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1 | INTRODUCTION

Memory is one of several important cognitive aptitudes affected by pe-
diatric traumatic brain injury (TBI). TBI sustained during the childhood
or adolescent years is particularly concerning because of the potential
for disruption in the typical course of brain development and the cas-
cading effects on other cognitive aptitudes. Following moderate to se-
vere TBI, the ability to form and retrieve lasting memories is disrupted
and this disruption persists for years following the injury (Babikian
et al.,, 2011). Furthermore, previous research indicates that TBI sus-
tained during childhood and adolescence has strong negative impli-
cations for academic success (Arroyos-Jurado, Paulsen, Ehly, & Max,
2006; Ewing-Cobbs, Fletcher, Levin, lovino, & Miner, 1998; Ewing-
Cobbs et al., 2006). Disruption in memory resulting from pediatric TBI
has been specifically linked to adverse impact on academic outcomes
(Arnett et al., 2013; Ewing-Cobbs et al., 2004; Fulton, Yeates, Taylor,
Waltz, & Wade, 2012; Kinsella et al., 1997). Despite the importance of
memory for learning and daily functioning, the mechanisms underlying
post-TBI memory impairment remain under investigated. The goal of
the present research was to determine the impact of pediatric TBI on
verbal and visual memory in relation to volume of the hippocampus, a

region of the brain that is critical for explicit memory.

1.1 | Structural development of the hippocampal
formation in relation to memory

Developmental findings related to structural change in the hippocam-
pal formation were initially mixed with some reports indicating sta-
bility in hippocampal volume after the early childhood years (Giedd
etal.,, 1996; Yurcelun-Todd, 2003) and others showing age-related
change in hippocampal volume through adolescence (Gogtay et al.,
2006; @stby et al., 2009). However, in more recent years, results
from both longitudinal and cross-sectional MRI research show re-
gionally specific development along the anterior to posterior axis of
the hippocampus (Daugherty, Bender, Raz, & Ofen, 2016; DeMaster,
Pathman, & Ghetti, 2013; Gogtay et al., 2006; Schlichting, Guarino,
Schapiro, Turk-Browne, & Preston, 2017). Broadly, results from these
investigations consistently report that compared to adults, children
show larger volume of anterior segments and smaller volume in poste-
rior segments of the hippocampus formation (Daugherty et al., 2016;
DeMaster et al., 2013; Gogtay et al., 2006; Schlichting et al., 2017;
also see Insausti, Cebada-Sanchez, & Marcos, 2010).

Several investigations of regional change in hippocampal volume
have focused on relations between age and volume of hippocampal
subregions along the anterior to posterior axis of the hippocampus
roughly corresponding to head, body, and tail regions (DeMaster
et al., 2013; Schlichting et al., 2017). In one such cross-sectional in-
vestigation including participants between the ages of 6-30-year,
Schlichting et al. (2017) found an increase in volume of the hippo-
campal head extending into adolescence which was followed by a
decrease in volume between adolescence and middle adulthood.
Furthermore, Schlichting et al. (2017) found the converse devel-
opmental pattern of volume change in the hippocampal body with

a decrease in volume extending beyond adolescence followed by
volume increase in the adult years. Although MRI is not sensitive
enough to identify the exact maturational processes at a microstruc-
tural level, these opposing U shape curves in head and body hippo-
campal volumes suggests that beyond childhood there are active
developmental processes related to synaptic pruning in hippocam-
pal head regions whereas processes related to proliferation might
be more localized to the hippocampal body and tail (see DeMaster
et al,, 2013; Gogtay et al., 2006).

In addition to these age-related differences, recent findings also in-
dicate that hippocampal volume is modulated by common variation in
childhood experience such as frequency of aerobic activity, overall fit-
ness, early maternal support, and household income (Chaddock et al.,
2010; Herting & Nagel, 2012; Luby, Belden, Harms, Tillman, & Barch,
2016; Rao et al., 2010; Staff et al., 2012; but see Hassevoort, Khan,
Hillman, & Cohen, 2016, for a review). Considering findings showing
that the hippocampus continues to develop into adolescence with
findings indicating that hippocampal development might be suscep-
tible to common variation in environment, it is important to evaluate
variation in hippocampal development in relation to neuropsychologi-
cal outcomes related to memory.

Hippocampal development during childhood is associated with
important age-related increases in episodic memory which refers to
the ability to form and later retrieve contextually rich memory for a
previously experienced event (DeMaster & Ghetti, 2013; DeMaster,
Pathman, Lee, & Ghetti, 2014; DeMaster et al., 2013; Ghetti, DeMaster,
Yonelinas, & Bunge, 2010; Lee, Ekstrom, & Ghetti, 2014). However,
relations between hippocampal volume and episodic memory in child-
hood remains a topic of ongoing debate in the literature with some
reports indicating smaller hippocampal volumes are cognitively adap-
tive during childhood, whereas others report the reverse (for a review,
see Van Petten, 2004; @stby, Tamnes, Fiell, & Walhovd, 2012). Indeed,
in developing populations, positive relations between volume of the
entire hippocampal structure and memory performance are evident
(Dstby et al., 2012). When volume of the hippocampus is calculated
for each subregion, results indicate that in adults, the hippocampal
head is negatively correlated with memory performance (DeMaster
etal., 2013; Poppenk & Moscovitch, 2011). A negative association
was also found by Schlichting et al. (2017) between performance on
an inferential learning task and hippocampal head volume in children,
adolescents and adults. In contrast to the negative relations reported
between hippocampal head volume and memory performance, in a
younger group of children a positive correlations between bilateral
hippocampal head volumes and episodic memory performance for a
group of 6-year-olds, although no correlations were evident for a com-
parison group of 4-year-olds (Riggins, Blankenship, Mulligan, Rice, &
Redcay, 2015). In more posterior regions of the hippocampus corre-
sponding to the hippocampal body and/or tail, adults show a positive
correlation between memory performance and volume of the body
(DeMaster et al., 2013) and the body and tail (Poppenk & Moscovitch,
2011); whereas, DeMaster et al. (2013) found a positive correlation
between hippocampal tail volume and memory performance in chil-
dren aged 8-11 years.
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Taken together results from volumetric investigations of the hip-
pocampus suggest a link between hippocampal development in child-
hood and age-related increase in memory in healthy populations.
However, it remains unclear how TBI sustained during childhood
disrupts the normal course of development of the hippocampus, and
whether disruption of hippocampal development results in impaired

memory aptitude.

