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Abstract
Children with traumatic brain injury (TBI) often experience memory deficits, although the nature,
functional implication, and recovery trajectory of such difficulties are poorly understood. The
present fMRI study examined the neural activation patterns in a group of young children who
sustained moderate TBI in early childhood (n = 7), and a group of healthy control children (n =
13) during a verbal paired associate learning (PAL) task that promoted the use of two mnemonic
strategies differing in efficacy. The children with TBI demonstrated intact memory performance
and were able to successfully utilize the mnemonic strategies. However, the TBI group also
demonstrated altered brain activation patterns during the task compared to the control children.
These findings suggest early childhood TBI may alter activation within the network of brain
regions supporting associative memory even in children who show good behavioral performance.
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1. Introduction
It is estimated that 250 in every 100,000 children will sustain a traumatic brain injury (TBI)
each year [3]. Although individuals with TBI often sustain physical impairments from the
injury, other impairments such as problems with emotional, behavioral, and cognitive
functioning are the most debilitating consequences of TBI. Pediatric TBI is one of the most
frequent causes of interruption to the course of normal cognitive development [3]. Research
suggests children who sustain TBI commonly experience deficits in linguistic abilities,
psychomotor skills, attention, and executive function [4,75]. In addition, these children can
experience memory and new learning deficits, although the nature and outcome of such
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deficits are not well understood [12]. Memory deficit is not only one of the most common
residual effects of TBI, it could have the most functionally significant impact due to its
disruption of daily activities and school performance [44].

1.1. Memory deficits in pediatric TBI
Memory deficits are common sequelae of moderate to severe TBI as these injuries often
damage regions of the brain supporting memory function [67]. In individuals with TBI, the
most common brain lesions are frontal and anterior temporal contusions due to their location
near the anterior and middle fossae of the skull [74]. Widespread diffuse axonal injury
(DAI) due to shear-strain injuries occurring at the boundaries between white and grey matter
is also common in patients with moderate to severe TBI, and can potentially disrupt the
interconnections between the prefrontal, subcortical, and posterior cortical regions
comprising the memory network [7].

Moderate to severe TBI in children frequently results in impairments in learning and
rememberingnew information [12,31,73–75]. Studies suggest that although memory
significantly improves during the first year following pediatric TBI, persisting deficits in
memory have been documented up to 5 years post-injury [12,31,75]. Studies using a list-
learning test designed to assess memory performance and encoding strategy use, the
California Verbal Learning Test for Children (CVLT-C), reported learning and memory
impairments in children with moderate to severe injury at 1 to 5 years post-injury compared
to both age-matched healthy controls and to orthopedic or non-TBI trauma controls
[30,31,55,73,75]. A consistent relationship has been observed between verbal memory
deficits and injury severity, with greater injury severity resulting in poorer performance on
the CVLT-C [6,28,30,55] and on a story recall task [6].

The literature on memory functioning in children with TBI thus far has focused largely on
verbal list learning, while another important type of memory, associative memory, has yet to
be examined in depth in this group. Through associative learning, previously unassociated
ideas and experiences are linked and bound together. Adults with TBI have been shown to
demonstrate impaired associative memory performance on verbal paired associate learning
(PAL) tasks (for review see [67]), but this has not been investigated in the pediatric TBI
literature.

1.2. Mnemonic strategy use in typically-developing children and children with TBI
A systematic strategy for strengthening long-term retention and retrieval of information is
referred to as a mnemonic strategy. Mnemonic strategies leading to effective encoding of
verbal materials often demand attention [62] and entail semantic, organizational or
elaborative processing of the to-be-remembered events [32]. Developmental research
suggests children can benefit from memory strategies, although there is a developmental
progression in competent memory strategy use from preschool through adolescence, which
parallels the development of attention and working memory capacity [61]. By age four,
children have the competence to generate elaborative imagery, and by the age of 11 children
can use imagery mnemonics in the same way as adults [53]. As children mature, they not
only progress from being non-strategic to strategic, they also gradually increase the
frequency and number of mnemonic strategies used [59]. The cognitive development
literature distinguishes different types of deficiencies that occur as children develop mature
strategy use [59]. A production deficiency occurs when a child cannot produce a strategy
spontaneously but when prompted can utilize and benefit from the strategy. A utilization
deficiency occurs when a child applies an appropriate strategy, either spontaneously or with
prompting, but does not benefit in recall or benefits less than does an equally strategic older
child [59].
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Although memory strategy use has not been examined in depth in the pediatric TBI
population, the existing literature suggests that children with severe TBI may have
deficiencies in memory strategy use. In studies examining performance on list learning
tasks, children with severe TBI were less likely to use an efficient recall strategy than
children with mild or moderate TBI [37] and were more likely to use an inefficient strategy
such as serial clustering [6] or a passive rehearsal strategy [27]. These studies suggest that
children with TBI are less likely to spontaneously employ effective memory strategies.
Training in the use of mental imagery strategies has been found to improve memory
performance in adults with brain damage [54], but this has not been studied in a pediatric
TBI population.

1.3. Neural correlates of associative encoding
Neuroimaging research has begun to elucidate the neural substrates of associative memory
encoding (i.e., successful binding or association of information together in long-term
memory). Neuropsychological studies [16,21] confirm the role of the medial temporal lobe
(MTL) in binding together multiple features or components of an experience to form
coherent memory traces. Although controversy remains regarding the precise division of
labor between the structures of the MTL and within the hippocampus itself [19], the role of
MTL in associative encoding is well-established. Neuroimaging studies in adults have
reliably demonstrated activation in the hippocampus during a number of associative
encoding tasks, including encoding word pairs [29,42], word triplets [2,20], object pairs [1],
and face-name pairs [64].

