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Abstract

Mild traumatic brain injury (mTBI) may be associated with compromised executive functioning and altered emotional
reactivity. Despite frequent affective and cognitive symptoms in mTBI, objective evidence for brain dysfunction is often
lacking. Previously we have reported compromised performance in symptomatic mTBI patients in an executive reaction
time (RT) test, a computer-based RT test engaging several executive functions simultaneously. Here, we investigated the
cognitive control processes in mTBI in context of threat-related stimuli. We used behavioral measures and event-related
potentials (ERP) to investigate attentional capture by task-relevant and task-irrelevant emotional stimuli during a Go-
NoGo task requiring cognitive control. We also assessed subjective cognitive, somatic, and emotional symptoms with
questionnaires. Twenty-three subjects with previous mTBI and 17 controls with previous ankle injury participated in the
study over 9 months post-injury. Electroencephalogram (EEG) was recorded while patients performed a modified ex-
ecutive RT-test. N2-P3 ERP component was used as a general measure of allocated attentional and executive processing
resources. Although at the time of the testing, the mTBI and the control groups did not differ in symptom endorsement,
mTBI patients reported having had more emotional symptoms overall since the injury than controls. The overall RT-test
performance levels did not differ between groups. However, when threat-related emotional stimuli were used as Go-
signals, the mTBI group was faster than control group. In comparison to neutral stimuli, threat- related stimuli were
associated with increased N2-P3 amplitude in all conditions. This threat-related enhancement of the N2-P3 complex was
greater in mTBI patients than in controls in response to Go signals and NoGo signals, independent of relevance. We
conclude that mTBI may be associated with enhanced attentional and executive resource allocation to threat-related
stimuli. Along with behavioral evidence for enhanced attention allocation to threat stimuli, increased brain responses to
threat were observed in mTBI. Enhanced attention capture by threat-related emotional stimuli may reflect inefficient top-
down control of bottom-up influences of emotion, and might contribute to affective symptoms in mTBI.
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Introduction

MILD TRAUMATIC BRAIN INJURY (MTBI) may sometimes be
associated with prolonged affective symptoms such as irri-
tability, enhanced emotional reactivity, anxiety, and depression,
even though objective evidence for brain dysfunction is typically
lacking. Depression is a common concomitant after TBL' In ad-
dition to a variety of psychosocial factors contributing to depres-
sion after MTBI, there is evidence for disrupted corticolimbic
neural circuitries that are critical for mood regulation and emotion—
attention interaction,” supporting that there are biological mecha-
nisms behind depression after mTBI.?

Integrity of frontal circuits is critical for efficient executive
functions needed for coordinating cognitive functions and creating

goal-oriented, purposeful actions,* as well as for controlling emo-
tions and mood.> Many of the symptoms frequently reported by
mTBI patients such as distractibility and emotional reactivity, as
well as light and noise sensitivity, suggest deficient frontal top-
down executive and attentional control of cognitive, emotional, and
sensory processes. Whereas most mTBI patients fully recover,
some remain symptomatic with deficits in attentional and executive
functions thought to be the result of disrupted integrity of frontal
circuitries.® In addition, there is imaging, electrophysiological, and
pathophysiological evidence pointing to frontal dysfunction in
mTBI. These include reports of reduced frontal activation,’ dis-
rupted frontal functional connectivity,® diminished frontal inter-
hemispheric coordination,” and microscopic frontal trauma-related
pathology in mTBI.'°
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An intact prefrontal cortex provides a dynamic filter that allows
us to focus our attention on selected stimuli, while ignoring oth-
ers.'! Because of the brain’s limited pool of neural processing re-
sources, selective attention is needed as a mechanism allowing the
selection of which stimuli receive the processing resources at a
given time.'> Voluntary top-down control of attention relying on
frontal functions gears attentional resources to stimuli that are
relevant to the current goals, whereas involuntary bottom-up
mechanisms gear attention toward salient or biologically important
stimuli, such as emotional stimuli.'® Fine and flexible balance be-
tween the bottom-up and top-down attentional control mechanisms
allows for adaptive behaviors.

