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Abstract
Traumatic brain injury often negatively impacts episodic memory; however studies of the neural
substrates of this impairment have been limited. In this study, both encoding and recognition of
visually presented stimuli were examined with functional magnetic resonance imaging. Twelve
adults with chronic complicated mild, moderate, and severe injuries were compared with a
matched group of twelve controls. Behavioral task performance did not differentiate the groups.
During neuroimaging, however, the group of individuals with traumatic brain injury exhibited
increased activation, as well as increased bilaterality and dispersion as compared to controls.
Findings are discussed in terms of increased resource recruitment.

Traumatic brain injury (TBI) is defined as an injury to the brain incurred through externally
inflicted trauma. Such injuries may result in significant impairment of an individual’s
physical, cognitive and psychosocial functioning. One specific type of cognitive ability
known to be compromised after TBI is episodic memory (Himanen, Porthin, Isoniemi,
Helenius, & Kurki, 2006; Levin et al., 1990; Millis & Ricker, 1994; Ricker, et al., 2001;
Wiegner & Donders, 1999; Wright, Schmitter-Edgecombe & Woo, 2010). As classically
defined (e.g., by Baddeley, Harris, Sunderland, Watts & Wilson, 1987), the term episodic
memory describes the ability to recall information regarding previously experienced stimuli,
or events linked to a specific point in time. While the term “episodic memory” encompasses
several types of cognitive tasks and operations, in the clinical setting, episodic memory is
most frequently assessed by having individuals learn a stimulus set for recall and/or
recognition at a later point in time.

While it may be argued that other persisting cognitive deficits after TBI may cause even
greater functional disablement than episodic memory (i.e., executive control deficits),
individuals with TBI have been shown to have significant awareness of memory difficulties
(Anderson & Schmitter-Edgecombe, 2009). In addition, assistance with memory issues has
been one of the most frequently cited needs of individuals at one year post injury (e.g.,
Corrigan, Whiteneck, & Mellick, 2004). This awareness of need may be due to the fact that
episodic memory difficulties can have a significant impact on daily living: in day to day
functioning, impairment in episodic memory may contribute to difficulties with learning and
retaining new information, as well as recall of functional tasks, appointments, assignments
and obligations. While such difficulties may range from mild to severe, it is important to
note that the diffuse and complex nature of TBI may result in multiple areas of cognitive
deficit, with additive effects. As a result, even mild episodic memory impairment, when
combined with executive control and other cognitive difficulties, may potentially have a
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significant impact on the ability of an individual to complete household tasks or function in
some employment settings.

There have been numerous behavioral studies of episodic memory impairment following
TBI (e.g., Blanchet, Paradis-Giroux, Pepin, & McKerral, 2009; Deshpande, Millis, Reeder,
Fuerst, & Ricker, 1996; Millis & Ricker, 1994; Tsirka et al., 2010; Wiegner & Donders,
1999). Taken together, these have clarified the nature of such deficits after injury
(emphasizing the multifactorial nature of impairment in the acquisition of novel information,
rather than solely a failure in retrieval). Although these contributions to the literature have
been significant, there has been surprisingly minimal exploration of the cerebral substrates
of this type of cognitive difficulty.

Our capacity to characterize the cerebral correlates of cognitive function in both healthy and
clinical populations has been greatly expanded with the development of functional
neuroimaging technologies. In studying TBI, such methods provide unique opportunities for
identifying the pathophysiology of cognitive dysfunction related to injury in areas such as
episodic memory. In the first study to apply functional imaging technology to the
examination of episodic memory in persons with TBI, Ricker and colleagues (2001) utilized
oxygen-15 positron emission tomography (O-15 PET) to study a group of persons with
severe TBI at 1 to 3 years post injury. In comparison to matched controls, persons with TBI
displayed increased overall activation, as well as increased bilaterality in activation patterns
during an episodic memory task, even when task performance was not significantly
different. In addition, activation patterns were noted to be more diffuse and more posterior
as compared to healthy individuals. The authors asserted that the increased blood flow, more
widespread dispersion and altered lateralization found in the TBI groups may indicate that
increased cognitive effort is required to complete the same cognitive task as healthy controls
due to decreased cognitive efficiency associated with brain injury. In addition, they
suggested that the more posterior activation may represent the employment of a different
strategy for remembering, or differential processing of the stimuli. In a subsequent O-15
PET study of memory following TBI, Levine and colleagues (2002) demonstrated that
although individuals with TBI did not perform significantly differently on particular
behavioral memory tasks and did engage the frontal, temporal and parietal areas normally
associated with memory retrieval in healthy individuals, they also displayed relative
increases in activation of the frontal, anterior cingulate and occipital regions and decreased
activation in the right dorsomedial thalamus. Overall, the authors concluded that the TBI
participants displayed alterations in the functional neuroanatomical networks used by
healthy controls for memory. They further concluded that this may represent neural
reorganization due to injury-related disconnection.