The MTL functions as part of a complex neural network in adults to support associative
encoding. Frontal lobe based cognitive control abilities including selection mechanisms,
organization, and strategic processes (such as generating associations between items) are
required for successful memory encoding [8–10,25]. Indeed, activation in prefrontal regions
including the ventrolateral [8],dorsolateral prefrontal cortex [42],and inferior frontal gyrus
[2] has been documented during associative encoding tasks. A number of additional brain
regions have also been implicated in successful associative memory encoding, including the
inferior parietal lobule, anterior cingulate, and fusiform gyrus [2,29,36,42]. While recent
brain imaging studies have examined the neural substrates of associative learning in adults,
only a handful of studies to date have examined the neural correlates of memory encoding
and memory retrieval in children [41,49,50], and no studies have yet examined the brain
structures supporting associative learning in either healthy children or children with acquired
brain injuries.

1.4. Neuroimaging studies of TBI
Neuroimaging studies have only recently begun to examine neural activation patterns in
individuals who sustained TBI. Several studies of TBI in adults have successfully
demonstrated alterations in brain activation patterns during performance of working memory
tasks compared to controls using fMRI. These studies found adults with mild TBI [38,39]
and moderate to severe TBI [57] demonstrated hyperactivation in the neural regions
mediating working memory shortly after the injury compared to healthy controls or
orthopedically injured controls. Similar studies of adults with moderate to severe TBI
observed a more distributed representation of working memory in individuals with TBI
compared to non-injured controls [15,51,58]. Similarly, two recent fMRI studies comparing
children with moderate to severe TBI to orthopedically injured controls have observed
hyperactivation of relevant brain networks during a verb-generation task [33] and a
continuous performance task [34]. Increased activation of relevant brain regions during
working memory tasks was also observed in groups of children [45] and adolescents [46]
with moderate to severe TBI compared to typically-developing age-matched controls. These
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imaging studies suggest activation of neural circuitries may be altered after a brain injury,
but it is unclear if this finding holds true when considering associative memory processing
in children with less severe TBI.

This study sought to characterize the neural activation pattern engaged by effective
associative learning in young children with moderate TBI compared to a control group of
healthy, typically-developingchildren. The study was novel in its use of fMRI to examine
the long-term (i.e., two to four years post-injury) consequences of early pediatric TBI on
associative memory ability. In this PAL task, participants were trained to use two different
mnemonic strategies to learn pairs of words (e.g., cat-tree) so they could later recall the 2nd
word (i.e., tree) given the 1st word (i.e., cat). The mnemonic strategies of interest were an
imagery strategy (imagining the items in the pair interacting in some way) and a rote
repetition strategy (repeating the word pairs covertly). The imagery strategy promoted
relational encoding of the word pairs, while the repetition strategy instead promoted non-
associative encoding of the word pairs. In verbal PAL paradigms, typically developing
children demonstrate a memory advantage when imagining the two words of the pair
interacting in some way (associative encoding) over simply repeating the word pairs [23,52].

It was hypothesized that on behavioral measures of memory performance, children with TBI
would have poorer recall performance than the healthy children, although both groups were
expected to demonstrate an equal amount of memory advantage (i.e., remember more word
pairs) when using the imagery mnemonic compared to using the repetition strategy. Both
children with TBI and healthy control children were expected to activate similar networks of
brain regions supporting associative encoding during the task although the children with TBI
were hypothesized to demonstrate greater activation of brain regions supporting associative
memory encoding compared to the healthy control children.

2. Methods
2.1. Participants

Participants in the TBI group were recruited from a larger ongoing study of recovery from
TBI in young children and their families conducted at four hospitals with Level 1 Trauma
Centers. Eligibility requirements for the participants with TBI in the larger study included:
age between 36 to 84 months at the time of injury, English as the primary spoken language
in the home, and a TBI requiring overnight admission to the hospital and either evidence of
altered neurological status on the Glasgow Coma Scale (GCS) (i.e., total score < 15) or
abnormalities on imaging (MRI or CT scan). Exclusionary criteria included: previous
history of brain injury, pre-existing neurological disorder or medical problem affecting the
CNS, diagnosis of mental retardation or developmental disability, documentation in the
medical chart or in the parent interview of child abuse as a cause of the injury, or history of
severe pre-morbid psychiatric disorder requiring hospitalization. Children who sustained
non-blunt head trauma (e.g., projectile wounds, strokes, drowning) were also excluded.
Written informed consent was obtained from a parent or guardian, and written assent was
obtained from the child at the time of the study. This study was approved by the medical
institutional review boards at Cincinnati Children's Hospital Medical Center and the
University of Cincinnati.

We contacted all children in the larger study who had sustained a mild or moderate TBI (see
below for definition) and who were at least six years of age and at least 12 months post
injury regarding participation in this study. We also recruited healthy, normal control
children (NC) from postings at local universities, elementary schools, and hospitals to match
the TBI children as closely as possible for age, sex, and handedness. Exclusion criteria for
NC participants included an estimated Full Scale IQ of less than 70 or parent report of
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previous TBI or pre-existing physical, neurological, psychiatric, or developmental disorder.
All children in this study had normal hearing per parent report and passed the standard
checklist of MRI exclusion criteria used by the Cincinnati Children's Hospital Radiology
department in routine clinical scanning.

Nineteen children with TBI were identified from the parent project based on these criteria,
and 17 consented to participate in the imaging study. This subset was representative of the
larger parent sample on demographic and neuropsychological variables (described below).
Nineteen NC children were recruited from the community.

Twenty children (7 TBI and 13 NC) were retained for analysis. While the intent of this
project was to study mild to moderate TBI severity, only three children with mild TBI were
recruited and only one child with a mild TBI successfully completed the scanning protocol.
As such, the decision was made to exclude the child with mild TBI in order to focus on
children with injuries of moderate severity. In addition, one NC was excluded due to poor
in-scanner task performance (0% recall across conditions) despite intact neuropsychological
performance, suggesting lack of task compliance during the scan. The remainder of those
excluded had unusable data due to excessive motion, defined as exceeding 0.75 voxel size
for more than 25% of the functional imaging data.