Emotional stimuli, especially those that are threat related, are
thought to be prioritized for access to attentional resources because
of their biological, evolutionary, and behavioral relevance.'*'?
Deficient frontal functions may lead to stronger bottom-up influ-
ence of threat-related negative emotional information and ineffi-
cient top-down control of emotion, such as the reappraisal
mechanism necessary for maintaining euthymic mood. Alterations
in normal emotion—attention interaction, such as bias toward allo-
cating attention to negative information, are typically seen in
anxiety and depression.'¢

Applying computer-based attention tasks with emotional dis-
tractors allows objective assessment of emotion—attention interac-
tion and its alterations in clinical populations with brain damage or
a disorder that impacts limbic or attentional circuitries. By mea-
suring emotional interference on task performance, we have pre-
viously observed enhanced attention allocation to threat-related
distractors in epilepsy patients treated with deep brain stimulation
(DBS) of the anterior thalamic nuclei (ANT).!” In accordance with
this objectively measured alteration in emotion—attention interac-
tion toward negativity bias encountered in depression, ANT-DBS
treatment has been linked with subjective reports of depression
symptoms.'®

Even when irrelevant to the current goals, emotional stimuli tend
to capture attentional resources leading to interference of task
performance,'* along with reduction in target-related brain poten-
tials'® and attention network activation.”® Event-related potentials
(ERPs) are well suited for studying neural mechanisms and dy-
namics of emotion—attention interaction and possible alterations in
its nature, magnitude, and time course as a result of brain injury.>'**
ERP evidence has provided valuable information about the role of
orbitofrontal cortex in emotion—attention interaction,”> and sup-
ported the notion that frontal injury leads to deficits in top-down
modulation by the anterior control system.*>

For better understanding of cognitive and affective symptoms
associated with mTBI and their mechanisms, it is essential to assess
possible alterations in emotion—attention and emotion—executive
function interactions and how they are reflected in behavior and
brain physiology. Although there are some studies on the impact of
mTBI on affective, attentional, and executive functions,?'* few
studies have investigated alterations in emotion—attention and
emotion—executive function interactions, let alone their mecha-
nisms. In the current study, we investigated whether attention al-
location to emotional stimuli and emotion—executive function
interaction are altered in patients with a history of mTBI in com-
parison with a demographically controlled non-head-trauma group
with a history of ankle injury, recruited from the same emergency
room.

We investigated cognitive control processes in MTBI in the
context of threat-related stimuli. We used behavioral measures and
ERPs to investigate attentional capture by task-relevant and task-
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irrelevant emotional stimuli during a task requiring cognitive
control. Attention to task-relevant stimuli evoked a positive parietal
ERP waveform called P3, preceded® by a negative deflection
called N2. N2-P3 components are generally implicated in atten-
tional orientation with greater N2-P3 peak-to-peak amplitude in
response to stimuli that capture more attention. Anterior fronto-
central N2 amplitude has been reported to increase as the demand
for cognitive control increases,® whereas parietal P3 amplitude has
been suggested to reflect increased attentional resources to moti-
vationally significant stimuli.”’ In order to investigate emotion—
attention and emotion—cognitive control interaction, and how these
interactions might be altered after mTBI, we used N2-P3 peak-to-
peak amplitude as a general measure of allocated processing re-
sources. More specifically, central N2 peak was used as an index of
cognitive control, and parietal P3 as indexing allocated attentional
resources. With vulnerability to depression and frequent affective
symptoms in mTBI, we hypothesized that weaker frontal top-down
control of emotional signals in mTBI would enhance attentional
allocation to threat-related emotional stimuli evidenced by en-
hanced effect of emotional stimuli on behavior and ERPs.

Methods
Subjects

Patients admitted to the Tampere University Hospital emer-
gency room between January 2010 to May 2012 for mTBI (n=27)
or ankle injury (controls, n=17) were recruited. The groups were
matched in age, sex, and level of education. (mTBI: 12 females, 15
males, mean age 41 years, mean education 14.5 years; controls: 11
females, 6 males, mean age 40 years, mean education 15.8 years).
The inclusion criteria for mTBI used in this study were those of the
World Health Organization Center Force on mTBI.*® These diag-
nostic criteria for MTBI include: 1) biomechanical force applied to
the head resulting in loss or alteration of consciousness, confusion,
and/or post-traumatic amnesia (PTA); 2) loss of consciousness if
present for <30min, Glasgow Coma Scale (GCS) score 13-15
after 30 min following injury; and 3) PTA, if <24h in duration.
Exclusion criteria included previous psychiatric or neurological
disorder or substance abuse. All of the patients provided a written
informed consent according to the declaration of Helsinki. The
study was approved by the Ethical Committee of the Tampere
University Hospital.