Despite the differences in technologies, fMRI studies of memory have demonstrated similar
findings to those reported above. It should be noted, however, that the majority of fMRI
studies in persons with TBI have examined working memory, while the study of episodic
memory in this population remains quite novel. In fact, in addition to the study presented
here, our search of the literature revealed only two other fMRI studies of TBI which
employed episodic memory paradigms. The first of these studies (Strangman et al., 2008)
involved the teaching of a verbal learning strategy to a group of 54 individuals with
documented memory impairment after TBI. FMRI scanning was then conducted during the
encoding phase only of a verbal learning paradigm. After scanning, free recall and
recognition for the word lists was tested. The aim of the study was to assess the efficacy of
fMRI results at the baseline session to predict rehabilitation outcome after a subsequent 12
session rehabilitation program focused on teaching of internal strategies for memory
improvement. The rehabilitation program was followed by 2 post-test sessions of
neuropsychological testing, with no repeat fMRI. For primary and secondary fMRI analysis,
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6 regions of interest (ROI) were selected for prediction analysis based on areas activated
using the same learning paradigm with a matched group of healthy controls. The findings of
this study supported the assertion that the left prefrontal areas, are related to strategic verbal
learning, as these areas of activation were observed in the TBI group, as well as the control
group. They also observed that BOTH under and overactivation in the TBI group was
associated with reduced performance on memory tasks after rehabilitation, creating an
inverted-U quadratic relationship between performance and activation, which was therefore
predictive of outcome. The authors asserted that underactivation may represent structural
injury to the gray or white matter within the region of interest or possibly injury to areas
projecting to that region, while overactivation may indicate intact and engaged cortical
areas, which, despite, “effortful utilization”, failed to produce improvement in functional
memory as tested.

Strangman and colleagues (2009) conducted an additional study of 20 participants with TBI
and 20 healthy controls using the same behavioral and fMRI paradigm as the 2008 study.
The aims of this study were to evaluate whether individuals with TBI and controls activated
the same networks during verbal learning, and whether TBI affected neural activity during
encoding when participants were instructed to use semantic clustering. Despite baseline
testing indicating significant differences in behavioral performance between groups, direct
comparison of group fMRI activation across all tasks, indicated no significant differences,
suggesting that individuals in the TBI group activated the same general networks as healthy
controls. Additional analysis and modeling focused on regions of interest (ROIs) with
known anatomical connectivity which had been identified as being differentially activated
by both groups during semantic (directed) strategy encoding. These comparisons indicated
decreased activity for individuals with TBI in these key ROI’s, as compared to controls. The
authors postulated that these decreases may be reflective of the decreased behavioral
performance by the TBI group, or may indicate the use of different networks or strategies by
the TBI group during this specific type of encoding. Further functional connectivity analysis
which suggested a functional (but not anatomical) breakdown in connectivity between the
left DLPFC and other areas normally associated with strategic control.

Together, these studies indicate significant alterations in functional cerebral processing of
memory following TBI, as has been shown in previous PET studies. It is relevant to note
that fMRI working memory studies have also shown that, relative to healthy controls,
persons with TBI demonstrate alterations in hemodynamic response in terms of both blood
flow and dispersion of cortical activation associated with working memory tasks conducted
during fMRI. This has been found with individuals with moderate to severe injury
(Christodoulou, et al., 2001; Perlstein, et al., 2004) as well as with individuals with mild TBI
(Chen, et al., 2004; McAllister et al., 1999, 2001). In addition, other studies conducted using
different working memory load conditions have shown altered patterns of activation
between groups, and have suggested differential recruitment of cortical areas for individuals
with TBI as compared to controls (Newsome et al., 2007, Turner & Levine 2008).

