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Abstract

PURPOSE—Disturbances of emotional regulation and social difficulties are common in children
and adolescents with traumatic brain injury (TBI). Recent research suggests that developments
within “socio-emotional” brain systems during early adolescence and more protracted
development of “cognitive control” systems have implications for emotional and behavioral
regulation during adolescence. However, few functional neuroimaging studies have directly
examined the interaction of these neuropsychological processes in adolescents with TBI. The
current study examined how affective processing might modulate inhibitory processing in an
Emotional Go/NoGo paradigm.

METHOD—The study uses a cross-sectional, age, gender, and maternal education matched
design. A response inhibition paradigm (i.e., the Go/NoGo task with emotional faces) was used to
examine emotional-cognition interaction in 11 adolescents with complicated mild to moderate
TBI, at least 12 months post injury, and 14 typically-developing (TD) adolescents using functional
magnetic resonance imaging (fMRI). Participants saw adult facial expressions of emotions (happy,
sad, fearful, and angry) and were instructed to respond (“go”) on all expressions other than angry
(“no-go”).
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RESULTS—Preliminary results (p = 0.001 uncorrected, cluster size = 50) showed higher levels
of inhibition-related activation in TD adolescents than in adolescents with TBI in several brain
regions including anterior cingulate and motor/premotor regions.

CONCLUSION—These results suggest that TBI in adolescence might alter brain activation
patterns and interrupt the development of brain networks governing emotion-cognition
interactions.
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1. Introduction

Traumatic brain injury (TBI) is a leading cause of acquired disability in childhood and often
results in deficits of cognition and behavior [1-3]. Estimates suggest an elevated incidence
of TBI between the ages of approximately 15 and 24 [3,4]. Adolescence is a period of
heightened vulnerability to negative outcomes after TBI, because many of the same brain
regions that are vulnerable to TBI undergo extended and continual development throughout
childhood. The prefrontal, temporal, and parietal cortices continue to increase in gray matter
volumes into adolescence; similarly, white matter connections expand and increase in
volume well into adolescence [5]. These changes are believed to enable the development of
more efficient cognitive processing and improved executive functions during adolescence
[6,7]. The more protracted development during early adolescence of “cognitive control”
systems underlying executive functions may also impact development within the “socio-
emotional” brain system during adolescence [1,8-10]. Frontal, temporal, and subcortical
regions are particularly important for affective and social processing [11-13], while
cognitive-control involves the prefrontal and inferior parietal cortices [7,8]. According to
some models, (e.q., the social information processing network (SIPN)) [9], both networks
undergo reorganization and functional changes during adolescence. Whereas changes to
portions of the socio-emotional network (i.e., the “affective node” per SIPN model) occur
fairly quickly and dramatically as a result of hormonal processes accompanying puberty, the
maturation and development of the prefrontal cortex underlying cognitive-control (i.e.,
“cognitive-regulatory node™) are slower and occur over many years based on environmental
learning and exposure. This mismatch between a highly responsive affective system and
incompletely developed cognitive-regulation makes adolescents vulnerable to risky decision
making and emotional and behavioral difficulties. With further development and life
experience, these regions become more functionally connected, facilitating top-down
processing by the prefrontal lobes for better regulatory control.

Disturbances of emotional regulation and social difficulties are quite common in children
after TBI [14]. Children with TBI are often more impulsive and have less emotional
awareness; they are also more likely to show reduced emotion regulation and increases in
externalizing behavior problems (particularly following severe TBI) [14-18], putting them at
increased risk for developing emotional disorders [9,19]. Deficits in executive functions are
common following TBI as well [20], as many of the brain regions implicated in TBI mediate
socio-emotional processing as well as executive functions. Furthermore, these difficulties in
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emotional regulation and management tend to persist and cause greater distress for children
and their families than other acquired cognitive deficits. Studies have documented limited
recovery of social function after TBI, and frequently outcomes worsen over time [15,21,22].
To date, however, the precise way in which TBI in adolescence impacts the development of
brain networks governing cognitive control and socio-emotional functioning remains
unclear.

