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Abstract

Continuous monitoring of one’s performance is invaluable for guiding behavior towards
successful goal attainment by identifying deficits and strategically adjusting responses when
performance is inadequate. In the present study, we exploited the advantages of event-related
functional magnetic resonance imaging (fMRI) to examine brain activity associated with error-
related processing after severe traumatic brain injury (sTBI). fMRI and behavioral data were
acquired while 10 sTBI participants and 12 neurologically-healthy controls performed a task-
switching cued-Stroop task. fMRI data were analyzed using a random-effects whole-brain voxel-
wise general linear model and planned linear contrasts. Behaviorally, sTBI patients showed greater
error-rate interference than neurologically-normal controls. fMRI data revealed that, compared to
controls, sTBI patients showed greater magnitude error-related activation in the anterior cingulate
cortex (ACC) and an increase in the overall spatial extent of error-related activation across cortical
and subcortical regions. Implications for future research and potential limitations in conducting
fMRI research in neurologically-impaired populations are discussed, as well as some potential
benefits of employing multimodal imaging (e.g., fMRI and event-related potentials) of cognitive
control processes in TBI.
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1. Introduction

Physical and neurobehavioral impairments are common sequelae of traumatic brain injury
(TBI; Horn & Sherer, 1999), however, even in patients with good neurological recovery,
persistent cognitive deficits are among the most pronounced and frequent complaints of TBI
survivors (Cicerone et al., 2005; Lovell & Franzen, 1994). Severity-related impairments in
“cognitive control,” a set of higher-order executive processes supported by the prefrontal
cortex and critical to executive function (Lorist, Boksem, & Ridderinkhof, 2005; Miller,
2000; Miller & Cohen, 2001), are thought to underlie some aspects of enduring cognitive
dysfunction after brain injury (Larson, Farrer, & Clayson, in press; Larson, Perlstein,
Demery, & Stigge-Kaufman, 2006; Larson, Stigge-Kaufman, Schmulfass, & Perlstein,
2007a; Perlstein, Cole, Dixit, & Demery, 2004; Perlstein, Larson, Dotson, & Kelly, 2006;
Scheibel et al., 2007; Seignourel et al., 2005; Soeda et al., 2005), and current theories of
neurobehavioral dysfunction in TBI have been based on observed impairments in cognitive
control component processes (Anderson, Levin, & Jacobs, 2002; Burgess & Robertson,
2002; Larson et al., 2006; Larson et al., 2007a; Levine, Katz, Dade, & Black, 2002; Perlstein
etal., 2006).

Numerous functional magnetic resonance imaging (fMRI) studies (i.e., Carter, Botvinick, &
Cohen et al., 1999; MacDonald, Cohen, Stenger, & Carter, 2000) suggest that cognitive
control comprises two broad component processes implemented in a closely interactive, yet
dissociable frontal neural network: a regulative/strategic component supporting the
maintenance of task goals, allocation of limited attentional resources, and the
implementation of top-down control (MacDonald et al., 2000), and an anterior cingulate
cortex (ACC)-mediated evaluative component that supports conflict processing and
performance monitoring (i.e., Carter & van Veen, 2007; Kerns et al., 2004; van Veen &
Carter, 2002; van Veen & Carter, 2006). These evaluative monitoring processes serve to
adjust behavioral performance toward goal attainment based on the detection of performance
errors (Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 2004). Continuous performance
monitoring is important for guiding behavior towards successful goal-attainment by
detecting deficiencies and strategically adjusting responses when current performance is
inadequate. An understanding of the neural basis underlying error-related processing is
critical not only to identifying the mechanisms through which cognitive control is executed,
but also because impairments in self-awareness in TBI patients may partially arise from
impaired performance-monitoring abilities (Larson & Perlstein, 2009; O’Keeffe, Dockree, &
Robertson, 2004).

Whereas numerous studies of impaired executive function following brain injury have
focused their attention on examining the impairment of top-down regulative processes of
cognitive control that rely heavily on the dIPFC (i.e., Christodoulou et al., 2001; Larson et
al., 2006; McAllister et al., 2001; Perlstein, Cole, Dixit, & Demery, 2004, Perlstein et al.,
2006; Seignourel et al., 2005), research examining the impairment of performance
monitoring functions of cognitive control, or the potential role that alterations in ACC
function contribute to cognitive dysfunction after brain injury is limited (i.e., Larson et al.,
2007a; Scheibel et al., 2003; Soeda et al., 2005). Importantly, available neuroimaging and
electrophysiological findings from studies conducted both in- and-outside of our laboratory
have provided evidence demonstrating alterations in ACC-mediated evaluative activity in
TBI patients. Specifically, electrophysiological studies have demonstrated that TBI patients
display attenuated scalp-recorded event-related potential (ERP) components thought to
reflect ACC-mediated evaluative monitoring aspects of control including the conflict-related
N450 (Perlstein et al., 2006), error-related negativity (ERN; Larson et al., 2007a; Stemmer,
Segalowitz, Witzke, & Schonle, 2004), and feedback-related negativity (FRN; Larson,
Kelly, Stigge-Kaufman, Schmalfuss, & Perlstein, 2007b). Similarly, alterations in ACC-
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mediated evaluative activation have also been observed using fMRI, however, results have
been contradictory. For example, Soeda and colleagues (2005) observed reduced ACC
activation in TBI patients during completion of a modified Stroop task that elicited a high
degree of response conflict, Scheibel and colleagues (2007) observed greater ACC
activation in TBI patients during completion of a stimulus-response compatibility cognitive
control task. Findings from both studies (Scheibel et al., 2007; Soeda et al. 2005) suggest
that neural networks mediating cognitive control and evaluative processes of control are
disrupted after brain injury; however, these findings do not account for error-related activity,
and methodological limitations (i.e., use of blocked fMRI designs) in the studies described
above also preclude full interpretation of results.

In the present study, we build upon available research findings and address the
methodological limitations described above by exploiting the advantages of event-related
fMRI which enables us to separately evaluate correct- and incorrect-trial response activity
and, therefore, to examine potential alterations of activity reflecting error-related processing
after TBI. Specifically, we tested the hypothesis that in comparison to healthy controls,
patients with severe TBI (sTBI) would show smaller magnitude error-related activation of
the ACC during completion of a cued-Stroop task, a cognitive task that has been found to
reliably elicit a high degree of cognitive control and response conflict (Kerns et al., 2004;
West, 2003).