Given the relative novelty of neuroimaging studies of episodic memory following TBI, the
goal of the present study was to add significantly to the literature in this critical area through
further characterization of the cerebral activation during episodic memory task performance
with fMRI. As alterations in cerebral activation have been noted for individuals with various
levels of injury, even when behavioral performance was within functional limits, we
included individuals with complicated mild, moderate, and severe levels of TBI, along with
a healthy control group. For group comparison, each participant completed
neuropsychological testing of cognition, as well as both encoding and recognition phases of
an episodic memory task within an fMRI scanner. Given previous findings using O-15PET
and fMRI during memory tasks, it was anticipated that alterations in activation, dispersion,
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and laterality would be observed in the current study for the group with TBI as compared to
the control group. Because of our expectations that differences in activation patterns for
participants with TBI may occur outside of those activated by healthy controls, we chose not
to follow an ROI approach as used by Strangman et al. (2008, 2009). Our assessment was
that a voxel-based approach would allow an opportunity to capture and evaluate activation
which may occur outside of regions prescribed by previous studies of healthy controls. In
doing so, our aim was to gain additional information which may help to characterize the
changes in neural functioning following TBI, as change may involve altered recruitment of
networks and functional brain areas. As so few neuroimaging studies of episodic memory
after TBI have been conducted, we felt that exploring these characteristics in a more holistic
fashion was critical to providing a base for further neuroimaging studies of episodic memory
after TBI.

In addition, it should be noted that prior memory studies have generally conducted fMRI
during encoding or retrieval individually. In the present study we chose to examine
activation patterns of both encoding and recognition within the same fMRI session. Based
on the limited neuroimaging studies of individuals with TBI, and what is known from
studies of healthy individuals, we hypothesized that individuals with TBI would demonstrate
greater cerebral activation as well as differential dispersion of activation during both
encoding and recognition.

In addition we felt that it was important to document whether or not these alterations would
in fact be observed, and also to begin to describe differences based on memory process. No
other study has made this comparison in individuals with TBI.

Method
Participants

Participating in this study were 15 persons with TBI and 14 uninjured controls. Because of
technical difficulties and/or subject movement, the data from some fMRI sessions were not
usable. Thus, included in the current paper are 12 controls (2 F) and the 12 persons with TBI
(3 F) with usable fMRI data. All participants were right hand dominant and were free of any
history of neurological disease or insult (excepting the traumatic brain injury for the injury
group), psychiatric illness, and alcohol or drug abuse. No participant met any of the standard
exclusionary criteria for MRI, including metal in the body or pregnancy. All participants
gave consent approved by the Institutional Review Board of the University of Pittsburgh.

We included TBI participants with moderate and severe, as well as complicated mild initial
traumatic brain injury based on history confirmed by medical record data. Classification of
moderate to severe injury was made based on the lowest Glasgow Coma Scale (GCS;
Teasdale & Jennett, 1974) score in the first 24 hours after injury (moderate defined as GCS
of 9 – 12 and severe defined as GCS of 3-8), as well as objective medical documentation
indicating TBI. Those with mild initial injuries (i.e., GCS ≥ 13) were only included if there
was sufficient documentation of significant medical complications following injury, such as
positive neuroradiologic findings. Those persons with “complicated mild” injuries were
included, as research has shown that such persons have outcomes more similar to those of
persons with moderate TBI (Kashluba, Hanks, Casey, & Millis, 2008; Williams, Levin, &
Eisenberg, 1990). Initial GCS scores in our study group ran the full range from 3–15 (M =
8.9, SD = 5.5), with best GCS scores in the first 24 hours ranging from 7–15 (M = 12.2, SD
= 3.4). These scores suggest that, on average, persons in the TBI group sustained relatively
severe injuries. Due to hemodynamic alterations that are associated with acuity rather than
cognitive activation in the first several months after injury (Yamaki, et al., 1996), TBI
participants were at least one year post-injury, but not greater than 3 years post-injury (M =
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1.7 years, SD = 0.6 years, range = 1.06–2.61 years). Though inclusion for the TBI
participants was originally determined through medical records and prior scans, structural
scans collected for this study were examined. The majority of the residual findings seen on
the T2 structural scans were diffuse. Residual focal lesions in the TBI group were few, and
there was no consistent trend towards any contusion location (1 bifrontal, 1 right temporal, 1
basal ganglia). Control scans all appeared to be age-appropriate and within normal limits.