The average time from the injury to the research visit including
the electroencephalogram (EEG) recording, computer-based
emotional NoGo task, and the questionnaires, was 20.4 months
(range 9-37 months) post-injury.

Questionnaries

All of the participants filled in questionnaires including demo-
graphic information, Behavior Rating Inventory of Executive
Function Adult version (BRIEF-A), Rivermead Post-Concussion
Questionnaire, and Beck’s Depression Inventory (BDI). The
BRIEF-A assesses subjective view of everyday behaviors associ-
ated with executive functioning. The Rivermead Post-Concussion
Symptoms Questionnaire (RPCSQ)* lists the symptoms most
commonly associated with brain injuries; for example, headache,
nausea, dizziness and depression. BDI*” is a 21 question inventory
developed for assessment of possible depressive symptoms and
their severity.

Modified executive reaction time (RT test)

A computer-based Go-NoGo visual discrimination paradigm
used in this study was modified from an executive RT test that has
been previously shown to detect subtle executive impairment after
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mild brain injury, as well as alterations in emotion—attention in-
teraction caused by deep brain stimulation in epilepsy patients.'”
The executive RT test requires multiple executive functions to be
engaged simultaneously, such as inhibition, shifting, emotional
control, and working memory. In the modified executive RT test
used in this study, emotional stimuli served as task-irrelevant dis-
tractors as well as task-relevant Go or NoGo signals (Fig. 1). This
allows for investigating the capture of attentional resources by
emotional stimuli when they are competing with the task demands
(distractors) as well as when they are central to the task demands
(signals).

We used black line drawings forming an image of a spider
(emotional distractor/signal) as threat-related emotional stimuli,
and emotionally neutral control stimuli that were constructed from
identical line components rearranged in a different configuration
forming an image of a flower (neutral distractor/signal). Line
drawings were used in order to control for other visual features such
as color, brightness, contrast, spatial frequency, and complexity.
These stimuli have been previously shown to evoke emotion-
related behavioral and electrophysiological responses both in
healthy subjects and in patient populations.®'

The subjects were seated in front of a computer screen at a
distance of 1 m. A computer program (Presentation, Neurobeha-
vioral Systems, Inc.) presented the paradigm and collected the
response data. The paradigm consisted of upright- and downward-
facing triangles presented for 150 msec in a random order. There
were two different kinds of blocks: one where emotional stimuli
were relevant and one where they were irrelevant. In half of the
blocks where emotion stimuli were relevant, the spider signified a
Go signal and the flower a NoGo signal. In half of the blocks, this
rule was reversed. When emotional stimuli were task-irrelevant
distractors, the color (red or green) on the background of the spider
or flower served as the Go or NoGo signal. Subjects had to flexibly
shift between these four different rules for responding, keep the
response rule in working memory, and inhibit responding accord-
ing to the previous rule. After a Go signal, the subjects had to press
a button with their index finger if the triangle had been facing

FIG. 1.
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downwards and with their middle finger if the triangle had been
facing upwards. Subjects had to hold the orientation of the triangle
in their working memory, as the triangle had already disappeared
from the screen when a Go signal appeared. The subjects were
instructed to answer as fast and accurately as possible. One trial
consisted of 64 triangles, and the subjects completed a total of 16
blocks: 4 of each different trial type. The trial type and, therefore,
the rule for answering, changed between every block. Response
hands were counterbalanced.

EEG recording and processing

EEG was recorded with 64 channel actiCAP Ag/AgCl electrodes
(Gilching, Germany). EEG was digitized with a 512 Hz sampling
rate. The impedance of the electrodes was below 5k€Q. The ERP
analysis was conducted with Brain Vision Analyzer (Brain Pro-
ducts, Gilching, Germany). The EEG data were referenced offline
to linked mastoids (TP9 and TP10) and band-pass filtered (0.5—
30 Hz; 24 dB/octave). Eye movements were corrected based on a
semiautomatic independent component analysis. Epochs with
amplitudes > =100 uV were rejected. Single trials from 200 msec
pre- to 1800 msec post-stimulus (triangle) presentation were aver-
aged for each stimulus type.