Table 1 provides the demographic information for participants included in the current report.
Clinical brain scans of the TBI participants performed at the time of injury were used to
determine TBI severity, together with other clinical information. Consistent with previous
studies [24], mild TBI was defined by a lowest GCS of 13–15 with no documented evidence
of brain insult or deterioration of consciousness after the injury; moderate severity was
defined as a lowest GCS score of 9–12 or a score of 13–15 accompanied by a skull fracture,
intracranial mass, lesion, or contusion, diffuse cerebral swelling, posttraumatic neurologic
abnormality, or loss of consciousness for more than 15 minutes; and severe TBI was defined
by a lowest GCS score of 8 or less. Using these criteria, all seven children with TBI had
moderate injuries.

2.2. Neuropsychological battery
Several behavioral measures from standardized neuropsychological tests were administered
to all participants in order to characterize the samples’ overall intellectual abilities, word
reading abilities (as an estimate of academic achievement), and memory abilities. The
testing was completed on the same day as the fMRI scan. These measures included: the
Vocabulary and Matrix Reasoning subtests from the Wechsler Abbreviated Scale of
Intelligence (WASI [68]), the Word Identification subtest from the Woodcock Johnson Test
of Achievement – Third Edition (WJ-III [40]), the Digit Span subtest from the Wechsler
Intelligence Scale for Children – Third Edition (WISC-III [69]), and the Stories, Word Pairs,
Dot Location, and Faces subtests of the Children's Memory Scale (CMS [17]).

2.3. Stimuli and behavioral task used for fMRI
Task procedures, stimuli, and mnemonic strategies were developed and piloted in our
laboratory with both children and adults [35]. After consent/assent, participants received
instruction and practice, and the child was then placed in the scanner. After the initial
scanner calibration and anatomical scan, the participant performed the encoding task, which
lasted approximately seven minutes. The encoding task had three conditions: Imagery
Condition, Repetition Condition, and Rest (a control condition in which no word pairs are
presented). Pairs of words were presented auditorily and were preceded by an auditory cue
denoting whether the participant should imagine or repeat the word pair. For half of the
word pairs, the participant was asked to imagine the two items in the pair interacting in some
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way he or she devises (Imagery Condition), and for the other half of the pairs, they were
asked to repeat the word pair until the next pair is presented (Repetition Condition). An
auditory presentation condition was chosen to minimize the possible interference of the
mental imagery process from visually presented stimuli. Each trial was 11 seconds long.
Fourteen trials of each of the three conditions were intermixed (42 trials total), with the
constraint that each successive triplet included one trial from each of the three conditions.

After completing the encoding task, the participant was removed from the scanner.
Approximately five minutes later, after the child had relaxed and reoriented, a cued recall
task was administered. In this recall task, the examiner read aloud the first word of each pair
heard during the task (and, in addition, 14 distractor words not used in the task) and asked
the participant if he or she heard that word during scanning. If the word was recognized, the
participant was then asked what word completed the pair. In addition to the cued recall
measure of interest, this procedure also provided a measure of single-item recognition
memory, which was used to verify encoding task performance.

The stimuli for the encoding task were pairs of words presented auditorily by the same
female speaker on a pre-recorded CD. Inside the scanner, the stimuli were presented through
pneumatic headphones. The nouns chosen to be stimuli for this study were taken from
Cycowicz and colleagues [18] and selected based on the following criteria in order to be
appropriate for all child participants: rated highly familiar by 5–7 year olds, rated low in
visual complexity by 5–7 years olds, and having a high mean frequency in the English
language as reported in the American Heritage Word Frequency book [11]. The words were
then paired randomly to avoid producing pairs of words having any obvious preexisting
associative relationship.

2.4. fMRI data acquisition and analyses
The fMRI methods used in this experiment are the same as those used previously in our
laboratory [13,14]. The scans were performed on a Bruker Biospec 30/60 MRI scanner
based on a 60-cm, 3.0 Tesla magnet (Bruker Medizintechnik, Karlsruhe, Germany). A T2*
weighted, gradient-echo, echo-planar imaging (EPI) sequence was used for fMRI scans (TR
= 2000 ms, TE = 38 ms, FOV = 25.6 × 25.6 cm, matrix = 64 × 64, 25 slices, slice thickness
= 5 mm). There were 42 trials in the run, and each trial began with a 5 second scanner-silent
window followed by 6 seconds of fMRI acquisition (three volumes collected over three
TRs), for a total imaging time of 7 minutes and 42 seconds. A T1-weighted, 3-D Modified
Driven Equilibrium Fourier Transform whole brain scan was performed for anatomical co-
registration. Stimuli were presented using an MRI-compatible audiovisual system
(Resonance Technologies Inc.).

FMRI image post-processing was completed using Cincinnati Children's Hospital Image
Processing Software, in-house software written in Interactive Data Language (Research
Systems, Inc., Boulder, CO). The EPI images were corrected for geometrical distortion and
Nyquist ghost artifacts using the multiecho reference method [60]. Because of the
nonequilibrium T1 effects as a function of acquisition frame (first, second, and third frame
for each trial), each frame set was individually co-registered to correct for motion artifacts
[66] and then recombined. The data were then normalized into stereotactic space [65] using
a linear affine transformation shown previously to be valid for individuals 5 to 18 years of
age [43,71] spatially filtered in three dimensions with a 4mm Gaussian filter and detrended.
Magnetic resonance volumes acquired during the same temporal frame (1, 2, or 3) from
different trial types (imagery, repeat, or rest) were directly contrasted with paired t-tests,
pooling data across frames and trials, according to the General Linear Model [72]. A paired
t-test map was generated for each participant for each contrast of interest (i.e., Imagery
condition compared to Rest, Repetition condition compared to Rest, and Imagery condition
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compared to Repetition condition), and the individual t-maps were entered into a random
effects analysis to form composite maps for the two groups of children, which were
compared using the General Linear Model to examine group differences. The Rest condition
allowed us to verify that auditory activation was observed in the main experimental
conditions, but due to the uncertainty associated with what mental processes might have
occurred during this period for each group of participants, we focused on analyses
concerning the contrast between Imagery and Repetition conditions. The comparison
between Imagery and Repetition conditions controls for task- and stimuli – specific
activation and identifies brain activation related to associate encoding. Significant activation
was defined by a nominal z = 6.0, cluster = 25, corrected p ≤ 0.05 for multiple comparisons.

