that inattentive symptoms
are not associated with SU in adolescents [49°], and also that individuals with predominantly
inattentive subtype, relative to those with other ADHD subtypes, may have differential
inhibitory control deficits (and thus dissimilar underlying neural mechanisms for inhibitory
control) [50]. Large-scale, longitudinal examinations, such as those planned for the
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Adolescent Brain and Cognitive Development (ABCD) study (http://abcdstudy.org/), could
aid in overcoming these limitations, which may impact sensitivity and reliability of the
combined/aggregated fMRI results. The ABCD study will administer a wide range of
behavioral and neuroimaging measures to approximately 10 000 children (starting at the
ages of 9 and 10 years), following them into early adulthood, and thus potentially opening a
highly promising avenue to understand and treat SUDs.

Conclusions

The current literature review aims to identify common and distinct alterations in fMRI
activity during motor response inhibition in two at-risk groups for SUDs, youth with FH+
(including youth who transitioned into heavy substance use) and youth with ADHD. We
highlight distinct patterns in each group (e.g., the FP-lat for FH +; the right dACC and left
caudate for ADHD). There appears to be no common alteration between these two at-risk
groups for SUDs, but a small number of the selected studies does not preclude a possibility
of common alterations (e.g., dACC). Importantly, blunted activation in the FP-lat, prior to
the heavy initiation of SU, could serve as a neurobiological risk marker that predicts later
SUDs, irrespective of the presence of FH+. The potential value of this finding needs to be
longitudinally explored, preferably in youth with ADHD and some of whom would
transition into heavy substance use. Given the increased risks of SUDs in youth with ADHD,
it is crucial to monitor developmental shifts in activations during motor response inhibition
in this population, particularly targeting the dACC and the caudate, regions that exhibited
consistent ADHD-specific alterations (i.e., blunted activation) in the current review.
Research challenges remain in the field, but large-scale, longitudinal efforts, such as the
ABCD study, will help to identify the neurobiological markers that predict SUDs in at-risk
adolescents, including those with FH+, as well as those with ADHD and other psychiatric
disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic diagrams illustrating the Go/No-Go task and the Stop Signal task.
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A. The volume of activation associated with the Go/No-Go task in children and adults. The

bilateral middle frontal gyrus (MFG) and superior frontal gyrus (SFG) showed greater

volumes of activation in children (age range: 7-12 years) than adults (age range: 21-24
years) to the No-Go minus Go contrast. From Casey et al. [24]. B. Developmental shifts in
the blood oxygen level dependent activation associated with the Go/No-Go task. Activation

of regions in pink demonstrates the No-Go minus Go contrast. Activation of regions in

green, including the left frontal pole/superior frontal gyrus (MNI -14 45 51: BAS8), decreases
with age (age range: 8-20 years), whereas activation of regions in purple, including the left
inferior frontal gyrus and insula (MNI -34 12 6: BA13) increases with age. Modified from
Tamm et al. [23].
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A. The schematic diagram illustrating the developmental shift in the frontal pole (FP)

activation (BA10 highlighted) during the Go/No-Go task. The green and blue lines represent

individuals with FH+ and controls, respectively: B. The blood oxygen level dependent

activation associated with the “No-Go minus Go” contrast in the right lateral FP (FP-lat) that
exhibits “age x FH status” interaction. Note that originally this region was labeled as “R
Middle Frontal Gyrus”, but we relabeled it as the right FP-lat based on both the Harvard-
Oxford Atlas and the FP subregions defined by Liu et al. [31]. C. The bar graph showing the
effect of “age x FH status” interaction on the right FP-lat activation. The blunted activation
at baseline (age range: 7-12 years) increased with age in the FH+ group (right, green bars),
but the opposite pattern of developmental shift characterized controls (left, blue bars). From

Hardee et al. [28"].
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Figure 4.
A. Percentages of regions exhibiting blunted activation in FH+ youth. B. Percentages of

regions exhibiting blunted activation in ADHD youth. To calculate the percentages, we used
the following steps: (1) to determine the frequency of reported activations (i.e., greater and
blunted activations relative to controls) in each region/label for each group; (2) to identify
regions/labels, for which a significant activation was reported by =2 studies in each group;
(3) To calculate the ratio — the number of the activations for each identified region to the
total number of the reported activations across all regions reported — for each group; (4) to
convert the calculated ratios into the percentages. No consistent pattern (i.e., reported by >2
studies) for greater activation was observed for either FH+ or ADHD youth. C. Brodmann
Area (BA). BA numbers are shown in the corresponding frontal and temporal regions. R. =
Right; L. = Left; FP-lat = Frontal Pole lateral; dJACC = dorsal Anterior Cingulate Cortex.

Curr Opin Behav Sci. Author manuscript; available in PMC 2018 February 01.



	Abstract
	Introduction
	Literature search
	Motor response inhibition tasks
	Typical development of motor response inhibition
	Motor response inhibition in FH+
	Motor response inhibition in ADHD
	Common activations in FH+ and ADHD
	Distinct activations specific to FH+
	Distinct activations specific to ADHD
	Limitations
	Conclusions
	References
	Appendix A. Supplementary data
	Figure 1
	Figure 2
	Figure 3
	Figure 4