Neuroimaging research on adolescent populations with TBI is scarce; however, recent
neuroimaging studies have begun to reveal both structural [23-25] and functional differences
[26-29] in individuals with TBI compared with healthy controls. Using functional magnetic
resonance imaging (fMRI), Tlustos and colleagues [26] reported heightened levels of brain
activation within the medial prefrontal, right dorsolateral prefrontal, and right parietal
regions for adolescents with TBI compared with typically-developing controls (TD) while
completing a verbal Counting Stroop task. These results suggest that TBI may alter the
neural basis of cognitive control in adolescents, despite relatively comparable behavioral
performance on the inhibitory task. Newsome and colleagues [27] found that adolescents
with TBI showed higher levels of brain activation while completing a perspective-taking
paradigm in social-cognitive regions (i.e., in left lingual gyrus, posterior cingulate cortex
(PCC), cuneus and parahippocampal gyrus) compared with TD adolescents, and speculated
that this was due to disrupted fronto-parietal networks from traumatic axonal injury (TAI).
Hanten and colleagues [28] found that adolescents with TBI showed impaired social
problem-solving on a virtual reality paradigm. Further, task performance differentially
related to cortical thickness for participants with TBI compared with TD adolescents in a
variety of regions within the social-cognitive network, including the orbitofrontal cortex
(OFC), frontal pole, cuneus, and temporal pole. Data from these studies suggest that
adolescent TBI may impact neural networks subserving socio-emotional functions. While
the neural bases for cognitive control and socio-emotional processing have been studied
independently, few neuroimaging studies to date have investigated their interaction in
adolescence with TBI. Optimal decision making requires the timely and efficient integration
of emotional and cognitive information [30,31], and this is especially challenging in the
tumultuous period of adolescence [32]. Given that problems with emotional dysregulation
and deficits of cognitive control are both prominent after TBI, adolescents with TBI may be
particularly susceptible to responding impulsively and making poor choices in real-world
social situations. This important interaction may highlight why individuals with TBI may
perform within normal limits on neuropsychological tests of executive function, but
demonstrate significant functional impairment in daily life.

Studies in healthy adults have shown that emotional information modulates neural activity
during inhibitory tasks, recruiting regions typically activated in traditional inhibition
paradigms as well as regions known to be important for socio-emotional processing.
Goldstein and colleagues [33] used an emotional linguistic Go/No-Go for fMRI, with trials
consisting of words intended to elicit positive or negative emotions as well as neutral words.
Results showed common inhibition-related activations across emotional conditions including
fronto-limbic regions (e.g., OFC and amygdala), with greater activation for the inhibition of
negative emotions within medial OFC, dorsolateral prefrontal cortex (DLPFC), anterior
cingulate cortex (ACC), amygdala, paralimbic cortex, and parietal cortex. Elliott and
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colleagues [34], in a similar Go/No-Go paradigm using words with emotional content, found
that inhibition elicited activation within hippocampal gyrus, right insula, and ACC when
compared to inhibition based on neutral words and highlighted the important roles these
regions may play in the integration of emotional and cognitive information. In contrast to
linguistic stimuli, several recent fMRI studies in adults have used more ecologically relevant
stimuli such as faces expressing different kinds of emotions [31,32,35-39]. As an example,
Shafritz and colleagues [31] compared response inhibition in healthy adults between
different versions of Go/No-Go tasks. One version required participants to respond to all
letters except one (i.e., Letters Go/NoGo), whereas another version used happy and sad faces
and required participants to only respond to faces with one type of emotion (e.g., Happy
Go/Sad NoGo or Sad Go/Happy NoGo). In both versions of the Go/NoGo task, inhibiting
responses elicited activation in brain regions typically associated with response inhibition
(i.e., DLPFC, ACC, premotor cortex, dorsal striatum, and thalamus); however, the Emotional
Go/No-Go task additionally elicited activation in inferior frontal, inferior parietal, and
anterior insular cortex. These authors concluded that response inhibition within an emotional
context recruits a set of brain regions distinct from traditional cognitive control tasks that
may be responsible for modulating emotional valence. Using an event-related fMRI Go/
NoGo paradigm with fearful, happy and calm faces, Hare and colleagues [32] reported
higher levels of activation in healthy adolescents (age 13-18) compared to children (age 7—
12) and young adults (age 19-32) in some brain regions such as the amygdala.