3. Results
3.1. Demographic and neuropsychological variables

Descriptive statistics were compared between the two groups using the Fisher exact test or
Mann-Whitney U test for categorical variables (gender,race, and maternal education) and t
test for continuous variables (age, neuropsychological variables, and task performance).

Children with TBI who successfully completed the scan were significantly more likely to be
Caucasian (Fisher's Exact, 2-tailed, p = 0.01; TBI unusable group 30% Caucasian) and have
a higher estimated IQ (t(15) = −3.78, p < 0.01; TBI unusable group M = 94.3, SD = 12.2)
than children with TBI who had unusable scanning data. NC children who successfully
completed the scan were also more likely to be Caucasian than NC children who had
unusable scanning data, a difference which approached significance (Fisher's Exact, 2-tailed,
p = 0.07; NC unusable group 50% Caucasian). For both groups, children who completed the
scan were more likely to have a better task performance than those with unusable data (TBI
Imagery Advantage: t(15) = −2.43, p = 0.03, TBI unusable group M = 7.14, SD = 11.17; NC
Imagery Advantage: t(17) = −2.46, p = 0.03, NC unusable group M = 15.47, SD = 15.26).
See Section 3.2 for explanation of Imagery Advantage task performance parameter. As
performance on standardized memory testing did not differ between children with usable
data compared to those with unusable data, poor performance on the in-scanner memory
task is likely related to task non-compliance (TBI General Memory: t(15) = −1.23, p = 0.24,
TBI unusable group M = 103.00, SD = 14.28; NC General Memory: t(17) = −0.09, p = 0.92,
NC unusable group M = 116.00, SD = 20.00). Children were not significantly different from
their group members with unusable data on any other demographic or neuropsychological
variables as confirmed by the appropriate parametric or nonparametric test.

Demographic data for participants included in the analyses are reported in Table 1. Mean
age of the TBI group was 8.8 years while mean age of the NC group was 9.7 years. The
groups did not differ in age (t(18) = 1.26, p = 0.23), sex (Fisher's Exact, 2-tailed, p = 1.0), or
race (Fisher's Exact, 2-tailed, p = 1.0). However, the TBI group had a significantly lower
maternal education level than the NC group (Mann-Whitney U = 17.00, p = 0.02). Children
in the TBI group on average had mothers with a high school education, and children in the
NC group on average had mothers with a four-year college education. Maternal education
level is frequently used as an index of socioeconomic status (SES) [22].

Neuropsychological test performance data is reported in Table 2. T-tests revealed no
significant group differences on measures of WASI Full Scale IQ (t(18) = −0.71, p = 0.49),
WISC-III Digit Span (t(18) = 0.91, p = 0.38), WJ-III Word Identification (t(18) = 0.35, p =
0.73), and CMS General Memory Ability (t(18) = 1.02, p = 0.32).
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3.2. Behavioral performance on memory task
Cued recall task performance data were collected from all participants (see Table 2).
Although the data passed tests for skew and kurtosis, the range of word pairs recalled in the
Repetition condition was severely restricted due to floor effects on recall. There was no
evidence of floor or ceiling effects in the number of word pairs recalled in the Imagery
condition, and data passed tests for skew and kurtosis. Mean proportion of word pairs
recalled in the Imagery condition (t(18) = 0.73, p = 0.48) and Repetition condition (Mann-
Whitney U = 43.5, p = 0.88) did not differ significantly between the TBI and NC groups.
Although there were considerable individual differences, children within each group
remembered significantly more imagined word pairs than repeated word pairs (TBI group:
Wilcoxon Signed Rank Z = −3.19, p < 0.01; NC group: Wilcoxon Signed Rank Z = −1.99, p
= 0.05) with an average recall advantage of 31% more word pairs recalled in the Imagery
condition over the Repetition condition for the TBI group and a 39% recall advantage for the
NC group (a non-significant group difference, t(18) = 0.74, p = 0.47). This performance
parameter, determined by subtracting mean proportion of word pairs in the Repetition
condition recalled in the post-scan Cued Recall task from the mean proportion of word pairs
in the Imagery condition recalled, will be referred to as “Imagery Advantage.” Imagery
Advantage was used in subsequent analyses as a measure of task performance with
acceptable range and variability.

Both groups of children demonstrated well above chance level performance on the single-
item recognition memory task embedded in the cued recall task as measured by hit rate
minus false alarm rate (termed “corrected hit rate”). In the NC group, mean corrected hit rate
was 60.1% for the Imagery condition and 40.4% for the Repetition condition (Imagery hit
rate M = 60.1, SD = 27.5; Repetition hit rate M = 40.4, SD = 25.2; false alarm rate M = 0.0,
SD = 0.0). In the TBI group, mean corrected hit rate was 48.4% for Imagery and 37.0% for
Repetition (Imagery hit rate M = 50.5, SD = 17.7; Repetition hit rate M = 39.0, SD = 14.5;
false alarm rate M = 2.0, SD = 3.5). These results suggest that despite the variability in cued
recall performance, the participants were attending to the stimuli during the task, and were
likely attempting to encode the word pairs.