Behavioral analysis

Mean values of RT and number of errors were measured for the
different conditions and for each subject. There were three different
error types: incorrect button presses, commission errors, and missed
responses. An incorrect response indicated an incorrect button press
to the orientation of the triangle during a Go trial. Incorrect error is
thought to reflect lapse in working memory or attention performance.
A commission error indicated a failure in withholding from re-
sponding on a NoGo trial. A commission error is thought to reflect
a failure in response inhibition. A miss indicated failure to respond
during a Go trial within a given time. Misses reflected inattention
and/or inability to initiate a response within the allowed time.

®

Schematic presentation of the modified executive reaction time (RT) test. Example of two trials. Subjects were instructed to

respond to the orientation of a triangle with a button press if a Go signal was presented after the triangle, and to withhold from
responding if a NoGo signal was presented. There were four different block types with identical sets of trials presented in random order,
but with different stimuli (spider, flower, green, red) serving as Go and NoGo signals. In the emotionally relevant condition, either a
spider was a G -signal and a flower was a NoGo signal or vice versa. In the emotionally irrelevant condition, one of the colors (red or
green) was a Go signal and the other a NoGo signal, with emotional stimuli serving as task-irrelevant distractors. Therefore, with
identical stimuli presented in different block types with the only difference being stimulus relevance to the task, mere physical
properties of the stimuli do not explain different effects in emotionally relevant and irrelevant conditions. Similarly, with emotional
(spider) and emotionally neutral stimuli (flower) constructed from the same line components, emotional effects observed in this study

cannot be explained by any lower level visual attributes.
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ERP analysis

ERPs were averaged according to valence of the emotional
stimuli (threat [NEG] or neutral [NEU]), relevance of the emotional
stimuli for the task (relevant [R] or not [NR]) and the response
signal (Go or NoGo). With visual inspection of the grand average
waveforms, we identified N2 and P3 peaks (see Fig. 2). The emo-
tion relevant condition led to longer reaction times and delayed N2
and P3 ERP peaks in comparison with the emotion irrelevant
condition. This was probably because the line drawing discrimi-
nation required in the emotion relevant condition was a harder task
than the color discrimination required in the emotion irrelevant
condition. Therefore, slightly different time windows for ERP peak
detection were used for the emotion relevant and irrelevant con-
ditions. The time windows were expressed from the onset of the
trial; that is, from the onset of the triangle presentation. The onset of
the Go-NoGo signal/Emotional stimuli was at 300 msec from the
trial onset. The time windows used for peak detection were 550—
700 msec (R), 500-650 msec (NR) for N2 and 700-800 msec (R),
650-750 (NR) for P3. We used N2-P3 peak-to-peak amplitude as a
general index of attentional and executive processing resource al-
location. Peak-to-peak amplitude measurement allows for sub-
tracting the effect of slow positive or negative ERP deflections
caused by other cognitive processes being concurrent with N2 and
P3 peaks, thus allowing for a better estimate of overall resource
allocation than a single peak measurement. We further used central
N2 and parietal P3 peak amplitudes as indexes of cognitive control
and attentional resources, correspondingly. The central region was
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chosen for investigating the anterior frontocentral N2, because the
N2 peak amplitude maxima was centrally located.

We further explored the time course of the ERPs by dividing the
interval between 550 and 850 msec into 50 msec time windows.
The mean amplitude in each time window was extracted, and these
data were used for statistical analysis. Identification of peaks and
computation of mean amplitudes were performed in MATLAB 12
(Math Works Inc., Natick, MA).

Statistical analysis

SPSS (SPSS Inc., Chicago, IL) was used for statistical analysis.
Normal distribution of the variables was tested statistically with the
Kolmogorov—Smirnov test. Repeated measures analysis of vari-
ance (RM-ANOVA) was performed on RTs, and different error
types with emotion (threat, neutral) and task relevance of the
symbolic stimuli (relevant, irrelevant) as within-subject factors and
group as the between-subject factor (control, mTBI).

The average scores from questionnaires for the ankle and mTBI
groups were compared with the Mann—Whitney U test. For RPCSQ
scores, the total symptom score and separate scores for different
kinds of symptoms were compared with three different categories:
somatic, emotional, and cognitive symptoms.