2. Materials and methods

2.1 Participants

Ten individuals with sTBI were recruited from two Northern Florida trauma and
rehabilitation hospitals and the local community, including meetings of the Florida Brain
Injury Association, the Brain and Spinal Cord Injury Program of Florida, and local Brain
Injury Association support groups. Twelve demographically-similar control participants
were recruited by advertisement from the local community. All individuals provided written
informed consent in accordance with procedures established by the University of Florida
Health Science Center Institutional Review Board and received financial compensation for
participation in the study. All ten participants with sTBI and eleven of the control
participants also participated in our electrophysiological studies of cognitive control and
error processing (Larson et al., 2007a; Larson et al., 2009; Larson & Perlstein, 2009).

Severity of TBI was determined by medical record review of lowest post-resuscitation
Glasgow Coma Scale (GCS) score (Teasdale & Jennett, 1974); sTBI was defined as a GCS
score <9. Neuroradiological findings taken from acute computerized tomography (CT) scans
and neuroradiologist interpretation of the current structural MRI scans. Duration of loss of
consciousness (LOC) and duration of post-traumatic amnesia (PTA) were acquired from
medical record review or, when LOC and PTA information were not available in medical
records, from structured participant and significant other interview (King, et al., 1997;
McMillan, Jongen, & Greenwood, 1996). Data for LOC and PTA indicated all TBI
participants met criteria for sTBI as traditionally defined by LOC > 6 hours and/or PTA > 7
days (Bigler, 1990; Bond, 1986). Only patients who did not exhibit current PTA were
included.

Potential participants were excluded from the study for the following reasons: history of
schizophrenia or bipolar disorder, substance abuse disorder, attention-deficit hyperactivity
disorder, learning disability, inpatient psychiatric treatment predating brain injury,
clinically-significant depression or anxiety predating brain injury by no more than two years,
or substance use within two weeks of testing or of sustained abuse over the past year. In
addition, any individual with any type of prior TBI, penetrating head injury, or neurological
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disorder (i.e., stroke, seizure disorder) not directly related to the TBI was excluded from
participation. Non-native English speakers, individuals below 18 or above 55 years of age,
patients with language comprehension deficits, dominant hand or finger mobility
impairments, uncorrected visual impairment, current anti-epileptic medication use, color-
blindness, or patients involved in current litigation were also excluded from participation.

Demographic characteristics for all participants are presented in Table 1; injury
characteristics (i.e., duration of LOC) and neuroradiological findings for individuals with
STBI are presented in Table 2. Participants with TBI were at least 3 months post-injury, with
the exception of one TBI survivor (2 months post-injury) whose functional abilities were
sufficient to return to work. Gender distribution was not significantly different between
groups, x2(1) = 0.22, p = .69 (TBI: 6 male/4 female; Control: 6 male/6 female), and groups
did not significantly differ for age, education, and parental education (all ps > .05; see Table
1).

2.2. Assessment of Functioning

All participants underwent a comprehensive screening of medical, psychiatric, and
psychosocial history, including assessment of pre- and post-morbid functioning and self-
reported symptomatology. Estimation of premorbid intellectual functioning was determined
using the North American Adult Reading Test (NAART; Blair & Spreen, 1989; Spreen &
Strauss, 1991). As shown in Table 1, relative to controls, participants with TBI committed
significantly greater NAART errors, resulting in a significantly lower estimate of premorbid
intellectual functioning in TBI participants. However, mean NAART-estimated premorbid
WAIS-R FSIQ scores (Spreen & Strauss, 1991), while different between groups, both fell
within the average range of intellectual functioning (Wechsler, 1981).

Participants also completed the Beck Depression Inventory — Second Edition, (BDI-II; Beck,
Steer, & Brown, 1996) and State-Trait Anxiety Inventory (STAI; Spielberger, Gorsuch, &
Lushene, 1970), to assess current levels of depressive and anxiety symptomatology,
respectively. As shown in Table 1, groups did not differ in the extent to which they endorsed
symptoms of either state or trait anxiety; however, TBI participants endorsed significantly
greater depressive symptoms than the control group. Though mean BDI-II scores were
greater for TBI than control participants, means for both group were below clinical cut-off
levels for depression (i.e., 13 for mild depression; Beck et al., 1996). Additionally, although
one control participant and four TBI patients had BDI-11 scores reflective of mild depression
(i.e., 14; Beck et al., 1996), the overall pattern of functional imaging results did not
significantly differ when high-negative affect individuals (i.e., BDI > 14) were excluded
from subsequent follow-up analyses, and as such, all participants were included in the
analyses reported below?.

2.3. Cognitive Activation Task

Participants were scanned while they performed a version of the task-switching cued-Stroop
task (Cohen, Barch, Carter, & Servan-Schreiber, 1999) which was also used in our previous
behavioral (Seignourel et al., 2005) and ERP (Perlstein et al., 2006) studies. The task is
schematicized in Figure 1. At the beginning of each trial, participants were presented
visually with an instructional cue (the word “color” or “word”) followed after a delay by the
probe (i.e., Stroop) stimulus. Participants were instructed to respond manually to the
stimulus as designated by the instructional cue, as quickly and accurately as possible.
Participants performed two tasks as specified by the instructional cue: word reading and

2ACC error-related activity did not significantly correlate with BDI scores, collapsed across groups or for each group separately (rs

<.025, ps > .27).
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color naming. In the word-reading task, participants silently read the probe word; in the
color-naming task, they silently named the printed color of the probe word. Three font
colors and color words were used (red, green, blue) and presented in each of two congruency
conditions (congruent, incongruent). Congruent stimuli consisted of one of the three color
names presented in its own color (i.e., “RED” printed in red); incongruent stimuli consisted
of a color name presented in one of the two remaining colors (i.e., “RED” printed in blue).
Participants were instructed to respond manually, as quickly and accurately as possible, by
pressing one of three color-coded response keys using the index, middle, and ring fingers on
their right hand.

Timing parameters for trial events were: cue-probe delay = 12.5s, probe-cue delay = 10s, for
a total trial duration of 22.5s. Instructional cues and probe stimuli were presented for 1.5s
each. Participants performed 16 blocks of 12 trials each for a total of 192 trials distributed
equally across task conditions (i.e., color naming, word reading, congruent, and
incongruent). Trial conditions were presented pseudo-randomly with the constraint that an
equal number of conditions occurred within each block.