3.3. Relationship between task performance and neuropsychological variables
The relationship of Imagery Advantage to age and neuropsychological measures was
investigated with partial correlations, controlling for group status (TBI vs. NC), uncorrected
for multiple comparisons. Higher Imagery Advantage was significantly correlated with older
age (r = 0.54, p = 0.02) and higher General Memory Ability score from the CMS (r = 0.46, p
= 0.05). However, recall advantage was not significantly correlated other
neuropsychological variables including estimated FSIQ from the WASI (r = 0.05, p = 0.83),
Digit Span subtest (r = 0.26, p = 0.29), or WJ-III (r = 0.16, p = 0.54). Recall advantage was
not significantly correlated with maternal education for the TBI group (dichotomized as high
school diploma and below versus some college and above, point biserial correlation r =
−0.09, p = 0.85).

3.4. fMRI analysis: Condition comparisons by group
Figure 1 presents the statistical parametric maps (composite Z-score maps) of brain regions
demonstrating significantly greater activation during the Imagery condition compared to
Repetition condition (“Imagery – Repetition”), and vice versa (“Repetition – Imagery”), for
each group.

Figure 1a and Table 3 present brain regions with significantly greater activation during the
Imagery condition compared to Repetition condition for the TBI group. Significantly greater
activation during the Imagery condition compared to Repetition condition was observed in
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the bilateral cerebellum, bilateral visual cortices (including inferior occipital lobes, lingual
gyrus, and fusiform gyrus, Brodmann's Area [BA] 17, 18, 19), right inferior parietal lobe
(BA 40), and right postcentral gyrus (BA 3). In contrast, greater activation was seen in the
Repetition condition compared to Imagery condition in the left superior temporal gyrus (BA
22), left inferior and middle frontal lobes (BA 45, 47), right lingual gyrus (BA 19), bilateral
fusiform gyrus (BA 37), bilateral parahippocampal gyrus (BA 35), right hippocampus,
posterior cingulate, and left precuneus (BA 7, 31). See Fig. 1b and Table 3.

In the direct comparison between Imagery and Repetition conditions within the NC group,
significantly greater activation during the Imagery condition was seen in the left inferior
frontal and dorsolateral pre-frontal cortex (BA 46, 47), left middle frontal cortex (BA 8, 9),
and left insula (BA 13). In contrast, greater activation was seen in the Repetition condition
in the left occipital gyrus and lingual gyrus (BA 18), left cuneus (BA 17), left
parahippocampal gyrus (PHG), and left superior temporal gyrus (BA 22, 42). See Figs 1c
and 1d and Table 4 for complete listing of activation foci.

3.5. fMRI analysis: Maternal education
Maternal education level differed significantly between the TBI and NC groups.
Consequently, maternal education level was examined in greater depth to determine if this
variable had a significant impact on brain activation. Although maternal education level is a
variable of interest in the TBI literature, it was not hypothesized to affect memory
performance. Indeed behaviorally, the TBI and NC groups demonstrated equivalent cued
recall performance in both the Imagery and Repetition conditions, and the groups were not
significantly different on any of the neuropsychological variables that could be hypothesized
to affect memory performance (i.e., overall IQ, word reading, Digit Span). An analysis
examining the correlation between maternal education and the brain activation pattern in the
Imagery – Repetition contrast in the TBI group revealed small areas of positive correlation
in the cerebellum, bilateral medial temporal gyrus (BA 21 and 22), and inferior frontal gyrus
(BA 46), and postcentral gyrus (BA 2). However, when level of maternal education was
entered as a covariate in the analysis of Imagery – Repetition in the TBI group, the pattern
of brain activation was identical to the activation pattern produced without controlling for
maternal education level, suggesting maternal education does not appear to directly impact
regions of activation in which there is greater activation in the Imagery – Repetition contrast
of interest. Due to a lack of variability, the relationship between maternal education and
brain activation was not able to be similarly examined in the NC group. Because it remains
unclear to what extent maternal education affects neural activation patterns in either a
healthy or injured brain, we proceeded with group comparisons given the groups were
equally matched on all other demographic, neuropsychological, and task-related variables.

3.6. fMRI analysis: Group comparisons
With respect to group-related differences, participants in the TBI and NC groups
demonstrated differential patterns of brain activation in the Imagery – Repetition contrast, as
shown in Fig. 2 and Table 5. In the direct contrast between the Imagery and Repetition
conditions, the TBI group demonstrated greater activation than the NC group in primary and
association visual cortices (BA 17, 18, 19), superior temporal lobe (BA 22, 42), and motor
cortices (BA 3, 6). The NC group showed greater activation than the TBI group in medial
frontal regions (BA 8, 9), dorsolateral prefrontal cortex (BA 46), inferior prefrontal cortex
(BA 47), right parahippocampal gyrus and right hippocampus.

3.7. fMRI analysis: Relationship with cued recall performance
This analysis identified brain regions, by group, in which activation in the Imagery-
Repetition contrast significantly correlated with magnitude of Imagery Advantage. In the
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TBI group, greater Imagery Advantage was positively correlated with activation in the right
superior temporal gyrus (BA 22), right insula (BA 13), right inferior parietal lobe (BA 40),
and right cuneus and precuneus (BA 7). In the NC group, magnitude of Imagery Advantage
was positively correlated with activation in the left inferior and medial temporal lobe (BA
20, 21), bilateral parahippocampal gyrus (BA 36), bilateral hippocampus, bilateral inferior
frontal gyrus (BA 47), left dorsolateral prefrontal cortex (BA 46), bilateral medial frontal
regions (BA 8,9), and left insula (BA 13). Figure 3 and Table 6 present the Talairach
coordinates for these regions.