N2-P3 peak-to-peak amplitude was used as a general measure of
resource allocation. For statistical assessment of the ERPs, RM-
ANOVA was performed to test for group differences in N2-P3
amplitude separately for the Go and NoGo conditions with emotion
(threat, neutral), task relevance of the emotional stimuli (relevant,
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FIG. 2. Greater attention capture by task-relevant emotional stimuli in mild traumatic brain injury (mTBI). Threat-related Go signals
evoked greater N2-P3 amplitude than neutral signals in the mTBI group than in the control group. Parietal P3 showed a trend, and
central N2 showed a significant threat-related enhancement in the mTBI group. Grand average event-related potentials (ERPs) in

response to emotionally relevant Go mtrials are illustrated from nine

electrodes that were used to form frontal (F3, Fz, F4), central (C3,

Cz, C4), and parietal (P3, Pz, P4) regions of interest for statistical analysis. The bottom plots from left to right illustrate 1) average N2-

P3 peak-to-peak amplitudes across all regions of interest (frontal,

central, parietal); 2) central N2 peak; and 3) parietal P3 peak

amplitudes for mTBI and control groups in response to emotional (NEG) and emotionally neutral (NEU) control stimuli. Error bars

indicate standard error. **p <0.001.
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irrelevant), and EEG brain region (frontal, central, parietal) as
within-subject factors, and group (control, mTBI) as the between-
subject factor. To reduce the number of statistical comparisons and
to improve signal-to-noise ratio, we clustered electrodes over re-
gions of interest: frontal (F3, Fz, F4), central (C3, C4, Cz), and
parietal (P3, Pz, P4) areas. Because parietal P3 is especially im-
plicated in attentional allocation,? and frontal N2 is implicated in
control processes,>> we conducted a separate RM-ANOVA analy-
sis for P3 peak amplitude in the parietal region and N2 peak am-
plitude in the frontal region with emotion (threat, neutral) and task
relevance of the symbolic stimuli (relevant, irrelevant) as within-
subject factors, and group (control, mTBI) as the between-subject
factor.

Results
Questionnaires

There was a significant difference between the groups in the
RPCSQ overall emotional symptom score, with the mTBI group
reporting more emotional symptoms (1.81+3.16) than the control
group (0.41+£1.28, p<0.05). The symptoms categorized as emo-
tional were depressed/fearful feelings, frustration/impatience, irri-
tability/getting angry easily, and restlessness. There were no other
significant differences between groups in any of the other ques-
tionnaire scores including the BDI score, BRIEF-A total score, and
BRIEF-A subscores for different executive functions.

Behavioral results. The irrelevant condition was associated
with better performance than the relevant condition, including
faster RTs (F=119, p=0.05, effect size: 0.81). The groups per-
formed the task at comparable levels in general, with no difference
in RTs between the groups. However, mTBI patients were faster
than controls in the emotion relevant condition (post-hoc ¢ test in
the relevant condition, mTBI vs. controls: 7=2.13, p=0.039, effect
size =0.58). Threat-related stimuli were associated with faster RTs
than neutral ones (7=4.92, p<0.001, effect size =0.09). Speeding
of RTs was significant only when emotional stimuli were task
relevant; that is, threat-related Go signals (post-hoc ¢ test in the
relevant condition, threat vs neutral: 7=5.23, p<0.001, effect
size =0.17), and only in the mTBI group (post-hoc 7 test in mTBI in
the relevant condition, threat vs neutral: 7=6.59, p<0.001, effect
size=0.24). The groups had also comparable performance levels
with regard to accuracy, with no main effect of group for error
analysis. There was an interaction effect of emotion by relevance
by group (F=4.33, p=0.043) for commission errors, with the
mTBI group making more commission errors in the context of
threat-related distractors than controls (post-hoc ¢ test, threat, mTBI
vs. controls: 7=2.089, p=0.044, effect size=1.09).

Electrophysiological results. Threat-related stimuli evoked
greater N2-P3 amplitude in both Go and NoGo trials, suggesting
enhanced allocation of processing resources caused by emotional
stimuli in general (Go: F=19.2, p<0.001, effect size=0.18;
NoGo: F=15.8, p<0.001, effect size=0.2). Enhanced resource
allocation to emotional stimuli was seen only in the mTBI group
with task-relevant emotional Go signals evoking greater N2-P3
amplitude than neutral ones (Fig. 2) (interaction effect emotion by
group: p=0.013; post-hoc ¢ test in mTBI, threat vs. neutral:
T=5.53, p<0.001, effect size=0.42). In controls, significant
emotional enhancement of N2-P3 peak-to-peak amplitude was not
observed. Emotional enhancement of N2-P3 amplitudes were fur-
ther investigated by separate analysis of central N2 and parietal P3,
indexing cognitive control and attentional resources correspond-
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ingly. In contrast to controls, N2 peak amplitude was significantly
enhanced by emotional Go signals in the mTBI group (Fig. 2) (N2,
interaction effect emotion by group: F=8.13, p=0.007; post-hoc
t test in mTBI, threat vs. neutral: 7=7.3, p<0.001, effect size=
0.45). The emotional enhancement of parietal P3 peak was ap-
proaching significance (interaction effect emotion by group:
F=4.32, p=0.044; post-hoc ¢ test in mTBI, threat vs. neutral:
T=2.00, p=0.056, effect size=0.14).