Controls were matched to the TBI group for age, gender, and number of years of education.
Age matching was achieved through age stratification with five-year strata. Within each age
stratum, participants were matched for educational level within one year. The groups
included in this paper were not significantly different in age (controls: M = 26.5, SD = 8.7,
range = 19–50; TBI: M = 33.1, SD = 12.9, range = 18–54; t(22) = -1.46, p = 0.16), or
number of years of education (controls: M = 16.2, SD =2.8, range = 12–22; TBI: M = 14.8,
SD = 1.9, range = 12–18; t(22) = 1.37, p = 0.19). Complete participant demographics for the
TBI group are presented in Table 1.

Materials and Design
During the imaging session, four pairs of stimulus blocks were presented. For each pair, the
first was an encoding block and the second was a recognition block. The four types of
stimuli used were black line drawings (pictures), black outline shape arrays (shapes), black
capitalized words (words), and black capitalized non-pronounceable letter strings (letters).
All were displayed on a white background. The pictures were from Snodgrass & Vanderwart
(1980), the words were developed from their original set (as used by Nolde, Johnson, &
D’Esposito, 1998; Raye, Johnson, Mitchell, Nolde, & D’Esposito, 2000), and both words
and pictures were high-frequency, easily named and visualized items. Shape stimuli were
randomly generated arrays composed of primary shapes, and letter stimuli were
unpronounceable 4–8 letter strings. During encoding blocks, participants were shown sets of
items of one of the four stimulus types, and for each item made a yes/no pleasantness
judgment (e.g., McDermott, et al., 1999) for the purpose of enhancing attention and
encoding. During each block, only one type of stimulus was presented, and each block
comprised an approximately 6-minute run for the fMRI session. During recognition blocks,
stimulus sets consisted of half previously seen items and half new items. Participants were
asked to identify if a presented item had been previously seen or not by pressing one of two
buttons on a response pad. While the recognition block for a particular stimulus type was
presented immediately following the corresponding encoding block, the ordering of the four
pairs of blocks was counterbalanced among participants. Items within each block were
randomly ordered. When considering the eight functional scans together with the structural
scans, each scanning session totaled around 1 hour and 15 minutes.

E-prime software (www.pstnet.com) was used for stimulus presentation. Trials were set up
so that following a 500 msec fixation cross, an item was presented for 2500 msec. The
stimulus screen was followed by a blank screen presented for 1000, 3000, or 5000 msec.

Procedure
After informed consent was obtained, the questionnaires and neuropsychological
assessments were completed. The Token Test (DeRenzi & Vignolo, 1962; Spreen & Benton,
1969) was given in order to ensure participants could understand and follow verbal
instructions. An estimate of overall intelligence was obtained using the Wechsler Test of
Adult Reading (WTAR; Wechsler, 2001). Although TBI and control group members were
matched, as previously described, by age and education level, the average WTAR standard
score for the TBI group fell in the average range (mean = 101, SD = 9.3), while the average
WTAR standard score for the Control Group fell in the high average range (mean = 114, SD
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= 10.2). The Brief Symptom Inventory (BSI; Derogatis, 1993) was administered to screen
for psychiatric disorders. Individuals with significant and acute psychiatric symptoms were
not included as study participants. The Michigan Alcoholism Screening Test (MAST;
Selzer, 1971) was administered as an assessment of recent alcohol use in order to screen out
individuals with suspected current alcohol abuse or dependence. No significant current
alcohol abuse or dependence was suggested by individual MAST scores for participants in
either the TBI or Control groups, nor did average MAST scores for each group suggest
significant use (Average MAST score for control group = 0.5, SD = 1, Average MAST score
for the TBI group = 0.8, SD = 1.2)