All participants were trained in color-button response mapping to at least 80% prior to
entering the scanner. Though participants received feedback regarding their performance on
the color-button response mapping training, they did not receive feedback on their in-
scanner performance on the cued-Stroop task. E-Prime software 1.1 (Psychology Software
Tools, Pittsburgh, PA) was used to generate stimuli and record behavioral response accuracy
and RTs and an Integrated Functional Imaging System (IFIS; Psychology Software Tools,
Pittsburgh, PA) 5-button MR compatible response box was used to acquire participant’s
behavioral responses.

2.4. Functional Image Data Acquisition and Reduction

MRI scanning was conducted using a research-dedicated Siemens Allegra 3-Tesla MRI head
scanner equipped with a standard head radio frequency coil. Task stimuli were presented
using an LCD screen mounted above the participant’s head with IFIS hardware. Functional
images were acquired in 35 axial slices rotated approximately 30° above the anterior
commissure-posterior commissure (AC-PC) line using a T2*-weighted EPI pulse sequence
(repetition time, TR=2500ms; echo time, TE=30ms; flip angle, FA=90°; field of view,
FOV=24cm; 64 x 64 voxels at 3.75mm?3 with .4mm slice gap). The 30° AC-PC line offset
was used to decrease signal loss from the orbitofrontal cortex due to susceptibility artifact
(McClure, Laibson, Loewenstein, & Cohen, 2004). Prior to functional scanning, a T1-
weighted MP-RAGE high-resolution 3D anatomical image was acquired (160 1-mm thick
slices; TR = 2000ms; TE = 4.13ms; FA = 8°; matrix = 512 x 512 voxels; FOV = 24cm) for
evaluation of structural abnormalities, and to enable transformation of functional data into
standard reporting space (Talairach & Tournoux, 1988). Each of 16 12-trial blocks was 4
min and 35s in duration, and total functional scanning time was approximately 80 min. Scan
acquisition was time-locked to each trial-event onset (i.e., cue and probe) and lasted the
entire duration of each 22.5s trial, allowing for acquisition of 108 total volumes per
functional run (i.e, 9 images per trial).

Imaging data were processed using BrainVoyager (BVQX 2.10s; Brain Innovation,
Maastricht, the Netherlands). Image preprocessing consisted of rigid-body 3-dimensional
motion correction using trilinear interpolation, slice-scan time correction using sinc
interpolation to account for potential timing differences across individual-slice acquisition,
spatial smoothing with a 3D 8-mm full-width at half maximum (FWHM) Gaussian kernel to
accommodate between-subject differences in brain anatomy, voxel-wise linear detrending,
and high-pass filtering of frequencies below 3 cycles per time course to remove low-
frequency nonlinear drifts. Initial co-registration of functional images to their respective
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high resolution three-dimensional anatomical volumes was completed using standard BVQX
co-registration procedures; subsequent manual alignment was conducted as needed based on
visual inspection of alignment adequacy. To enable groupwise analyses of functional
imaging data, all images were spatially normalized into standard stereotactic Talairach space
(Talairach & Tournoux, 1988) using the standard 9-parameter landmark Talairach method
defined on each individual’s anatomical volume.

2.5. Data Analyses

2.5.1. Behavioral Performance Data—Stroop response time (RT) and error rate data
were analyzed separately using JMP 6.0.3 software (SAS Institute Inc., Cary, NC, USA).
For each participant and condition, median correct-trial RTs and mean error rates were
calculated. RTs and error rates were analyzed separately using 2-Group x 2-Task (word
reading, color naming) x 2-Condition (congruent, incongruent) mixed-model restricted
maximum likelihood analyses of variance (REML-ANOVAS). Interaction effects were
decomposed using least-square means contrasts. Where relevant, Cohen’s d with pooled
standard deviation (Cohen, 1988) for between-group comparisons is reported as a measure
of effect size.

2.5.2. fMRI Data—Imaging data were analyzed using two complementary approaches—
between-group and individual-group—based on whole-brain voxel-wise statistical tests and
follow-up contrasts on signal intensity in identified regions. In both cases, the percent
transformed functional time courses were analyzed using a two-step general linear modeling
(GLM) approach (Friston et al., 1995) using BrainVVoyager QX v1.10.4. First, a separate
fixed-effects GLM was specified for each participant, with separate predictors created for
accuracy (correct, incorrect) and each trial event (cue, probe), collapsed across task and
congruency conditions and resulting in a total of 4 predictors. The hemodynamic response
for each event was estimated by convolving each regressor with a standard two-gamma
function (Boynton, Engel, Glover & Heeger, 1996; onset = 0, response undershoot ratio = 6,
time to response peak = 5s, time to undershoot peak = 15s, response dispersion = 1,
undershoot dispersion = 1) spanning two functional volumes associated with the onset of cue
events (to capture the sustained component of activation), and one functional volume
associated with the onset of probe events (to capture the transient component of activation).
For each voxel and trial event/accuracy condition a parameter estimate () was generated
that indicated the strength of covariance between the data and the hemodynamic response
function (HRF). Second, probe-related imaging data were analyzed with voxel-wise, mixed-
model, 2-Group (controls, TBIs) x 2-Accuracy (correct, incorrect) analyses of variance
(ANOVAS; subject = random factor) wherein linear contrasts on parameter estimates
comparing probe-related correct and incorrect trials were calculated for each participant, and
the results were submitted to group analyses that treated inter-subject variability as a random
effect. Planned statistical contrasts examined error-related activity (error vs. correct trials)
within each group for the individual-group analyses and, for the between-group analyses, a
between-group ANOVA examined the Group x Accuracy interaction. A significance level
of p<.01 and a 12-voxel three-dimensional contiguity (Forman et al., 1995; as estimated
using the BrainVVoyager plugin written by Fabrizio Esposito to extend from 2D to 3D
statistical maps; Goebel, Esposito & Formisano, 2006) were used as thresholds for statistical
maps; these criteria ensure that the probability of Type I error is less than 5% (Forman et al.,
1995). Anatomical localization of suprathreshold activity was determined using the “nearest
gray matter search” option of Talairach Daemon software
(http://ric.uthsca.edu/project/talairachdaemon.html; Lancaster et al., 2000) by overlaying
statistical maps onto the reference structural image transformed into standard reporting
coordinates (Talairach & Tournoux, 1988).
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3. Results

3.1. Task Performance

RTs and error rates for the cued-Stroop task (Figure 2) were positively and not significantly
correlated for control, r(11) = .26, p > .41, or TBI participants, r(9) = .54, p > .10,
suggesting that speed-accuracy trade-off was not a significant factor in task performance for
either group.