The current study builds on these extant studies by examining the neural correlates of
response inhibition with affective stimuli in adolescents with complicated-mild to moderate
TBI [26]. A block-periodic emotional Go/No-Go task for fMRI was used. We hypothesized
that adolescents with TBI would show poorer performance on the emotion Go/No-Go task
and differential levels of activation within socio-emotional and cognitive control systems
relative to matched TD participants.

2. Methods

2.1. Participants

A convenience sample of twenty-two adolescents between the ages of 13 and 17 years with
confirmed complicated mild to severe TBI were invited to participate in this study from a
pool of families that had participated in ongoing intervention studies. However, of the 4
participants with severe TBI we approached, only 3 consented to participate, and fMRI data
from 1 of the 3 were not usable due to excessive motion and data from another was lost to
equipment malfunction. We therefore excluded the third participant with severe TBI with
usable fMRI data from the final sample to better characterize the resulting sample of
participants as having complicated mild to moderate TBI. Three other participants with
complicated mild TBI and one TD participant also declined participation, and 1 participant
with moderate TBI was deemed ineligible. All 14 remaining participants in the TBI group
who consented were at least 12-months post-injury at assessment to ensure that acute
recovery was complete. Typically-developing (TD) adolescents with negative history for TBI
and other neurological insult were recruited from the local community. Participants were
matched as closely as possible on age, gender, and maternal education. Exclusion criteria for
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both groups included significant developmental delay, psychiatric or behavior disturbance,
and vision or hearing impairments (all by parent reports during the phone screening). All
participants came from families where English is the primary language spoken in the home
and met all MRI eligibility requirements. This imaging study was approved by the local
Institutional Review Board.

A total of 29 children (15 TD and 14 with complicated mild to moderate TBI) completed
informed consent to participate in the study, and 25 (i.e., 86%) yielded usable fMRI data. Of
the 14 participants with non-severe TBI, 3 were excluded due to excessive motion, leaving
11 with usable fMRI data. Of the 15 TD control participants, 1 was excluded due to
excessive motion, leaving 14 with usable fMRI data. Comparisons on demographic data
between those with and without usable fMRI data were conducted. Results indicated that
those participants with TBI with usable fMRI data were not significantly different in age at
the time of assessment, age at injury, or time since injury (all p> 0.13) from those without
usable fMRI data; nor did they differ in terms of general cognitive ability, injury severity, or
parent-report of EF skills (all p> 0.20). However, the group with usable fMRI data did se/f-
report fower levels of EF skills than those excluded (M, szp/e = 56.5, S0=9.1; Moxciuded =
43.5, sd=9.1; [12] = 2.44, p=0.03). The final TBI sample included nine participants with
complicated-mild TBI characterized by GCS scores of 13-15 with abnormal imaging [40]
and two with moderate TBI (GCS 9-12) with no abnormalities on clinical CT or MRI at the
time of injury. Of the 9 participants with abnormal imaging, 3 had subarachnoid
hemorrhage, 2 had epidural hematoma, 1 had extra-axial hemorrhage, 1 had subcutaneous
hematoma, 1 had frontal lobe shear hemorrhage, and 1 had hemorrhagic contusion. Average
time since injury was 1.8 years (sd= 0.50).

2.2. Procedure

Data were collected during a single 3-hour session. After providing consent, participants
completed a brief neuropsychological battery and a neuroimaging session including four
paradigms measuring aspects of executive functioning, which included the present Emotion
Go/NoGo paradigm.

2.2.1. Neuropsychological measures— General cognitive ability was estimated using
two measures that correlate highly with traditional intelligence tests. Single word reading
skills, which have been used as a proxy for pre-injury cognitive functioning [41] were
assessed using the Word Reading subtest of the Wide Range Achievement Test, Fourth
Edition (WRAT-1V, 41). Receptive vocabulary was assessed using the Peabody Picture
Vocabulary Test, Fourth Edition (PPVT-1V). Several aspects of executive functions believed
to be vulnerable to TBI were probed; these include (1) Working Memory and Processing
Speed, using the Working Memory (WMI) and Processing Speed (PSI) Indices from the
Weschler Intelligence Scale for Children, Fourth Edition (WISC-1V, 42); and (2) Behavioral
Manifestations of Executive Abilities, using the Behavior Rating Inventory of Executive
Function (BRIEF) parent rating scales (BRIEF, 43) and self-report (BRIEF-SR, 44). The
Global Executive Composite (GEC), which provides an indication of overall executive
functioning in everyday environments, was used to characterize the sample. Finally,
Emotional Labeling was assessed using the Diagnostic Assessment of Nonverbal Abilities

J Pedliatr Rehabil Med. Author manuscript; available in PMC 2017 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tlustos et al.