To assess specifically whether brain regions identified in the correlational analysis above are
overlapping across groups, we conducted the following analysis. For each group, a mask
was first created from brain regions in which activation in the Imagery-Repetition contrast
significantly correlated with Imagery Advantage, and then the analyses were re-run with the
opposite group's mask as a filter. The results of these analyses demonstrated that the patterns
of performance-correlated activation are non-overlapping; neither group demonstrated
significant activation within the set of brain regions identified in the other group. This
confirmed that the two groups utilized different brain regions to support successful task
performance.

4. Discussion
The findings from this study provide preliminary evidence of altered neural activation
during an associative encoding task in children following TBI. Despite equivalent
behavioral performance between the two groups, the children with TBI demonstrated several
areas of increased activation in the contrast between Imagery and Repetition conditions
relative to NC children. These findings lend partial support to our hypothesis that children
with TBI would activate similar networks of brain regions during the memory task as
typically-developing children but would demonstrate hyperactivation of brain regions
purported to support associative memory. Overall, these findings are generally consistent
with the existing literature on associative memory tasks and neural activation changes after
TBI and suggest moderate TBI may alter activation within the network of brain regions
supporting associative memory even in children who demonstrate intact behavioral
performance.

This study demonstrates the feasibility and utility of studying associative memory in young
children following TBI. Our group of children with TBI showed good behavioral
performance at an average of three years since injury; their performances on standardized
tests of memory abilities were not impaired compared to the NC children or to the normative
sample. The structured nature of the task allowed us to examine whether the children with
TBI demonstrated utilization deficiencies in mnemonic strategy use, but because participants
were not allowed spontaneous strategy use, we were unable to examine production
deficiencies. The children with TBI did not demonstrate mnemonic strategy utilization
deficiencies. They were able to learn and successfully utilize the mnemonic strategies taught
in this paradigm, and although their cued recall advantage for the imagery strategy over the
repetition strategy was smaller compared to NC children, this difference was not statistically
significant. However, these results suggest despite successful strategy use and equivalent
behavioral performance, children with TBI demonstrated altered neural activation patterns
during the encoding phase of strategy use.

Our findings of group differences in the Imagery – Repetition comparison are broadly
consistent with other fMRI studies observing altered, more extensive, neural activation
patterns in adult patients with TBI [15,38,39,51,57,58]. These findings are also generally
consistent with fMRI studies of pediatric TBI in which greater activation was observed in
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relevant brain networks for children with TBI compared to orthopedically-injured controls
[33,34,45,46]. However, our findings do not support a generalized pattern of over-activation
in the group of children with TBI, but instead suggest that the two groups of children
demonstrated differential patterns of activation within a network of brain regions thought to
support associative encoding. In the analysis that identified group differences in brain
regions with significantly higher activation in the Imagery condition compared to the
Repetition condition, children with TBI activated several brain regions to a greater extent
than the NC children did, including regions related to auditory processing and visual
processing. In contrast, the NC group showed greater activation compared to the TBI group
in the medial frontal cortex, the dorsolateral and inferior prefrontal cortex, and MTL.

As expected, successful associative encoding in the group of typically-developing children
was positively correlated with activation in dorsolateral prefrontal cortex, inferior frontal
regions, and medial temporal regions, all brain regions that have been implicated in
successful associative encoding in adults [20,36]. The positive correlation found in the MTL
confirms and extends previous findings from two recent neuroimaging studies of memory
encoding in children, although both studies used indoor/outdoor scenes that did not
necessarily entail associative encoding [41,49]. In contrast, successful associative encoding
in the TBI group was positively correlated with activation in the superior temporal gyrus,
inferior parietal lobe, cuneus, and precuneus. Not only did children with TBI over-recruit
brain regions supporting visual and multi-modal processing compared to NC children, but
higher activation in these regions was also correlated with task performance. It is possible
that the task demands for auditory processing (listening for cue words and stimuli) and
visual processing (generating images) were higher for the children with TBI compared to
NC children, causing the task to be more challenging and more effortful. Children with TBI
may have allocated more neural resources to auditory and visual processing as a
compensatory mechanism. In the TBI fMRI literature, neural mechanisms such as
differences in capacity or allocation of neural resources have been suggested as possible
explanations for the altered activation pattern of neural networks following TBI [39]. It is
thus possible that children with TBI may allocate limited resources to processing the
auditory stimuli and generating images at the expense of PFC and MTL brain regions known
to support successful episodic memory encoding.

It is also possible that the processing resources of the TBI group are unimpaired, but the
children may nevertheless be unable to efficiently match those available resources to the
task demands due to injury-related impairments in executive functioning. Diffuse axonal
injury, which potentially disconnects brain circuits mediating memory following TBI, has
been correlated with memory performance on a verbal list learning task one year post-injury
in a group of children with moderate to severe TBI [56]. As a result of executive
dysfunction, the children with TBI may over-commit processing resources to the task
without enhancing performance. Studies using in-scanner cognitive tasks with pediatric or
adult TBI cohorts have observed a pattern of fewer and smaller regions of performance-
related task activation in individuals with TBI group compared to orthopedically-injured
controls [34,57], which may represent an inefficient utilization of neural resources.
Executive functioning abilities were not assessed as part of this study, but it will important
to include this variable in future studies of mnemomic strategy use in this population.

Another possible explanation for the altered activation pattern observed in the TBI group is
interruption of neural network maturation. From preschool through adolescence, there is a
developmental progression in competent memory strategy use which parallels the
development of attention and working memory capacity [59]. One would expect as later-
maturing brain regions such as the prefrontal cortex come online during development
[26,63], a parallel developmental trajectory of memory functioning would also be apparent

Kramer et al. Page 11

J Pediatr Rehabil Med. Author manuscript; available in PMC 2010 December 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in which the distributed network of brain regions supporting associative memory becomes
solidified and functions as a cohesive, coordinated unit. Indeed, this is consistent with data
from our laboratory in which healthy adults underwent the same fMRI task described here,
and demonstrated greater activation compared to the same group of NC children from the
present study in a number of brain regions supporting associative memory, including MTL,
posterior cingulate, and inferior parietal lobe [35]. Consistent with the existing literature on
associative encoding in adults, task performance in the group of healthy adults was
positively correlated with brain activation in the MTL, PFC, anterior cingulate, and inferior
parietal lobe [35]. Unfortunately we were not able to examine the relationship between age
and brain activation in the TBI group due to the confounding effects of age at injury and
time since injury. Nevertheless, children who sustain a TBI at a very young age may be
especially vulnerable to the disruption of the maturation of this network, resulting in altered
brain activation patterns for years after the injury.