3.1.1. Reaction Time—A mixed-model 2-Group x 2-Task x 2-Congruency REML
ANOVA revealed only a significant main effect of congruency, F(1,148) = 118.88, p <.
0001, reflecting the expected Stroop RT interference effect wherein RTs were longer during
the incongruent than congruent condition. There was also a trend-level Group x Congruency
interaction, F(1, 148) = 3.20, p < .08, indicating that sTBI participants showed marginally
greater RT interference (293.9 ms £ 190.6) than controls (211.0 ms £ 116.6).

3.1.2. Error Rates—A 2-Group x 2-Task x 2-Congruency REML-ANOVA revealed
significant main effects of group, F(1,20) = 6.97, p < .02, and congruency, F(1,148) = 54.38,
p < .0001. TBI participants committed significantly more errors than controls, and error
rates were higher to incongruent than congruent stimuli. A significant Group x Congruency
interaction, F(1,148) = 10.11, p < .002, reflected greater error-rate interference in patients
than controls; least-squares means contrasts revealed that the two groups did not differ in
error rates on the congruent condition, t(20) = 1.18, p > .24, d = .51, but did differ on the
incongruent condition, t(20) = 3.68, p <.001, d = 1.54, while both groups showed significant
error-rate interference, ts > 3.11, ps <.0025, ds > 2.44.

3.2. Imaging Datal

3.2.1. Between-Groups Analysis—The between-groups comparison used voxel-wise
Group x Accuracy ANOVAs to provide a direct quantitative comparison of signal intensities
across the two groups. Significant main effects of accuracy, reflecting greater activity
following incorrect than correct responses, were obtained in a number of regions previously
shown to be engaged during error processing, including the ACC extending into the
supplementary motor area, bilateral insula, inferior frontal gyrus, bilateral inferior parietal
lobule and precuneus. Table 3 provides locations at peak t-values for separable clusters of
error-related activation; Figure 3 illustrates regions of error-related activation. The main
effect of group revealed that activity was greater in TBI patients than controls in 14 regions,
whereas activity in 13 regions was greater in controls than patients (Table 4).

More central to the aims of the current research was the predicted Group x Accuracy
interaction (Table 5) in the ACC, as well as a region of the cerebellum. In contrast to our
predictions, follow-up examination of beta weights for activity in the right ACC cluster that
emerged in the Group x Accuracy interaction revealed greater activation in sSTBI patients,
but not controls, to incorrect trials only (Figure 4); TBI patients showed greater error-related
ACC activity than controls, t(20) = 2.62, p < .01), while the two groups did not differ in
ACC activity to correct responses, t(20) < 1.0, p > .15), as determined by least-squares
means contrasts. Unexpectedly, paired t-tests showed that while TBI patients showed
significant error-related increases in activity within this region of the ACC, t(9) =5.13,p <.
0003, controls did not, t(11) < 1.0, p > .5.

170 examine the possibility that movement artifacts might have systematically impaired detection of cortical activation in patients, we
analyzed the average movement parameters for mean estimated translational and rotational inter-scan displacement. Average
translational and rotational inter-scan displacement was less than 1 voxel dimension (3.8mm) and 1°, respectively. Analysis of group
and condition-related effects did not reveal any significant differences (Fs < 2.81, ps > .10) in movement, suggesting that observed
group differences in activation were not due to systematic differences in head movement.
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3.2.2. Individual-Group Analysis—These analyses employed voxel-wise linear
contrasts comparing effect of accuracy (i.e., error vs. correct probe response) to evaluate
error-related activity within the two groups separately. Results for both groups showed
several cortical regions wherein error-related activity exceeded correct trial activity, and
were largely similar with respect to the number of regions showing suprathreshold activation
(see Table 6).

3.2.4. Spatial Extent of Error-Related Activation—We also examined the overall
spatial extent of error-related activation within each group. Based on previous findings of
more widespread activation in TBI survivors than neurologically-normal controls, we
predicted that the current sample of TBI patients would similarly show greater spatial extent
of error-related activation. Toward this end, we calculated the median number of error-
related suprathreshold voxels (p < .01, 12 voxel contiguity) for each subject and, since the
number of clusters of activation differed across participants, calculated the median number
of suprathreshold voxels across clusters for each participant. As the variances across groups
were unequal (as revealed by Levine’s test, F(1, 19) = 12.97, p <.002), we employed Welch
ANOVA testing for equal means allowing unequal variances across group. In accord with
predictions, TBI patients showed a larger median number of voxels activated during error-
related activity (Mean = 103.5 £ SD = 81.7) than controls (Mean = 32.1 + SD = 25.6), F(1,
10.6) = 7.03, p < .025, Cohen’s d =1.11.3

4. Discussion

We examined error-related brain activity in survivors of STBI using event-related fMRI
acquired in the context of performing a Stroop task. Our primary aim was to determine if,
relative to demographically-similar healthy controls, sTBI participants exhibit altered error-
related activity reflective of impaired performance monitoring. Our initial prediction was
that sSTBI patients would exhibit reduced error-related activity in the ACC. However,
contrary to this prediction, sTBI patients showed greater magnitude of error-related
activation within the ACC and more extensive cortical and subcortical activation. This
combination of findings suggests that while TBI patients demonstrated greater errors than
controls during task-performance, the postulated neural underpinnings of error-related
processing within our sample of TBI patients was largely intact, though more widespread.
Our findings of greater ACC activation and increased spatial extent in STBI participants than
controls suggests altered neural substrates for error-related processing in sSTBI patients.