Page 6

(DANVA-2), Adult Faces subtest. The subtest consists of 24 photographs of adults
displaying facial expressions of emotions (6 photographs for each of the 4 emotions: happy,
sad, fearful, and angry). Overall emotion labeling accuracy (percent correct, collapsed across
all emotion conditions) was used for a general behavioral measure of emotion recognition.

2.2.2. Measure of emotionally-mediated response inhibition using fMRI—In this
Emotional Go/NoGo paradigm, 5 cycles of 3 conditions were presented in a fixed order: 1)
Go blocks, where all trials elicited a “go” response, 2) /nhibit (“No-Go”) blocks, where 50%
of trials elicited a “go” response and 50% elicited a “no-go” response intermixed randomly,
and 3) Rest blocks where participants were instructed to passively view a row of “Xs,”
which expanded and contracted in length within the block, presented in a horizontal row on
the screen. To minimize the possibility that participants relied on single and/or incidental
perceptual features of the faces for one category of emotion as a basis for their recognition,
we modified the task developed by Shafritz and colleagues [31] to include multiple emotions
in Go blocks and NoGo blocks respectively in each periodic cycle. Participants were asked
to respond by button presses to faces with any emotions (i.e., happy, sad, fearful) except one
(i.e., angry). Participants were not informed about block orders, nor were they informed
about the trial structure within blocks. Presentation of Go blocks prior to NoGo blocks
allowed for participants to develop a “go” response tendency, necessary for measuring
inhibitory ability in Go/No-Go paradigms [31]. Go and NoGo blocks each consisted of ten
2-second trials. Rest blocks lasted 12 seconds each. Participants saw faces with happy, sad,
fearful, or angry expressions from the Penn Emotion Recognition Test [45] presented one at
a time and were instructed to withhold responding or “no-go” on angry faces but “go” on all
other emotions. Stimuli were selected based on display of emotions at mild- and extreme-
intensities, and to ensure ethnic variability across faces. The 3 expressions other than anger
were presented roughly equally often across blocks. Anger was used for the inhibit condition
because 1) research has shown that individuals with TBI may be impaired in their ability to
recognize and respond to angry emotional expressions [46], and 2) the consequence of mis-
identification of anger seems to be more severe than mis-identification of the other
emotional expressions and warrants special attention.

Response accuracy (percent correct and errors of omission and commission) and reaction
time were recorded to serve as behavioral measures of inhibitory ability. Stimulus
administration and response logging were accomplished using the experimental software E-
Prime [47] with magnet compatible goggles and a response system. In order to obtain an
estimate of behavioral inhibitory ability while accounting for performance related to other
task-dependent factors (e.g., emotion discrimination ability in go blocks), an interference-
susceptibility score was calculated. For each participant, accuracy during the NoGo
condition (i.e., appropriate omission of responding to angry faces plus responding to other
faces) was subtracted from accuracy during the Go condition. Accuracy for the NoGo block
is computed from correct responses to the 50% Go trials and correct withholding of
responding to the other 50% of the NoGo trials.