The present results must be considered preliminary in light of several methodological
limitations. A high percentage of children with TBI recruited for this project had unusable
fMRI data due to excessive motion, and those who successfully completed the scan were
significantly more likely to be Caucasian and have a higher IQ than those with unusable
scanning data. Motion artifact is a methodologicalproblem inherent in pediatric
neuroimaging due to the effects of anxiety, fatigue, and restlessness on children's
compliance. However, our high failure rate suggests the feasibility of fMRI scanning in
children with TBI may be impacted by additional challenges unique to this population.
Future neuroimaging protocols and task paradigms need to be designed to maximize the
comfort and cooperation of children with TBI. Finally, the event-related fMRI procedure
employed in this study was originally inspired by our desire to use an auditory paradigm to
minimize interference for visual imagery. However, one potential weakness of this
procedure is that MR volumes were acquired during the portion of the canonical
hemodynamic response function that corresponded to neural activation occurring shortly
after the presentation of auditory stimuli, when participants were presumably engaging the
mnemonic strategy. Consequently, we are only able to identify group differences in brain
activation during this time window, and due to the covert nature of task, it is unknown if
individual or groups differences in task behavior occurred at this time. Future studies might
include greater inter-trial intervals to probe a longer time window for encoding processes.

Our sample was small and only included children with moderate TBI; thus, findings may not
generalize to the larger TBI population. Although children with moderate to severe TBI
have been shown to demonstrate verbal learning deficits [12,75], the sample in this study did
not demonstrate behavioral deficits in verbal associative memory. Future studies examining
children with a wider range of TBI severity will be needed to more clearly examine
associative memory deficits. Regardless, in the present study, the lack of behavioral
differences between groups allowed for examination of compensatory mechanisms
supporting normal behavioral function, which may have important implications for
treatment.

In addition, larger studies are needed to allow for better statistical control of demographic
and injury-related confounding variables unable to be addressed here. Studies in the TBI
field, including the existing fMRI studies of pediatric and adult TBI, tended to use an
orthopedically-injured (OI) control group instead of healthy non-injured individuals in order
to assess the consequences of TBI relative to the consequences of trauma not involving the
head, as well as to control for demographics and other factors associated with the risk of
traumatic injury. However, the assumption that TBI and OI groups are likely to be similar in
pre-injury behavior and family characteristics does not always hold. In order to improve
control for premorbid factors in pediatric TBI studies, better comparisons may instead be
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large groups of children with varying severity of TBI. In this study, NC children were used
as a control group because no prior behavioral or imaging studies of verbal associative
memory exist in the pediatric TBI literature. The two groups were matched on all
neuropsychological, task-related, and demographic variables, except for maternal education
level. In the TBI literature, SES has been implicated as a moderator of long-term effects of
pediatric TBI on family functioning and stress and children's behavioral outcomes [70], and
some studies have suggested that lower SES may be associated with an increased risk of
accident [70]. However, it remains unclear how SES directly affects cognitive outcomes
post-injury. One study observed unexpectedly high rates of poorer outcome for children with
a combination of both severe TBI and low SES on selected measures of cognitive
functioning, but this pattern was not observed on measures of memory,or for children with
mild or moderate TBI [5]. In the present study, SES was not hypothesized to affect
associative memory functioning, and indeed maternal education level was not significantly
correlated with behavioral performance on the memory task. There is some evidence to
suggest a relationship exists between language abilities and SES as evident in behavioral
testing [48] and brain activation patterns on an fMRI task of phono-logical language skills
[47]. However, it is unknown if verbal associative memory is similarly affected. Very few
imaging studies have addressed SES issues or even reported SES status of participants, so
clearly this is an area of needed research.

These findings have promising clinical implications for understanding and remediating long-
term memory deficits in pediatric TBI. Persistent changes in neural mechanisms years
following early childhood TBI suggest that associative memory should be assessed in the
chronic phase of TBI. Children with TBI can benefit from learning mnemonic strategies to
improve memory, whether or not they demonstrate clinical memory deficits. Imaging studies
like ours have the potential to greatly inform the development of cognitive rehabilitation
programs aiming to remediate both behavioral and neural changes following pediatric TBI.
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Fig. 1.
Brain activation maps of task contrasts, by group. Images are horizontal slices 5 mm apart
and start at z = −30 mm from the top left to z = +65 mm on the bottom right. Images are in
radiological convention: left side of the images corresponds to the right hemisphere. Image
parameters are as follows: nominal z = 6.0, cluster = 25, corrected p < 0.05 for multiple
comparisons. Positive activation foci only are shown. Panel 1a: TBI group, Imagery –
Repetition. 1b: TBI group, Repetition – Imagery. 1c: NC group, Imagery – Repetition. 1d:
NC group, Repetition – Imagery. Please see Tables 3 and 4 for listings of activation foci.
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Fig. 2.
Group differences in activation in Imagery – Repetition comparison. Top: The TBI group
had significantly higher levels of activation in a variety of brain regions relative to the NC
group. Bottom: Brain regions showing greater activation for the NC group. Please see Table
5 for listing of activation foci. Image conventions and parameters are as in Fig. 1.
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Fig. 3.
Statistical parametric map showing brain regions, by group, in which activation level in the
Imagery – Repetition contrast was significantly correlated with memory performance. Top:
TBI group, and Bottom: NC group. Only positively correlated activation foci are shown.
Please see Table 6 for listing of activation foci. Image conventions and parameters are as in
Fig. 1.
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Table 2