Consistency of our findings is mixed when compared with previous fMRI studies that report
alteration of activation within the ACC following TBI (i.e., Easdon, Levine, O’Connor,
Tisserand, & Hevenor, 2004; Scheibel et al., 2007; Soeda et al., 2005). For example,
reduction in ACC activation has been reported in patients with TBI during completion of a
“go-stop” task (Easdon et al., 2004) and a Stroop task (Soeda et al., 2005), findings that may
reflect injury-related disruption of neural networks. In contrast, Scheibel et al. (2007)
observed greater magnitude of activation within the ACC in TBI patients compared to
orthopedic-injury controls during completion of a stimulus-response incompatibility task.
These findings may suggest compensation for inefficient cognitive processes in the neural
networks mediating cognitive control.

3we performed a test for detecting outliers (using the extreme studentized deviate, ESD, method; Rosner, 1983) in the spatial-extent
data due to the presence of one control participant that showed to be a potential outlier in the normal probability plot of all subjects.
Results of the ESD test revealed that this participants’ voxel count exceeded 4 standard deviations of the mean for the voxel counts of
the two groups combined. Thus, results of the ESD test reveal that this participants’ voxel count was a significant outlier, Z = 4.48, p
<.05. Consequently, this participants’ data were excluded from analysis of the spatial-extent data.
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One possible explanation for the contradictory findings across studies may be due to
methodological differences. For example, both Soeda and colleagues (2005) and Easdon and
colleagues (2004) employed fixed-effects analyses of their imaging data, which may bias
there results due to the influence of single observations, while use of block design fMRI by
Scheibel et al. (2007) potentially confounds examination of several task-relevant effects by
including both correct and incorrect trials in their analyses. Methodological advantages in
the present study such as use of random-effects analyses and event-related fMRI acquisition
may help shed light on these important issues. For example, rather than collapse activation
for incorrect and correct trials, we directly compared activation for correct and incorrect
trials, an important distinction given that findings of intact ACC activation by Scheibel et al.
(2007) were collapsed across successful and incorrect trials.

Irrespective of methodological differences, our findings suggest that sTBI patients
demonstrated greater magnitude and extent of activation of brain regions within and outside
our primary region of interest (i.e., ACC) than controls during error-related processing.
However, this increased activation did not improve task-performance, as TBI patients
committed significantly greater errors across conditions than controls. That is, individuals
with TBI had more diffuse and stronger activity than controls. Parsimoniously, this would
suggest that damage to the brain affects normal error processing, and that post-injury,
alternate and additional forms of processing that have yet to be understood occur that may or
may not improve task performance. Whereas some researchers may suggest such diffuse
activation represents the inefficient use of neural resources, the apparently greater
magnitude and extent of activation of brain regions outside our primary region of interest
(i.e. ACC) in TBI patients may reflect compensatory plasticity following injury, as
implementation of error-related processes may be partially dependent on all active regions
during task performance. For example, activation of these dispersed regions might serve to
properly allocate neural resources during task performance. In addition, activated regions
may serve to inhibit other brain regions that might interfere and would otherwise prove
detrimental to task performance. One way to possible explore this issue may be through the
examination of the inverse (Negative) Bold signal (for review of this method the reader is
instructed to the following articles: Frostig, Lieke, Ts’0, & Grinvald, 1990; Shmuel et al.,
2002); however, examination of working memory functions following TBI lend partial
support to this hypothesis (i.e., Kim et al., 2009; McAllister et al., 2001; Newsome et al.,
2007; Turner & Levine, 2008).

These results stand somewhat in contrast to electrophysiological studies from our lab
showing decreased event-related potential (ERP) correlates of performance monitoring—
namely, the error-related negativity component of the ERP—in individuals with sTBI
relative to controls (i.e., Larson et al., 2007a). Notably, all of the individuals with sTBI and
11 of 12 controls in the current study also participated in the electrophysiology study. Thus,
differences cannot be accounted for by differences in the sample. Methodological
differences, however, may play a role in these seemingly disparate findings. Event-related
potentials rely on synchronous activation of a group of similarly-oriented apical dendrites
which spread to the scalp by virtue of volume conduction. Diffuse activity, therefore, is
often spread across multiple electrodes and not easily detected in ERP analyses that are
focused on small groups of electrodes chosen based on a priori hypotheses and voltage-
related scalp maps. Furthermore, multiple simultaneously active neural generators can lead
to changes in ERP morphology and amplitude depending on neuronal orientation (see Luck,
2005). Thus, it is possible that the increased diffuse activity in individuals with sTBI was
seen as a reduced-amplitude ERN. This possibility is supported by a recent multimodal
imaging study that examined electrophysiological (ERPs) and hemodynamic (fMRI)
reflections of error-related processing in healthy participants (Dofiamayor, Heilbronner &
Miinte (2011). This study found several cortical and subcortical areas, including the ACC,
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superior frontal gyrus, precentral gyrus, inferior frontal gyrus, and inferior parietal lob
involved in error processing. An additional methodological difference which could
potentially account for the inconsistent findings between the Larson et al. (2007a) ERN
findings and current findings of increased ACC activity in TBI patients is task related.
Specifically, in contrast to the current study, the Larson et al. (2007a) study used a single-
trial Stroop task that did not include a stimulus-preceding cue. Error rates in that study were
modestly lower than those observed in the present study, possibly suggesting that the
working memory burden imposed by task-instructional cueing may also play a role in the
discrepant findings across these two studies. Nevertheless, the use of multiple modalities in
similar groups of patients across studies from our group represent a strength of this research.
Future studies directly addressing these methodological differences are needed to clarify
these seemingly disparate study findings.

It is important to consider that performance monitoring processes of control serve to not
only detect errors, but also to adjust behavioral performance toward goal attainment based
on the detection of performance errors which can signal when strategic shifts in performance
are necessary (Kerns et al., 2004; Ridderinkhof et al., 2004). Consequently, strategic shifts,
in theory, should minimize conflict on subsequent trials and reduce additional likelihood of
subsequent incorrect responses (Carter & van Veen, 2007; Kerns et al., 2004; Ridderinkhof
etal., 2004; van Veen & Carter, 2002; van Veen & Carter, 2006). Thus, it is possible that
although TBI patients may detect errors correctly, poor task performance may arise due to
impairments in signaling when strategic shifts are needed (i.e., Larson et al., 2006).