2.2.3. fMRI data acquisition and analysis—Data were acquired on a 3T Phillips
Achieva System MR scanner. A T1-weighted, three-dimensional MPRAGE whole-brain
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anatomical scan (TR/TE = 8.2/3.7 ms, FOV = 25 x 25, matrix = 250 x 250, slice thickness =
1 mm) lasting 6 minutes was acquired for the purposes of anatomical coregistration prior to
the functional scans. A T2*-weighted, gradient EPI sequence was used for functional runs/
scans (TR/TE = 2000/30 msec, FOV = 24 x 24 cm, matrix = 80 x 80, slice thickness = 4
mm, flip angle = 90 degree). Forty-one transverse slices were acquired at 142 time points.
The total duration of this run was less than 5 minutes (284 seconds), consisting of an initial
12 second fixation period (screen display “Ready?”), followed by five cycles of the three
conditions, and ended with a final 12 second period (screen display “Task complete now™).
The initial four volumes (8 seconds) acquired at the beginning of the run were excluded
from statistical analyses of fMRI data to accommodate for T1 relaxation effects as were data
from the final “task complete” period. Data from fMRI were analyzed using SPM8
(Wellcome Department of Cognitive Neurology, London UK). The EPI images were
reconstructed by built-in software on the 3T Philips Scanner. Pre-processing included
realignment of functional images to the mean image to correct for head motion,
normalization to the standardized space of the Montreal Neurological Institute (MNI), and
spatial filtering using a 6 mm FWHM Gaussian filter. Excessive motion, targeting
participants for potential exclusion from analyses, was defined as a median voxel
displacement of 4.5 mm from reference for > 10% of the EPI data set [26]. Then, a general
linear model (GLM) of block design (i.e., 1t level analysis) was fitted to each voxel for each
subject, which used the convolution of 6 regressors (i.e., Go (20 s), NoGo (20 s), and Rest
(12 s) blocks together with their respective linear interaction with time) with a canonical
hemodynamic response function and 6 motion correction parameters (as nuisance
covariates) as regressors. Between-Group analyses were then performed on relevant contrast
images constructed from individual participants (e.g., main effect of Inhibit minus Go) in the
form of random-effects GLM (i.e., 2" level analysis). Clusters of voxels from individual t-
maps meeting threshold (p = 0.001 uncorrected and cluster threshold = 50 unless otherwise
stated) were identified. This level of statistical threshold was chosen to be consistent with
the preliminary nature of the study [26,48]. A one-sample t-test (i.e., within-group analyses)
identified the areas with significantly different levels of activation in the Inhibit and Go
conditions across all participants. Then, two-sample t-tests (i.e., between-group analyses)
were conducted on these contrast images to examine differential patterns of inhibition-
related activation for adolescents with TBI compared to TD adolescents using the same
threshold. Results were displayed on a high-resolution template anatomical MRI (i.e.,
MNI152) using the program xjview (http://www.alivelearn.net/xjview8). Clusters of
activation were identified and visually checked for accuracy. Each cluster, together with the
MNI coordinates of the pixel that showed the maximum F or t value (i.e., the maxima) is
reported. MNI coordinates were later translated into Talairach coordinate, which facilitated
subsequent Brodmann Areas (BA) identification.

Fourteen TD adolescents (8 males, 6 females; Mzge = 15.5 yrs) were compared with eleven
adolescents with confirmed complicated-mild or moderate TBI (5 males, 6 females; Mg =
15.5 yrs). Group characteristics on demographic, cognitive, and behavioral measures are
presented in Table 1. Groups were generally comparable with respect to age, sex, family
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income, race, and parent education. Groups were also comparable on neuropsychological
measures including PPVT-4, WRAT-4, and the WISC PSI and WMI. Adolescents with TBI
did have higher levels of parent-rated executive dysfunction on the BRIEF (M7g,= 55.5, sd
=13.6; Mp=43.1, sd=17.8; p< 0.005). However, we urge caution in interpreting this
difference, given that means for both groups were within the normal range, and that this
difference was obtained in the context of multiple comparisons.

3.1. Emotional Go/NoGo: Behavioral and fMRI results

Performance data for the Emotional Go/NoGo task were recorded during the fMRI scan. All
participants showed higher accuracy for the Go blocks than the NoGo blocks. Contrary to
our expectation, we did not find any significant group differences in accuracy during either
condition. This, however, is consistent with the nearly identical performance levels in
another behavioral test of emotion recognition, the DANVA, for both groups. Median RT for
the Go and the NoGo blocks also did not differ systematically, for either group or both
groups together (all p> 0.3). Median RT also was not different across groups for the Go or
the Inhibit Blocks respectively. The groups were also not significantly different with regard
to interference-susceptibility (i.e., 15.6% for the TBI group and 13.0% for the TD group
respectively). Groups were similar with regard to omission errors, commission errors, and
the patterns of commission errors for the various emotion types (e.g., 42% happy, 40% sad,
and 18% fearful for the TBI group; 37% happy, 40% sad, and 23% fearful for the control
group) when they were made.