The cognitive domain of interest in this study was assessed using the California Verbal
Learning Test - II (CVLT-II; Delis, Kramer, Kaplan & Ober, 2000). In order to ensure that
TBI participants had a deficit in episodic memory, persons with TBI were only included in
the study if they performed at least 1 standard deviation (SD) below normative standards on
any index of the CVLT-II. This test is a reliable and valid measure used to examine episodic
memory, and has been well studied in the TBI population (e.g., DeJong & Donders, 2009;
Jacobs & Donders, 2007, 2008; Wolfe, et al., 2009). To be eligible for participation in this
study, healthy controls were required to perform no lower than 1 SD below normative
standards in all categories. All participants included in the study met the criteria set for their
group. Of a total of 21 consented persons with TBI, seven were excused from further
participation for having CVLT-II scores in the normal range. Four of 17 consented controls
also had to be excluded for scoring outside the normal range. Three other consented
participants (2 TBI and 1 control) also had to be excluded for MRI contraindications not
disclosed at original screening. Following the neuropsychological measures, a short practice
task was run outside the scanner to familiarize participants with the episodic memory task.
MRI safety screening was then completed by the technologist and participants then
completed the imaging session. Scans were conducted on a 3-Tesla Siemens Allegra head-
dedicated scanner.

fMRI Parameters
Structural scans acquired during these sessions included axial T2 weighted images (39
contiguous 3mm slices, TR = 6440 ms, TE = 73 ms, 256 × 256 matrix, FOV = 200mm, flip
angle = 150°) and a sagittal 3-D MPRAGE sequence (224 contiguous 0.78 mm slices, TR =
1680ms, TE = 2.48ms, 256×256 matrix, FOV = 200mm, flip angle = 8°). Functional images
consisted of sets of 39 contiguous 3mm axial slices (TR = 2000ms, TE = 25ms, 64×64
matrix, FOV = 200mm, flip angle = 79°).

fMRI Analysis
All pre-processing steps and analyses were conducted with SPM8 software
(http://www.fil.ion.ucl.ac.uk/spm/). For pre-processing, images were first corrected for
subject motion using a 5th degree B-spline algorithm with a 6 parameter rigid body spatial
transformation, and then registered to a mean image. Coregistration of the structural to
functional images was accomplished with a normalized mutual information function. Images
were then segmented, and normalized into a standard space. The final preprocessing step
was smoothing with a Gaussian kernel of 10 mm FWHM.

Data analysis was conducted using a voxel-based approach on each individual participant’s
data, with motion regressed out. An explicit mask (created using the ART program—
http://www.nitrc.org/projects/artifact_detect) was used. Individual first-level analyses were
entered into a two-sample t-test. The MNI coordinates (Mazziotta, Toga, Evans, Fox, &
Lancaster, 1995) of activated areas were converted to Talairach (Talairach & Torneau,
1998) coordinates with the use of the icbm2tal algorithm described by Lancaster, et al.
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(2007). These coordinates were then localized using the Talairach Client
(www.talairach.org/client.html Lancaster, et al., 2000; Lancaster, et al., 1997).

Results
Behavioral Data

A 2 × 8 analysis of variance (ANOVA) was run to see the effects of Group (Control, TBI)
and Condition (encoding and recognition conditions for each of the four stimulus types) on
response times. As indicated by Figure 1, the conditions with picture and word stimuli
resulted in the respective recognition conditions being faster than the encoding conditions.
Letters and shapes both exhibited the opposite pattern, with the recognition conditions being
slower than the encoding conditions. Shape conditions were especially affected, with shape
recognition contributing the slowest response times in the experiment. In the 2×8 ANOVA,
there was a significant main effect of condition (F (7, 154) = 14.71, p < 0.001) but no effect
of group (F (1, 22) = .28, p = 0.60), and no interaction (F (7, 154) = 0.50, p = 0.83). T-tests
were run to see if the TBI group performed slower on any individual conditions than
controls, but none of these comparisons proved to be significant (all ps > 0.11, two-tailed).

A similar analysis was completed on the accuracy data. Because “pleasantness” is
subjective, accuracy values are only available for the recognition conditions. A 2 (Group) ×
4 (Condition) repeated measures ANOVA was conducted on these data, and a resulting
significant main effect of condition was reported (F (3, 66) = 130.36, p < 0.001), again with
no main effect of group (F (1, 22) = 0.60, p = 0.45) or group by condition interaction (F (3,
66) = 1.11, p = 0.35). Overall, the patterns observed in the accuracy data and the response
time data were similar in that increased accuracy on a task corresponded with faster
response times for that task, with pictures being responded to most accurately (88%, by all
participants), followed by words (82%), letters (60%), and shapes (45%). T-tests were
conducted to see if the control group was more accurate for any given condition, but no
significant differences between the groups were found (all ps were greater than 0.20, two-
tailed). It should be noted that performance on the shape condition was quite poor, with
accuracy scores falling to chance level in both groups, and increased response times
associated with these items. While the finding that the shape condition was too difficult is
problematic, it could not have been predicted due to the fact that this kind of condition has
not previously been examined in the TBI population. In light of these issues, it was thought
best that further analysis not be conducted on the shape data, as any results would be
uninterpretable.