Task performance findings indicated that both sTBI and control participants showed
significant Stroop RT interference, with sTBI patients showing marginally greater RT
interference than controls. Additionally, sTBI participants showed significantly greater
error-rate interference than healthy controls. This pattern of behavioral results is consistent
with previous literature showing increased Stroop RT and error-rate interference on versions
of the cued-Stroop task (i.e., Larson et al., 2007a; Perlstein et al., 2006; Seignourel et al.,
2005), supporting assertions that sTBI patients show impairments in conflict processing,
particularly when required to override prepotent response tendencies.

Several methodological limitations and alternative explanations of findings of the current
study warrant further discussion. For example, although all TBI participants were classified
as sustaining severe injuries, the heterogeneity of this population was evidenced by
individual differences in injury mechanism, injury localization, time since injury, PTA, and
LOC (Lezak, Howieson, & Loring, 2004). Whereas studies using TBI participants cannot
control for all these variables, studies of TBI must acknowledge and appreciate
heterogeneity within the TBI population. Secondly, numerous research studies (i.e., Heeger,
Huk, Geisler, & Albrecht, 2000; Logothetis & Wandell, 2004) have postulated that the
blood-oxygen level dependent (BOLD) signal measured in fMRI studies is a complex
function reflective of changing levels of cerebral blood flow, blood volume, and oxygen
metabolism that occur as a result of neural activity. However, the hemodynamic response
often lags greatly behind the neuronal activity that starts the event (Boynton et al., 1996).
Moreover, as the BOLD signal measured by fMRI is reflective of vascular changes
correlated with neural activity, and not neural activity directly, any observed injury-related
differences may have resulted from several factors outside of those hypothesized (Hillary et
al., 2002). Specifically, differences in injury-related activation patterns could reflect changes
in vascular processes or changes due to cell atrophy, rather than neural processes. For
example, both human and animal models of TBI have demonstrated reduced baseline levels
of cerebral blood flow post-injury (i.e., Bouma, Muizelaar, Choi, Newlon, & Young, 1991).
Moreover, blood flow abnormalities in patients with moderate-to-severe TBI relative to
comparison subjects have been observed during completion of working memory tasks, an
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effect particularly concerning due to abnormalities in the frontal lobes, an area extensively
imaged by researchers (i.e., Christodoulou et al., 2001; Perlstein et al., 2004). Finally,
though many neurocognitive studies of TBI have employed uninjured healthy comparison
groups as we have, such studies may confound behavioral features that predispose people to
TBI. Other functional imaging studies, in contrast, have employed participants with
extracranial orthopedic injury for comparison “to control for a host of risk factors (e.g., risk-
taking behavior) that [may] predispose to injury and nonspecific effects of injury such as
posttraumatic stress that could affect brain activation” (e.g., Scheibel et al., 2007, p. 36).
Such potential confounds are important to address, particularly in light of the ACC
differentiation observed in the present study and findings that posttraumatic stress may alter
ACC activity (e.g., Hayes, LaBar, Petty, McCarthy & Morey, 2009) and that error-related
ACC activity is modulated by affective factors (e.g., Larson, Kaufman, Kellison, Schmalfuss
& Perlstein, 2009).

4.1. Summary and conclusions

In conclusion, results from the present study extend previous findings that the neural
networks mediating cognitive control, specifically, error-related processing, are disrupted
after sTBI. Despite its limitations, the current study supports the continued
neurophysiological examination of complex processes of cognitive control. Future studies
will aim to identify outcome measures of “real-world” functioning that will further examine
the impact of these deficits and inform rehabilitation efforts.
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Task-Switching Cued Stroop Task
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Figure 1.

Schematic of the task-switching cued Stroop task. As shown, task trials comprised an
instructional cue followed after a delay by a stimulus probe to which the participant
responded with a button press.
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Behavioral performance on the cued-Stroop task as a function of Group and Congruency.
(Left) Error rates; (Right) Reaction times. Error bars reflect standard errors.
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Figure 3.

Brain regions illustrating error-related activity (incorrect > correct). Results from the
between-group analyses showing a significant main effect of accuracy. Statistical maps are
superimposed on the three-dimensional structural MRI averaged over all participants.
Graphic insert at lower left illustrates beta weights showing the main effect of accuracy in a
region of the midline anterior cingulate, F(1,20) = 20.65, p < .0002 which exhibited neither
a main effect of group, F(1,20) < 1, p > .40, nor a Group x Accuracy interaction, F(1,20) <
1, p > .94, Error bars reflect standard errors. (L = left; R = right; Talairach coordinates of
images shown = -1 26 27).
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Figure 4.
Brain regions of patients with TBI and healthy comparison participants illustrating

significant error-related activity (incorrect > correct). Results from the individual-group
analyses: Yellow illustrates significant error-related activity in TBI patients, blue illustrates
error-related activity in healthy controls, and green illustrates error-related activity in in
which the TBI patients and healthy controls overlap. Results from the between-group
analysis: Red illustrates a region of the anterior cingulate cortex (ACC) in which there is a
Group x Accuracy interaction; graph insert in lower left illustrates beta weights showing the
interaction effect. Error bars reflect standard errors. Statistical maps are superimposed on the
three-dimensional structural MRI averaged over all participants. (L = left; R = right;
Talairach coordinates of images shown = 18 11 34).
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Figure 5.

Box plots illustrating the total number of suprathrehold error-related voxels as a function of
group as derived from the separate-groups contrast error > correct response. Bottom and top
of each box represent the lower and upper quartiles, respectively, and the band near the
middle of the box reflects the 50™ percentile (median); upper and lower whiskers reflect the
maximum and minimum number of voxels.3

Int J Psychophysiol. Author manuscript; available in PMC 2012 October 1.



Page 20

Sozda et al.