Figure 1 shows the main contrast of interest, the composite t-score map of brain regions that
were significantly more active during the Inhibit condition compared to the Go condition in
the entire sample of 25 participants. Inhibition-related activation (Inhibit > Go) was
observed bilaterally within the cerebellum, supramarginal gyri, and inferior frontal gyri
(IFG), as well as midline structures such as the thalamus and the cingulate cortex.
Inhibition-related activation was also seen in fusiform gyrus, cuneus/precuneus, and other
occipital/temporal areas predominantly in the right hemisphere (see Table 2). No regions
met the same threshold for showing higher levels of activation in the Go condition than the
Inhibit condition. Between-groups analyses revealed that there were no regions in which
participants in the TBI group showed higher levels of inhibition-related activation. The
participants in the TD group demonstrated greater inhibition-related activation than the TBI
group in several left-hemisphere regions including the pre/post-central gyrus, precuneus,
medial frontal gyrus, as well as right-hemispheric anterior (ACC, BA32) and middle sections
of the cingulate cortex (BA 24). To examine whether between-group differences in the
contrast between Inhibit and Go conditions were spurious and related solely to group
differences in Go-related activation alone (i.e., relative to the Rest condition as baseline), the
above analyses were repeated for the Go > Rest contrast. At the same thresholds, analyses
revealed no regions of significant differences in the Go > Rest contrast between groups.

4. Discussion

We sought to investigate the neural correlates of emotionally-mediated response inhibition in
adolescents with complicated-mild or moderate TBI compared with TD adolescents using an
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Emotional Go/No-Go paradigm in this preliminary study. Inhibition-related activation for all
participants, shown in the Inhibit > Go analysis, included regions such as bilateral IFG,
bilateral inferior and superior parietal lobes, and midline thalamus, known to be important
for cognitive control [26,32,36—38], as well as other areas such as the insula known to be
important for affective processing [31,37], and the right fusiform gyrus and other occipital
and temporal areas known to be important for face processing [9,37]. These findings are
consistent with the idea that successful performance in the /nAibit condition relative to the
Go condition required greater utilization of face and affective processing as well as cognitive
control. Taken together, these results are broadly consistent with previous findings in the
context of an emotional Go/NoGo fMRI paradigm.

At the same time and in contrast to prior studies, many regions important for emotional
processing such as the amygdala, orbitofrontal cortex (OFC), anterior cingulate cortex
(ACC), medial prefrontal cortex, and ventral striatum [31,33,34] did not show higher levels
of activation in the Inhibit > Go contrast. ACC and dorsolateral prefrontal cortex (DLPFC),
two regions known to be important for inhibitory processing and that have been shown to be
recruited for cognitive inhibitory processing in adolescents with TBI [26], were also not
activated more in the Inhibit than the Go condition in the current study. These differences
may be partially attributable to the fact that the fMRI paradigm used in the current study
used faces with different emotional expressions both in the Inhibit and in the Go condition:
this procedure might have minimized the chance of observing differences in activation level
related to affective processing given that it is involved in both the Inhibit and the Go
conditions. Prior studies have compared stimuli eliciting only positive or only negative
emotions of interest with neutral stimuli to highlight emotional processing regions. Hare and
colleagues [32,35] also demonstrated that activity within the amygdala during completion of
an Emotional Go/No Go paradigm was attenuated over time, demonstrating habituation.
Thus, the lack of amygdala activation after exposure to exclusively emotional faces in the
current study may further reflect habituation to emotional stimuli.