Imaging Data
Given that some previous imaging studies have shown examples of equivalent behavioral
performance between TBI and control groups on episodic memory tasks (Ricker, et al.,
2001, recognition; Levine, et al., 2002, cued recall), it was not surprising that our data for
the recognition condition also did not differentiate between the two groups. This finding
suggests that the TBI and control groups were equally able to perform the tasks at hand, and
it now falls to the imaging data to show whether there are differences in the activation
record associated with yielding that equivalence of behavioral performance. As discussed in
the Introduction, previous research in persons with TBI has provided evidence that they may
recruit additional brain areas to accomplish the same task (Ricker, et al., 2001), and in some
cases do this despite achieving the same level of behavioral performance as control
participants (see discussion of subgroup in Levine, et al., 2002).

To examine differences between controls and persons with TBI on these encoding and
recognition tasks, three models were run for each individual, and the individual contrast
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maps were then entered into group analyses to compare the activation patterns of the two
groups. The three contrasts that were examined included one focused on process (Word
Encoding vs. Word Recognition), as well as two directly comparing the processing of the
different stimulus types (Word Encoding vs. Picture Encoding and Word Recognition vs.
Picture Recognition). In our initial analysis, considerable individual variation was noted
even within the two groups (see, e.g., Miller et al. 2009, for a discussion of individual
variation in fMRI). As a result, a threshold of p = 0.01 uncorrected along with a cluster size
of 10 voxels were used for initial description of the data from the three contrasts. We then
implemented more restrictive thresholding (p < 0.001, uncorrected, cluster size > 10 voxels)
and further evaluated the areas which remained.

Word Encoding vs. Word Recognition
As compared to word recognition, word encoding did not elicit much extra activation in
either group. For the recognition portion, however, both groups had some additional areas of
activation. The activation seen in the TBI group was much more diverse, with three times as
many clusters as in the control group. Most of these clusters were located posteriorly, and
there were roughly equal numbers of clusters located in the right and left hemispheres.
Controls, on the other hand, had fewer clusters, with nearly all located in the right
hemisphere, though this pattern of findings is likely due to the direct comparison between
both processes. While these data are preliminary, they are suggestive that persons with TBI
recruited more areas in service of the same task. As noted in the description of the
behavioral data, above, this pattern of activation was associated with equal task
performance. When this contrast was subjected to the more conservative threshold, the only
activation which remained was for the TBI group in the word recognition condition. Clusters
found included bilateral areas in the temporal lobe (BA 21 and 22, extending to 39 on the
right), right inferior frontal gyrus (BA 45), and the inferior parietal lobule on the left (BA
40). These areas suggest that the language and memory systems may have been working
harder in the TBI group during word recognition.

Word Encoding vs. Picture Encoding
Again for this contrast, there were no voxels for word encoding which survived thresholding
for either group. The controls also did not have any extra voxels associated with the picture
encoding condition. The TBI group, however, experienced a great deal of activation
associated with the picture encoding condition (see Figure 2). These areas of activation were
more commonly seen towards the posterior regions of the brain, but were split fairly evenly
between left and right hemisphere areas. Again there was evidence for an increase in the
areas of activation associated with performing a task (and achieving control-equivalent
behavioral performance), as well as for bilateral activation of areas. Many of these areas
survived more stringent thresholding (p uncorrected < 0.001, cluster size > 10 voxels),
including bilateral areas in the supramarginal gyri (BA 40), the superior frontal gyri (BA 6
and 8 on the left and 8 on the right), and the middle occipital gyri (BA 19). There was also
activation in BA 37 bilaterally, though the cluster on the right was in the fusiform gyrus,
while the cluster on the left was in the middle temporal gyrus. Additional lateralized areas
included right superior temporal gyrus (BA 22), and left cerebellum. These areas could be
more involved in the processing of pictures as opposed to words, as well as possible
subvocal rehearsal. In any case, there is again clear evidence of bilateral activations as well
as more areas of activity for the TBI group.