The time window analysis showed that in the Go situation, and
when emotional stimuli (spider or flower) were relevant to the task,
there was a significantly greater negativity in response to threat-
related than to neutral stimuli from 550 to 600 msec in both groups.
Importantly, during the 600—650 msec interval, this difference was
still present in the mTBI group but not in controls. The greater
negativity lasted longer in the frontal plane in the mTBI group than
in controls.

NoGo trials engaging inhibitory cognitive control processes
evoked greater N2-P3 amplitude in the context of threat-related
stimuli. This threat-related enhancement of NoGo N2-P3 average
amplitude derived from the nine electrodes in the fronto-centro-
parietal region was significant only in the mTBI group (Fig. 3)
(interaction effect emotion by group: F=6.29, p=0.016; post-hoc
t test in mTBI, threat vs. neutral: 7=4.59, p<0.001, effect size=
0.32). Separate analysis on the contribution of the central N2 to this
emotion-related N2-P3 enhancement showed that central N2 for
NoGo trials was significantly enhanced by a threat-related context
in both the mTBI and control groups, with a trend toward a greater
effect in the mTBI group (emotion main effect: F=30.54,
p<0.001; interaction effect emotion by group: F=3.92, p=0.054;
post-hoc # test in mTBI, threat vs. neutral: 7=15.36, p <0.001, effect
size=0.29; post-hoc 7 test in controls, threat vs. neutral: 1=2.66,
p=0.016, effect size=0.16). There were no significant group or
emotion effects for parietal P3 in NoGo trials.

Discussion

This study provides novel evidence for altered emotion—attention
and emotion—executive function interaction in patients with a his-
tory of mTBI. mTBI patients allocated more attentional resources
to emotional stimuli, as was evidenced by the greater influence
of emotional stimuli on both behavior and brain physiology. We
reported enhanced attention allocation to threat-related stimuli
evidenced by increased N2-P3 amplitudes in the mTBI group.
Furthermore, in the mTBI group, enhanced attention allocation to
threat-related stimuli led to improved performance when the
emotional cue was relevant to the task, and impaired performance
when the emotional stimuli was irrelevant to the task.

Robust brain mechanisms within the limbic circuitry support
survival by allowing for automatic attention allocation to biologi-
cally threatening stimuli such as spiders. Bottom-up influence of
emotionally threatening stimuli is controlled by top-down mecha-
nisms suppressing undue emotional reactivity. In the current study,
we used line drawings of spiders to study threat-related attention
allocation. In order to control for low-level visual features, line
drawings of spiders were used as emotional stimuli, whereas the
emotionally neutral control stimuli were constructed from identi-
cal visual components, but in a different configuration. Identical
low-level visual attributes are unobtainable with natural scenes
or photographs. Emotional stimuli depending upon low-visual—
spatial-frequency information have been shown to readily activate
the amygdala.®® Furthermore, similar line drawings of spiders have
been shown to have robust influence on attention networks and
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FIG. 3. Altered emotion—cognitive control interaction in mild traumatic brain injury (mTBI). Threat-related stimuli were associated
with greater N2-P3 amplitude in response to NoGo trials in the mTBI group than were neutral stimuli. Central N2 enhancement in
response to emotional stimuli was observed both in the mTBI group and in controls, with a tendency toward greater effect in mTBI.
Grand average event-related potentials (ERPs) evoked by all NoGo trials are illustrated in the left, midline, and right frontal (F3, Fz, F4),
central (C3, Cz, C4), and parietal (P3, Pz, P4) electrodes that were used to obtain amplitude measurements for the three regions of
interest. Bottom plots from left to right illustrate 1) average N2-P3 peak-to-peak amplitudes across fronto-centro-parietal region, 2)
central N2 peak, and 3) parietal P3 peak amplitudes for mTBI and control groups in response to emotional (NEG) and emotionally

neutral (NEU) control stimuli in all NoGo trials. Error bars indicate standard error. *p <0.05; **p <0.001.