Granted that the present study has a limited sample size, adolescents with TBI showed subtle
differences in neural responses on the Emotional Go/No-Go compared to TD adolescents.
TD adolescents had greater activation in motor/pre-motor (BA 4, 6) and parietal (precuneus
& IPL; BA 7/40) areas primarily in the left hemisphere, and two foci in the cingulate region
on the right (ACC, BA 32, and middle portions of the cingulate gyrus, BA 24). Higher
activation in the inhibitory node for TD adolescents than those with TBI is in contrast to
recent brain imaging studies of executive functions in adolescents with TBI [26,27,49-52]
that have found higher levels of activation in participants with TBI compared with controls.
Increases in activation within brain regions are often thought to reflect increased processing
load or “mental effort.” Many of these studies have suggested that higher activation in TBI
groups may reflect “compensatory” processes. However, other studies have revealed a more
complicated relationship between levels of brain activation on executive functioning tasks,
which may depend on task difficulty or awareness of task performance. For example,
Newsome et al. [48] found that adolescents with TBI showed varying levels of brain
activation during a working memory (WM) paradigm, depending on the specific task
demands, possibly reflecting a combination of compensatory processes (“over-recruitment™)
and inefficiencies in processing (“hypoactivation”). Similarly, McAllister and colleagues
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[50] found varying levels of activation in adults within one month after mild TBI depending
on WM load during an N-back task. Adults with TBI showed heightened activation relative
to controls in moderate WM load conditions (2-back), but lower activation during high WM
load conditions (4-back), suggesting that the task may have become too difficult for TBI
participants during the high WM load condition. The authors concluded that TBI altered
participants’ ability to modulate WM processes after injury.

How the aforementioned explanation might help explain the present findings, however, is
less clear. Despite the limited sample size, adolescents with TBI and TD adolescents were
well matched on performance on neuropsychological tasks, DANVA, and fMRI in-scanner
performance, both in accuracy and in RT, for both the Go condition and the Inhibit
condition. There is no clear evidence to support the idea that adolescents with TBI in our
sample, relative to TD adolescents, had given up on task performance because of high task
difficulty since fMRI task performance was well matched across groups. In addition, the
finding of a greater Inhibit > Go contrast in the control group over a patient group is not
unprecedented. Tamm and colleagues [53] used a letter Go/NoGo task and found that
ADHD adolescents showed a smaller Inhibit > Go contrast than TD adolescents, in the right
anterior/mid-cingulate cortex (BA 24, with local maxima at 10, 8, 40) and right
supplementary/premotor areas (BA 6).

One possibility, admittedly of a post-hoc nature, is that the TBI group might be showing
decreased error monitoring ability in the Emotional Go/No-Go task compared to the TD
group. Specifically, adolescents with TBI might have been less aware that they made many
errors in the Inhibit condition relative to TD adolescents, or that TD adolescents may be
more aware than their TBI counterparts that they made errors (hence the higher activation)
even though they were unable to correct those errors in time (hence the equivalent levels of
performance). Studies have implicated heightened activation in the medial aspects of the
frontal cortex such as the anterior cingulate, reflecting individuals’ realization that they
made an error [54-56], and activation in this region has also been shown to be associated
with “error-related negativities” (ERNS), a characteristic pattern observed on EEG after an
individual has made an incorrect response to a task [57]. Thus, group differences observed in
the current study may be related to better awareness or detection of errors by the TD
participants. Clearly, performance in the Inhibit condition was far from ceiling for both
groups of participants. Such an explanation would require an assumption that TD
adolescents were more aware than adolescents with TBI that they were making errors in the
Emotional Go/NoGo task, but they were still unable to alter their behavior to achieve better
performance than the adolescents with TBI. Because participants participated in multiple
fMRI paradigms in the current study, we did not specifically seek to query their memory/
knowledge on how many errors they thought they made in various tasks. This explanation,
therefore, awaits future confirmation and at this point remains only a speculative possibility.

An additional hypothesis for the basis of the lack of expected finding of increased activation
in the TBI group is that the TBI group may be more heterogeneous in activation patterns
used for successful task completion.® If there is increased variability (hence noise) in fMRI

1\ thank an anonymous reviewer for suggesting this alternative hypothesis.
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data in participants with TBI relative to more consistent level of activation in the control
group, this may serve to obscure small group differences. Because of the small sample size
in the current study and the limited and comparable range of performance in the Inhibit
condition for both participant groups, brain-behavior correlational analyses failed to detect
brain regions whose activation level co-varied with higher or lower accuracy scores.
Whether one or more of the aforementioned hypotheses are tenable await further research.