Word Recognition vs. Picture Recognition
Overall, this comparison generated less activation for each group, but there were some
locations that warrant discussion. The controls, for word recognition, activated some
additional areas associated with memory and language processing (i.e., anterior cingulate
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cortex, inferior frontal gyrus, superior temporal gyrus, and cingulate gyrus, all on the left).
While the areas activated by the control group were cortical, those activated by the TBI
group were subcortical (i.e., the right pulvinar and caudate). This distinction will be
considered in more detail below. No additional areas survived thresholding for the controls
in the picture recognition side of the contrast. In comparison, the TBI group had several
additional active areas for picture recognition, including areas which may be involved in the
demands of processing more visually demanding stimuli (i.e., right fusiform gyrus, right
precuneus, middle occipital gyrus, left posterior cingulate, left medial frontal gyrus, right
inferior parietal lobule, and right middle temporal gyrus). The only area that remained at the
more rigorous threshold (p uncorrected < 0.001, cluster size > 10 voxels) was the right
precuneus (BA 7) in the TBI group during picture recognition. As compared to the controls,
these results again represent a more distributed pattern of activation, as well as one slightly
more skewed towards the posterior of the brain. The previously-discussed pattern of nearly
equal right-left hemispheric distribution does not hold for this contrast.

Together these results suggest that, regardless of process or modality, there is a general
tendency for the TBI group to activate more areas than controls, and that the active areas
tend to be distributed between the two hemispheres and include more posterior clusters.

Discussion
In this study, we obtained several results which are consistent with previous imaging and
behavioral findings in TBI, as well as one which may be novel. First of all, our study results
indicated equivalent behavioral performance between the healthy control and TBI groups, in
terms of reaction times, accuracy, and performance pattern on all task types. Although these
have been carefully considered and analyzed, as our sample size was small it is possible that
these negative results reflect an issue of inadequate power. Other studies with similar
numbers have, however, seen differences between TBI groups and controls. In any case,
despite seemingly equivalent performance, differences were found in the patterns of
activation seen in the control and TBI groups. This finding is consistent with previous
studies reviewed above. In a sense, it is actually ideal to design a memory task in which
individuals with TBI and known memory issues are able to perform equivalently to healthy
controls. This is preferable because performance differences are now removed as a factor,
and we are able to interpret the differences in brain activation as related to injury, and not
simply related to divergent level of performance. Secondly, as seen in previous imaging
studies of cognition after TBI (e.g., Ricker et al., 2001), results of the current study found
conditions under which a more bilateral pattern was seen for the TBI group. Also consistent,
in nearly every contrast there was evidence for more areas of activation and a more
distributed pattern of activation surviving threshold for the persons with TBI, as compared
to the control group.

In the final, and potentially novel, comparison, results of this study indicated a difference
between the groups such that the TBI group showed more subcortical involvement while the
activation for the control group was more cortical in nature. It is not known whether this
finding represents something which will be confirmed by future studies of episodic memory
after TBI, or whether it is unique to this experiment and the condition of word recognition. It
should be noted, however, that there is evidence that the structures shown to be active in this
portion of the experiment are important in language processing (see Crosson & Haaland,
2003, for a review) as well as other cognitive functions. Even if these subcortical structures
are not specifically damaged after TBI (as suggested by Primus, et al., 1997), they are highly
interconnected through white matter tracts known to be especially susceptible to injury via
TBI (e.g., Whyte, Hart, Laborde, & Rosenthal, 2005), and other researchers (e.g., Little, et
al., 2010), have found differences in cognitive functioning associated with damage to
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thalamic projection fibers. In either case, given the small number of imaging studies of
episodic memory after TBI, a resolution of this issue is not yet possible, but it has the
potential to be of interest for future study.