behavior.'”*!** Therefore, the spider stimuli used in this study
presumably activated automatic threat-related processes in the
limbic circuitries with prioritized access to attention networks.
Despite the challenges of controlling for other visual attributes
when using more natural emotional and social stimuli, future
studies with such stimuli will provide important further insight into
emotion—attention interaction and its possible alterations in mTBI
patients.

mTBI patients allocated more attentional resources to emotional
stimuli than did control subjects, both when emotional stimuli were
relevant and when they were irrelevant to the task. Attentional
allocation to an emotionally relevant condition seemed to be en-
hanced in mTBI patients in contrast to control subjects, with en-
hanced response speed and increased ERPs in response to
emotionally relevant Go trials. When attentional allocation was
enhanced to emotional stimuli that were relevant to the task, per-
formance improved. On the contrary, when emotional stimuli were
irrelevant to the task and they competed for the attentional re-
sources with task-relevant stimuli, task performance suffered. In
NoGo trials, emotional stimuli independent of relevance captured
attentional resources more than neutral stimuli, and to a greater
extent in the mTBI group than in controls, as evidenced by an
enhanced N2-P3 NoGo response. Attentional allocation to threat-
related stimuli was disruptive to behavior when emotional stimuli
were distractors. mTBI patients made more commission errors; that

is, errors in which response inhibition failed in the context of
emotional distractors.

The phenomenon called ‘“‘negativity bias’ suggests that allo-
cation of attentional resources is biased toward negative stimuli in
general.®® This is in accordance with our findings with both groups
being faster with relevant emotional stimuli, and experiencing
greater negativity in response to threat-related stimuli than to
neutral stimuli in the ERPs between 550 and 600 msec in a Go
situation, indicating that threat recruits more attentional resources
than do neutral distractors in general. In our study, it seemed as if
mTBI led to even stronger prioritization and prolonged processing
of emotionally negative, threat-related stimuli. In the mTBI group
only, the enhanced negativity evoked by emotional stimuli was still
present between 600 and 650 msec, reflecting prolonged attention
allocation to emotional stimuli or delayed disengagement of at-
tention away from emotional stimuli back to the task.

The prefrontal cortex is thought to be susceptible to brain injury.
Inefficiently functioning frontal circuitries in mTBI might reduce
frontal filtering of or frontal top-down control of emotional signals,
leading to greater attention allocation to and impact of emotional
stimuli. Emotional stimuli call for the executive processing re-
sources required for controlling emotional reactivity and adjusting
behavior appropriately. Even though affective and higher cognitive
control functions depend upon distinct neural circuitries, these
circuitries and their functions are intricately interconnected,36 with
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bidirectional interactions. The dual competition framework sug-
gests that emotional content creates competition between executive
functions and the perceptional resources, resulting in either im-
paired or improved task performance.’’ Emotional stimuli can ei-
ther enhance or impair task execution depending upon several
emotion-, task-, and subject-related factors, ! #19-31:34.38 Therefore,
processing resources needed for performing executive functions
required by the task may be compromised by unexpected engage-
ment of executive functions by emotional stimuli. We have pre-
viously shown that in healthy subjects, threat-related stimuli lead to
compromised inhibitory executive control functions, as evidenced
by increased commission errors in a context of threat-related dis-
tractors.>* In the current study, although the overall performance of
the mTBI patients was comparable with that of the control group, it
may be that the task exhausted the executive processing resources
in the mTBI group, leaving fewer available resources for top-down
control of emotional stimuli, thus allowing for greater impact of
emotional stimuli on behavior and brain responses.