The current study has several inherent limitations. First, the small sample and low statistical
power limit the generalizability of the current findings to the broader TBI population. The
sample was composed primarily of adolescents with complicated-mild injuries, with GCS
scores of 13-15 with abnormalities on imaging. Neuroimaging studies on executive abilities
after TBI have shown an important relationship between brain activation and injury severity
[58]. However, this could not be examined in the current study, as the small sample prohibits
further analyses based on injury details. Further, we recruited participants on average 1.8
years post-injury in order to generalize the findings to adolescents outside of the range of
acute recovery, but given the relatively mild nature of the TBI in the current study, this
procedure may attenuate findings and contribute to the lack of strong associations in the
current study. Moreover, although most measures of cognitive performance fell within the
average range overall, there was considerable variability across participants. The effect size
estimates (Cohen’s d) for some neuropsychological and behavioral measures, including
estimates of overall cognitive ability, were in the “moderate” to “large” range, which
suggests that statistically significant differences between groups might have emerged with a
larger sample size. Additionally, the paradigm used in the current study appears to be more
difficult than paradigms used in prior studies, as indicated by lower accuracy for both TD
and TBI groups for the Inhibit condition (compared with 97% for sad no-go and 96% for
happy no-go conditions reported in 31) than have previously been reported. Clearly, this
difficulty reflects the fact that participants in our study had to recognize faces with different
emotions across trials before initiating a Go response or withholding it. Moreover, as most
reports documenting an effect of TBI on behavioral performance showed a significant effect
of injury severity, with deficits often being minimal in the mild or even moderate group,
further research is needed to determine whether the results will be the same in groups with
more serious injuries. Finally, all functional neuroimaging studies are limited in their
generalizability —-fMRI results are truly generalizable only to those participants from any
clinical groups who can successfully finish the task paradigm(s) in the scanner. Those
participants with TBI in our study successfully finished imaging, had a higher BRIEF-SR
score than those who did not finish imaging, and are indistinguishable from TD participants
on all aspects of the Go/NoGo task, itself a measure of executive functions. All these factors
serve to minimize the difference between our participant groups. With these considerations
in mind, the positive finding of altered brain activation, however limited in scope they may
be, do suggest that TBI in adolescence may impact the development of neural networks
underlying cognitive control. We also note that the differences between groups primarily are
seen in brain areas thought to be involved in cognitive control more than affective
processing.

The present study is one of a few studies that investigated the interaction between socio-
emotional and cognitive-control processes in adolescents with TBI. Individuals with TBI
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often show deficits in emotional and social cognition, as well as executive functions, which
may have important implications for effective decision-making and social functioning
[59,60]. Between-group differences in inhibition-related activation indicate that TD
adolescents show higher levels of activation than adolescents with TBI in primarily frontal
areas related to cognitive-control. These results suggest that adolescents with TBI could
show subtle inefficiencies in neural processing in these regions, perhaps as the result of
alterations to the fronto-parietal networks from TBI. However, the current study is
preliminary, and further research is needed to understand the impact of TBI on emotional
and inhibitory processing. There is still surprisingly little research investigating the neural
basis for social cognition and executive functions in adolescence, despite this being a critical
period for the development of these systems. Cross-sectional and longitudinal studies will be
important for better understanding how disruptions to networks during this critical period of
development impact both neural connectivity and the development of functional abilities.
Furthermore, it will be important to understand how these differences in neural response are
related to cognitive and socio-emotional outcomes after TBI in adolescence.
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Fig. 1.
Brain activation map depicting the results of a one-sample t-test for the entire group of 25

participants (positive inhibition-related (No-Go > Go) activation; no negative activation
survived the threshold). Images are from z= —40 to z= +56, with the following parameters:
p-threshold = 0.001 uncorrected, cluster size threshold = 50. (Colours are visible in the
online version of the article; http://dx.doi.org/10.3233/PRM-150350)
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Fig. 2.
Between-group comparison (TD > TBI) of inhibition-related activation. Positive activation

regions are where TD controls demonstrated greater activation than TBI (TD > TBI). Images
are from z=+32 to z= +76, with the same threshold parameters as in Fig. 1. (Colours are
visible in the online version of the article; http://dx.doi.org/10.3233/PRM-150350)
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