There are, however, some factors which likely impacted our findings. First of all, the study
design was originally meant to have high-level controls in the Letter and Shape conditions.
Unfortunately, behavioral results seem to indicate that participants did not respond to them
as control conditions. As a result, Shape and Letter conditions were not useful for
comparison in the manner initially intended. The resulting comparisons had to then be made
without benefit of a control condition, creating increased likelihood of washout of
observable brain activation between the compared conditions. It should be noted, however,
that the study finding of little differential group activation during word encoding, (as found
in the word encoding vs. word recognition comparison and the word encoding vs. picture
encoding comparison) was consistent with the findings of Strangman (2009), despite the fact
that methods and analyses were different between studies. Further study will be required to
further assess whether this consistency is a true pattern in neural activation during memory
encoding.

There was also a great deal of individual variation, both within groups as well as between
members of the two groups. Part of this is likely due to factors unique to the individuals who
participated. Miller, et al., (2009) investigated individual differences on three tasks
employing different kinds of memory (episodic, semantic, and working) and found that
activation was more similar within a single participant across the three tasks than it was
across participants doing the same task. Hester, Fassbender, & Garavan (2004) have also
addressed this problem to a lesser extent but did find individual differences in activation as
well. Another issue which may be affecting our results is that our participants were quite
diverse in age, ranging from 18 to 54 across a group of only 12 participants. At the lower
end of the age range, participants’ brains are likely to not be fully myelinated (Sowell, et al.,
2003), while at the higher end of the spectrum normal aging processes may already be
underway (see, e.g., Rajah & D’Esposito, 2005, for an example of how aging can lead to
differences in fMRI activation). The TBI sample was also necessarily rather heterogeneous.
Participants in the TBI group were in the same early chronic phase of injury, but there were
differences in the time since injury. Variation in severity and pathology could have also
contributed to the heterogeneity of the TBI sample. While necessary to ensure adequate
recruitment, including participants with any such differences could lead to lower data quality
in a group analysis situation. In sum, it is highly likely that both individual differences and a
wide age distribution played a role in our limited ability to appreciate changes in brain
activation due to our experimental conditions.

An additional issue which has seen more discussion in literatures dealing with populations
other than TBI is that of the reasons behind recruitment of “extra” brain regions during task
performance. This is seen quite often in the literature on aging. When older participants are
found to have more activation for a given task, it is sometimes attributed to greater
recruitment due to neural inefficiency (e.g., Duverne, Habibi, & Rugg, 2008). Another
possibility is that increased or divergent activation is due to some form of compensation for
brain systems that are not working as they did before being injured. While the current study
is not designed specifically to address this question, the results may suggest an explanation
nearer to functional compensation, given that the “extra” areas of activation seen in the TBI
group were outside the typical memory areas. In fact, they seemed to be drawing more
heavily on other cognitive systems which support memory. This finding is not surprising,
and the influence of cognitive functions like attention or executive control on episodic
memory is beginning to come to light (e.g., Cabeza, Ciaramelli, Olson, & Moscovitch,
2008). These functions are known to be commonly affected by TBI, and disconnection of
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white matter tracts contributing to these cognitive functions is also of concern in the TBI
population. Future studies from our lab are planning to address these issues by using an
episodic memory paradigm that directly manipulates cognitive load during encoding and by
considering data from DTI and functional connectivity analyses as well as fMRI.

Finally, given the novelty of this area of research, this study represents a step forward in the
efforts to characterize the neural substrates of episodic memory after TBI. While Strangman
et al. (2008, 2009) chose an ROI approach to the analysis of memory circuits based on those
activated by healthy controls, it should be kept in mind that their purpose was to evaluate
whether currently available cognitive rehabilitation strategies could be evaluated for
usefulness depending on fMRI findings, even though the more general correlates of fMRI
activation associated with episodic memory performance after TBI had yet to be established.
Our goal in this study was broader, as we felt that, given the paucity of published studies in
this area, it was critical to establish information regarding changes to those memory systems
after TBI, and to learn more about changes which might occur outside of normal circuitry.
As a result, we felt that a voxel-based approach was more readily applicable for this
purpose. It is our hope that, as we continue to learn more about episodic memory
functioning after TBI, our increased ability to create new and innovative approaches to
assessment and treatment which utilize this knowledge will allow for improvements in
quality of life for those who have sustained TBI.
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Figure 1.
Response times by group and condition.
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Figure 2.
Activation for Picture Encoding as compared to Word Encoding for the TBI group at p <
0.005, uncorrected, excluding clusters with fewer than 10 voxels.
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