150)-) sojdwres-juspusdapul Aq G0 >d Je JuedLHIUBIS 8oUBIBHIP UBSIA
*

‘A10juanu| AJBIXUY el ] -81e1S=|V1S ‘1591 Buipeay 1npy Uedlswy YLON = 1 ¥VWVN ‘uonip3 ucm|59cm>c_ uoissaidaq yoeg = |1-1Ag 910N

05-€¢ 08 8T¢ 8y-Tz TOT GEE WeIL-IVLS
-0z 0L G62 S0z LL T RIS VLS
810 ¥S 9  IeT §8 TEI L1095 1I-1dg
oTT-66 €¥ €601 LIT-¥6 6. 20T arewns3 Ol LYVVYN
96T §S 8€ eI 20T 92 ,SI0U3 LYVVN
- - - 09-€T 67T €8¢ (sAep) e1sauwy anewine.}-1sod

- - - 09-T 7187 672 (sAep) ssausno1asuo Jo $so7

-- - - 9-¢ €T 9¢ 81025 9]edS W0 Mobse|9 [emu|

- - - €1z L't 8 (sypuow) Ainfuj su1s awiL
[1-8  Te €vT 612l vZ 0T (s14) 1937 [euoneanp3 [ejualed
LT-€T  TT  L¥T  lT-¢T LT 6€l (s1K) |anaT [euoneanps
61 ¥9 62 OO0z €L TS (s1K) aby

abuey QS uesN ebuey asS  uesiN

(2T = N) 1043U00 (0T = N) 191 819088

‘syuedioied j01jU0D pue |91 94aA3S Jo) ele 19910y aAlebaN pue oiydeiboweq
T9algel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Int J Psychophysiol. Author manuscript; available in PMC 2012 October 1.



Page 21

Sozda et al.

21n}ok4y [e}gJ0 UB pue SUoISMuod [ealiedojuoiy ajdninuw ‘ewoleway [ednpgns [euosy Yo € 09 09 9 VAN W 0z
BLwojeWaY

©SS0J [1URID 3|ppIW Jonisjue JyBll ‘sewojewsay [einpgns pue [eanpida ago [edodwiay ybry 2z €T 6 e ap19Y Buneog N vz

sainoely [Inyfs ajdninw ‘afeysioway prouyderegns [endiodo [esodwa) Yo €T ST T 9 VAN 4 ov

YIYs ou yum sabeyrioway Jejndlusaeul [eisle|iq |jews A 9€ 8¢ € 1UBPI22Y 8]9A21010N N L€

abeyuioway [elueioeiul [eiodwsal By 8 € A e BPINAY 3]2K2I0ION N 12

d|qe|reneun 9 474 8¢ € VAN N T¢

aimoely a|Apuod [e)d1d00 Yo 7 8¢ 8¢ € VAN B} 14
ulaisio feutwabripenb

3y} Ul poo|q plouydeIegnS WS :Iajew aHym ay} ut Ainfur seays feyuoly Jybil ybiy wo 't 45 T T € VAN 4 (114

saunful [earsAyd Jayio ou Ing SUOISNIUOD [eIUO.Y [elale|lg 0T 12 L € VAN E| 44

ewiojeway [eanpgns b pue ainjoely [INNS 07 TC [474 € VAN N T¢

sBuipuiH [eaibojoipey-0anaN (syruowr) (skep) v1d (skep) D01 SDOO ABojon3 X3S (sJA) aby

Aianfuj 1sod swi |

Int J Psychophysiol. Author manuscript; available in PMC 2012 October 1.

(0T=N) 191 yum siuedionied |Je Joj uolew.loju] jeaibojolpeloinaN pue sonsualoesey) Ainluj
Z @lgelL
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript



Page 22

Sozda et al.

‘Y3l = 7 ybu = ‘snuAB arenbuld Jousue = DOV ‘snIAB [edwesoddiyered = 9Hd ‘snIAB [ejuouy JoLispul = D] 810N

*J31SN|O Y0R8 Ul 8NfeA 1 [eLIXew 8y} BUIMOYS [9XO0A 8y} WOJY paulwialeg

a

"(886T) XNOUINO ] pue yoeileje] JO Sejie ayl Eo_“_m

881 T0O00000> <¢¥9 1€ 6C A% 1€ 4> 20V 1
88’y T000000> T.8 L €¢ G- 9ee S o411
881 T000000> V9L L LT 0€ (0144 - wnansne|d y
881 T00000°0 9¢'s G- 2¢— W 1 8¢ OHd o
88’y T000000> /8S 8- 9I- ¢- 14 -- SN3IONN Pay 1
genren-z - gd ¢ Z A X S|aXOA #  ealy uuewpoag  abuey) Jo uoifisy

£S81eUIPI00D

"(1021109 < 1981102UI) AoRINJJR JO S198)J3 Ulew Buimoys (1981100Ul "SA 1991109) AJBINJIY 3dURLIIOLA pue (Jouo) 'sA |gl) dnolo
10 SYAONY 9SIM-]aX0A Ul AIAIOR JO SJ81sn|9 Juediiubis pamoys 1ey suedionued uostiedwod Ayifesy ZT pue |91 yum swuaited QT ul suolbal urelg

NIH-PA Author Manuscript

€9lgel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Int J Psychophysiol. Author manuscript; available in PMC 2012 October 1.



Page 23

Sozda et al.

€y 9100000 86 vy—  0Ov S 44 S.T 9 O4dN o
88y T00000°0 16— 0or  1€- 6 €¢e oy Idl d
88y T000000> ¢20'9— /L€ U o LSE 8 O4dIN 1
19°€ ¥2000°0 ¥ge- 1€ 61— 4T ve - wninBurd Y
ey GT0000°0 09%— 1€ LT ST €11 [43 o0V d
1294 100000 ¢9v— G 9.- 9¢- 29 67 90S 1
8L'€ 910000 S6¢- <¢¢ €I- ¢¥- 19 €7 B|nsul 7
Ge'e ¢8000°0 Lye- €T 66— 9 T¢ €¢ ajenbut) JoLajsod
68°€ 10000 L0'Y— L (0] S 4 [44 o1sd
99v €00000°0 G0'G— T 9.- 8I- €ve - snIA9 fenbur
¢S'e €7000°0 19¢— G- 6l- 6 8¢ 8T sniA9 fenbur ¥

syuedionted [0QU0D Ul UBY} [g1 Ul ALANOY Ja1eslo

1€€e ¥6000°0 ev'e 89 S 81— LT 9 [eIAD-GNS [e3uold
LS€ 920000 cLe €s  0I- ¢¥— €€ 14 snIA9 [enusosid 1
8r't 50000 c9€ LE G€  0€— LT 6 O4dIN T
41974 8€0000°0 SE'Y ve  ¢¢— € 69 ve o0V d
¢9'€ 620000 8L°¢ ve 0.L—- T¢ €¢ L snaundald o
88’y T000000> ¥0'9 € ¥9- 1¢- JAS] L snaundalid 1
LT'E §T00°0 Le€ 14 0§ ve S¢ 0T o4s o
G8'c ¢1000°0 o'y 6T - 2I- 0ct - ajepned 7
1294 700000 97 91 0Ol- 6 ve - snweeylL
€9'¢ 8¢000°0 08¢ ¢— 61— ¥C S¢ - NT Y
9T'e 91000 9C'e - S Sy— LT 8¢ 9181
1454 ¥€0000°0 8Ev - 26— 9¢- 144 L€ SnIAD wiopisnd 1
88y T00000°0> ¥¥'9 Ge—-  Le- € €8 - wnjjagaia0 o