Group differences on cued recall and neuropsychological measures

Mean (SD)

TBI group N = 7 NC group N = 13

Cued Recall Task Performance

Imagery Condition (Percentage pairs recalled) 35.71 (27.97) 43.59 (20.17)

Repeat Condition (Percentage pairs recalled) 5.10 (5.40) 4.95 (6.11)

Percentage Advantage (Imagery-Repeat) 30.61 (27.88) 38.64 (20.44)

Neuropsychological Measures

WASI: FSIQa 118.29 (13.90) 114.00 (12.40)

CMS: General Memory Abilitya 111.14 (11.92) 116.69 (11.38)

WISC-III: Digit Span subtestb 9.43 (2.44) 10.38 (2.14)

WJ-III: Word Identification subtesta 104.57 (12.29) 106.31 (9.50)

Note: WASI = Weschler Abbreviated Scale of Intelligence; CMS = Children's Memory Scale; WISC-III = Weschler Intelligence Scale for
Children, Third Edition; WJ-III = Woodcock Johnson Test of Achievement, Third Edition.

a
Standard Score

b
Scaled Score.
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Table 3

Regions of interest showing significant differences in brain activation between conditions for the TBI group
(N = 7)

Brodmann's Areas
Talairach Coordinates

x y z

Imagery > Repetition

Postcentral gyrus (R) 3 58 –17 25

Fusiform gyrus (B) 19 34 –73 –10

Lingual gyrus (R) 17/18 10 –85 –5

Inferior occipital lobe (B) 18 22 –85 –5

Inferior parietal lobe (R) 40 58 –29 20

Cerebellum (B) – 10 –77 –15

Repetition > Imagery

Fusiform gyrus (R) 20 38 –9 –25

Superior temporal gyrus (L) 22 –50 11 –5

Inferior frontal gyrus (L) 45/47 –38 23 –10

Inferior frontal gyrus (L) 9 –46 15 20

Parahippocampal gyrus (B) 35 –18 –33 –5

Hippocampus (R) – 30 –13 –15

Fusiform gyrus (B) 37 –30 –37 –10

Middle frontal gyrus (R) 10 38 39 0

Anterior cingulate (B) 32 –2 39 15

Posterior cingulate gyrus (L) 30 –30 –69 15

Middle temporal gyrus (L) 19 –50 –61 15

Cuneus (L) 18 –6 –73 15

Lingual gyrus (L) 19 –30 –61 5

Precuneus (L) 7/31 –26 –69 20

Note: L=left, R=right, B=bilateral.
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Table 4

Regions of interest showing significant differences in brain activation between conditions for the NC group (N
= 13)

Brodmann's Areas
Talairach Coordinates

x y z

Imagery > Repetition

Inferior frontal gyrus (L) 46 –50 27 15

Inferior frontal gyrus (L) 47 –18 23 –10

Middle frontal gyrus (L) 8 –30 27 40

Middle frontal gyrus (L) 9 –38 27 30

Insula (L) 13 –26 27 0

Repetition > Imagery

Superior temporal gyrus (L) 22/42 –66 –37 15

Parahippocampal gyrus (L) 34 –14 –13 –15

Lingual gyrus (L) 18 –22 –81 5

Cuneus (L) 18 –18 –85 15

Precentral gyrus (R) 6 2 –13 60

Note: L=left, R=right, B=bilateral.
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Table 5

Between group differences in brain regions with greater activation in Imagery compared to Repetition
condition

Brodmann's Areas
Talairach Coordinates

x y z

Children with TBI > NC (N = 7)

Fusiform gyrus (B) 19 38 –73 –10

Inferior occipital lobe (B) 17/18 22 –89 –10

Medial occipital lobe (B) 19 38 –73 –5

Lingual gyrus (B) 17/18 2 –85 –10

Cuneus (R) 17 6 –93 0

Superior temporal lobe (R) 22/42 62 –17 20

Medial frontal lobe (R) 6 6 3 50

Postcentral gyrus (L) 3 –18 –33 55

Cerebellum (B) – 22 –65 –25

NC > Children with TBI (N = 13)

Middle frontal gyrus (L) 8 –30 27 40

Middle frontal gyrus (L) 9 –30 27 35

Dorsolateral prefrontal cortex (L) 46 –46 27 25

Insula (L) 13 –26 –27 5

Parahippocampal gyrus (R) 36 30 –33 –10

Hippocampus (R) – 26 –29 –5

Inferior frontal gyrus (L) 47 –22 27 –5

Note: L=left, R=right, B=bilateral.
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Table 6

Brain regions showing significant correlation between task performance and activation by group

Brodmann's Areas
Talairach Coordinates

x y z

Children with TBI (N = 7)

Superior temporal gyrus (R) 22 66 –9 10

Insula (R) 13 58 –37 20

Inferior parietal lobe (R) 40 54 –45 25

Cuneus (R) 7 2 –69 30

Precuneus (R) 7 10 –73 35

NC (N = 13)

Inferior temporal lobe (L) 20/21 –42 –5 –25

Parahippocampal gyrus (B) 34 18 3 –15

Hippocampus (B) – 30 –9 –15

Inferior frontal gyrus (B) 47 –46 35 –5

Inferior frontal gyrus (L) 46 –50 36 0

Inferior frontal gyrus (L) 45 –50 27 10

Insula (L) 13 –42 –5 –5

Putamen (R) – 18 7 –5

Inferior frontal gyrus (L) 46 –46 19 25

Medial frontal gyrus (B) 9 34 19 30

Middle frontal gyrus (B) 8 26 19 35

Superior frontal gyrus (L) 8 –42 19 45

Note: L=left, R=right, B=bilateral.
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