Attentional control relying on the prefrontal cortex and the cin-
gulum allows diminished attention allocation to emotional stimuli.*®
Decreased functional connectivity in brain regions controlling the
emotion regulation; that is, between the rostral anterior cingulate
cortex (rACC) and the amygdala, has been reported in TBL.*® En-
hanced bottom-up influence of threat-related stimuli caused by de-
ficient top-down control, especially when control resources are
exhausted, might be one of the mechanisms of emotional symptoms
after mTBI. Evidence for high trait anxiety causing increased at-
tention allocation to negative or threat-related stimuli, and an in-
ability to actively recruit prefrontal control mechanisms to inhibit
this effect have been reported.*' Even though in this study, mTBI
patients did not significantly differ in depression scores from con-
trols, high depression rates, even without a previous history of de-
pression*” and regardless of the severity of the injury, seem to be a
notorious consequence of TBL.** In our study, the mTBI group re-
ported having more emotional symptoms including irritability, de-
pression, lack of patience, and restlessness in the RPCSQ after the
injury than the control group. This difference in emotional symptom
scores was seen when all emotional symptoms, including those that
were not currently present, were counted in the score.

The N2-P3 complex of ERPs is thought to reflect response in-
hibition in a Go-NoGo task.** We detected a greater N2-P3 am-
plitude in response to threat-related stimuli in a NoGo situation in
the mTBI group. It has been argued that in a NoGo emotional
situation, both automatic response inhibition and emotional pro-
cessing are occurring simultaneously, producing a larger amplitude
in P3.*>% The larger N2-P3 amplitude in the mTBI group could,
therefore, reflect stronger attentional and executive resource allo-
cation to emotional signals.

N2-P3 amplitude has been linked with the amount of attention
allocation, as indexed with subsequent viewing time to novel stim-
uli.*? One of the benefits of N2-P3 peak-to-peak amplitude mea-
surement as an index of processing resource allocation is thatitallows
for subtracting the effect of slow ERP deflections caused by other
cognitive processes concurrent with N2 and P3 peaks. As indexed
with N2-P3 amplitude, we found evidence for greater processing
resources allocated by mTBI patients in the context of threat both in
Go and in NoGo trials. In Go trials, this emotional enhancement was
seen only when emotional stimuli were relevant to the task.

In a separate analysis of the N2 and P3 peaks, we found en-
hanced emotional modulation of both central N2 and parietal P3 in
response to Go signal in the mTBI Group. Parietal P3 amplitude has
been suggested to reflect increased attentional resources to moti-
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vationally significant stimuli,>>?” whereas frontocentral N2 has

been linked with many different cognitive processes, with cognitive
control encompassing majority of them.”® Future studies, with
careful analysis of the different cognitive control processes po-
tentially temporarily overlapping with and contributing to the
emotional modulation of frontocentral N2, are needed for deeper
understanding of the mechanisms of the altered emotion—cognitive
control interaction in mTBI observed in this study. However, in the
framework of N2 reflecting the amount of top-down control needed
for the task performance, N2 enhancement caused by emotion
might reflect the additional top-down control needed in the face of
threat-related signals in general. Central N2 amplitude was also
augmented by emotion in NoGo trials, with a trend toward en-
hanced effect in the MTBI group. Although we found evidence for
enhanced attention allocation, we also found evidence for enhanced
allocation of control resources in response to threat in mTBI, as
indexed by emotional enhancement of both parietal P3 and central
N2 amplitudes. Greater allocation of control resources might be a
compensatory mechanism to overcome less efficient cognitive
control processes in mTBI.

In the light of the current results, mTBI patients allocated more
attentional and cognitive control resources to threat. In general, the
mTBI patients performed at comparable levels to controls, and even
better than controls when the emotional signal was relevant to the
task. However, there might be a cost to the excess allocation of
attentional and control resources to threat. Excess allocation of at-
tentional resources to threat might contribute to the emotional
symptoms, and make mTBI patients more susceptible to depression.

Although the MTBI group reported more emotion related
symptoms in post-concussion questionnaire (RPCS), the groups did
not differ in depression measures, overall symptoms scores, or their
subjective report of everyday executive functioning as measured
with BRIEF. However, both the attention performance measures
and the brain’s evoked responses point toward enhanced emotional
reactivity in the mTBI group.

Conclusion

mTBI may be associated with enhanced allocation of attentional
and executive resources to threat-related stimuli. In addition to
behavioral evidence for enhanced attention allocation to threat-
related stimuli, increased brain responses to threat were observed in
mTBI. Enhanced attention capture by threat-related emotional
stimuli may reflect threat detection bias, and might contribute to
affective symptoms in MTBI. This study highlights the need for
further studies in emotion—attention interaction in MTBI. Further,
our study introduces a way to objectively assess emotional reac-
tivity as reflected in behavior and brain physiology in mTBI.
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