syuedionted |91 Ul Uey} [03U0D Ul ALAROY Ja1eslo

genren-z - od ! z A X S|9XOA# ealy uuewpoig abuey) Jo uoibay

©S91euIpI00D

"dnoJB Jo s1981y8 urew Buimoys (393.1103Ul "SA 1921109) AJeINJ2Y d9UBWI0LISd pue (Joauo) SA 1g1) dnoio
10 SYAONY 9SIM-]aX0A Ul AIAIOR JO SJ81sn|9 Juediiubis pamoys 1ey suedionued uostiedwod Ayifesy ZT pue |91 yum swuaited QT ul suolbal urelg

v alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Int J Psychophysiol. Author manuscript; available in PMC 2012 October 1.



Page 24

Sozda et al.

NIH-PA Author Manuscript

‘Ma| = 7 ybu = Y ‘sniAB a1enbuld Jousiue = 9V ‘snIAB |eiodws)
Jouadns = 91 S 8)nqoj [eviied Jouadns = 1dS ‘snJAB [e1didoo Joadns = ©OS ‘SnIAB [eluoly Joadns = 948 ‘snIAB [eluoIy S|PPIW = DI ‘SNBJINU WIO0IUS] = NT ‘8]ngo| [e1stied Jouajul = 1d] 810N

*131SN| L2BS Ul 8NJeA 1 [ewIXew ay) BUIMOys [8X0A 8y WOl pauiwiaisg

q

*(886T) XNOUINO | pue yoelle[e] Jo sejie ay} Een_m

69°¢ €€000°0 ¥le- 0L Ge—- 4T 8T 14 snIA9 [enusdaid o
6T°¢ ¥700°0 0€'¢— 8§ 06— ¢€e— €T L dS 1
88y T000000> 0S'S— 9y ¢¢— L¢— 0.E 14 SnIA9 |enusdald
qenren-z QQ q z A X S|9XOA #  ®aly uuewpoug abuey) Jo uoibey

£S81euIp.100D

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Int J Psychophysiol. Author manuscript; available in PMC 2012 October 1.



Page 25

Sozda et al.

‘Yol = 7 ybul = ¥ ‘sniAb a1enbuld ousiue = 9OV 810N

'$]0JJU00 Ul 131316 co_:.S_SﬁRw

‘sjuaned g1 ui Jajealb uoneAnoe
x

*131SN|O Yoes Ul 8njeA } [ewixew sy Buimoys |XoA syl woly um:_EEmon

*(886T) XNOUINO | pue yoelie[e] JO Ssejie ay} wol,

60€ 2000 LI'te- 1€ ¥T 8T €1 ze L0V d
8v'e S0000 +9€  Se— 6F— 2I- vz - #UNI1RGRI83 1
qeNIeA-Z na q Z A X SISXOA ,,  BalV uuBwWpOIg  aBueyD Jo uoiBay

©S91eUIpI00D

'suonoeIaUI AeINdoy X dnols uesiiubis Buimoys (1984100Ul "SA 1991109) AJBINJIY 3oURLIIOLIA pue (Jouo) 'sA 1g1) dnolo
10 SYAONY 9SIM-]aX0A Ul AIAIOR JO SJ81sn|9 Juediiubis pamoys 1ey suedionued uostiedwod Ayifesy ZT pue |91 yum swuaited QT ul suolbal urelg

G 9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Int J Psychophysiol. Author manuscript; available in PMC 2012 October 1.



Page 26

Sozda et al.

‘49| = 7 ybu = ¥ ‘18]9nu d1weeYyIgns = NLS ‘SnIAB jeJodwal ajppiw = 91 A ‘SNJIAB [ejuouy appiw = 94\ ‘SNJAB [eluoly JoLisjul = 94| 810N

NIH-PA Author Manuscript

*J31SN|O U2ea Ul 3NJeA 1 [elIXew sy} BUIMOYS [9XOA 8y} WOy paulwialed

a

"(886T) XNOUINO | pue yorlie[e] JO sejie sy} wol,

€Sy 9000000 ¢8¥% ¥E 6 2¢I- 0S 9 94N 1
88y 1000000 0£S 1€ vT 43 8ee 144 snuk9 arenbuld o
88t 1T000000> 159 0T 0 8% 86¢ °i% EI|
88y T000000> 92'S L LT 0¢ 29¢ - wnasne|D o
syuedioned 191
88y T000000 2£S SS 8 A5 9¢ 9 94N 1
LY ¢T00000 S9% €  e6¥— 9— 6¢ 6 snaundald
1444 2200000 0SSV 1¢ 9¢ 2I- 8T 43 sniA9 arenbuld
99y €000000 00S 6T 29— 9 8T 6¢ O1N Y
88y T00000°0> €6'S L € G- 68T °i% =
88t 1000000 v¥'G G- 14 o€ 9vT €1 e|nsul ¥
88y 1000000 02S 8- OI- 6— 81 - NLS 1
99y €000000 ¢0S 2¢— 9%— GI- 09 - wnjjegaled 1
sjuedionued jou0D
qenren-z %_ qt Z A X S|PXOA# eady uuewpolg  abuey) Jo uoibay

£S91eUIPI00D

99|qel

NIH-PA Author Manuscript

‘syuedioiued |91 0T pue Sjouod Ayieay ZT Jo
sasAeue dnoub-jenplAlpul 8yl Ul pajeanal asuodsal ago.d 1981102 Ueyl 19a4100uUl Buimojjo) AlIAIe pajejal-1o.a Jayealb Apueoliubis Buimoys suoibal ureig

NIH-PA Author Manuscript

Int J Psychophysiol. Author manuscript; available in PMC 2012 October 1.