1.2 | Memory after TBI: relation to
hippocampal volume

The behavioral aspects of pediatric TBI-induced memory deficits have
been an area of active research for many decades (Campbell, Kuehn,
Richards, Ventureyra, & Hutchison, 2004; Farmer et al., 1999, 2002;
Levin, Eisenberg, Wigg, & Kobayashi, 1982; Levin et al., 1988). Indeed,
there is evidence that a wide range of memory functions are impacted
by moderate to severe pediatric TBI, with child injury groups perform-
ing worse than age-matched comparison groups on standardized tests
of general memory, visual memory, and learning (Farmer et al., 1999;
Thaler, Barney, Reynolds, Mayfield, & Allen, 2011). Specifically, results
from Thaler et al. (2011) indicate that children with a history of TBI
demonstrated deficits on tests of verbal recall, object recall, spatial re-
call, and memory for faces. Furthermore, deficits in memory function-
ing following pediatric TBI are long lasting (Horneman & Emanuelson,
2009) and increase with severity of injury (Levin et al., 1988).

Taken together, these behavioral findings suggest that moderate to se-
vere TBI often results in pervasive and chronic memory deficits. Historically,
decreased memory function in TBI populations has been reported to re-
flect deficits in monitoring and control processes that result from dam-
age sustained to PFC regions (Di Stefano et al., 2000). Considering that
maturation of PFC continues into early adulthood and that PFC develop-
ment mediates age-related increase in memory-related monitoring and
control processes (Ofen, 2012; Ofen, Chai, Schuil, Whitfield-Gabrieli, &
Gabrieli, 2012), TBI-related insult to PFC during childhood likely results
in long-term deficits in memory functioning (Phillipou, Douglas, Krieser,
Ayton, & Abel, 2013). However, in addition to deficits related to damage to
PFC, there is growing evidence that the hippocampal formation is also ad-
versely affected by TBI (Ariza et al., 2006; Tasker et al., 2005; Wilde et al.,
2007). Investigations that evaluated young adults in the years following
injury consistently report reductions in hippocampal volume following
TBI, particularly for those with moderate to severe injury (Palacios et al.,
2013; Rushby et al., 2016; Zagorchev et al., 2016; although see Ariza et al.,
2006). Although more recently, results from a longitudinal study indicate
decreased hippocampal volume following TBI that was mild in severity
rather than moderate to severe (Zagorchev et al., 2016).

Traumatic brain injury-related hippocampal volume reductions are
widely considered to result from atrophy occurring throughout the
structure (Royo et al., 2006). However, there is some evidence sug-
gesting that, in young adults, TBI-related injury to the hippocampus is
selective, with disproportionate insult to anterior compared with pos-
terior hippocampal subregions when measured 6-8 months postinjury
(Ariza et al., 2006). An additional investigation to examine the impact
of TBI in adulthood combined volumetric measures with measures of
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neuronal integrity estimated from diffusion tensor imaging (Avants
et al., 2008). Using this multimodal approach, results from Avants et al.
(2008) indicate a convergence in reduction in volume with decreased
neuronal integrity localized in the anterior hippocampus. Taken to-
gether these findings indicate that rather than diffuse injury, which
would impact the entire hippocampal formation, in the months follow-
ing injury, TBI may selectively affect anterior regions of the hippocam-
pus corresponding to the hippocampal head.

The implication of TBI for hippocampal development in child pop-
ulations remains under-investigated, although there are some ini-
tial reports suggesting that TBI sustained in childhood might disrupt
the course of hippocampal maturation (Serra-Grabulosa et al., 2005;
Tasker et al., 2005; Wilde et al., 2007). Specifically, in youth from 9 to
16-years who sustained a TBI at least 1 year prior to evaluation, Wilde
et al. (2007) reported smaller hippocampal volume bilaterally compared
to age-matched healthy controls. Of interest, Wilde et al. (2007) also
found that the hippocampus volume was disproportionately decreased
compared to other subcortical structures such as the amygdala, sug-
gesting that the hippocampus is particularly vulnerable to pediatric TBI.

Given that there is substantial evidence that the hippocampus is
critical for the vast majority of memory-related behaviors and is highly
vulnerable to injury resulting from TBI, it is not surprising that a hand-
ful of investigations have shown association between reduced mem-
ory performance and hippocampal atrophy following a TBI (Ariza et al.,
2006; Bigler, Johnson, Anderson, Blatter, & Al, 1996; Dennis et al., 2016;
Tate & Bigler, 2000). However, other reports have demonstrated an as-
sociation between injury-related cortical thinning and memory perfor-
mance, but not for the hippocampal formation in children (Di Stefano
et al., 2000) or adults (Palacios et al., 2013). Consistent with Ariza et al.
(2006), a possible explanation for divergent results might be that some
hippocampal regions are more vulnerable to injury than others. Indeed,
recent support for selective atrophy of the hippocampal formation fol-
lowing TBI was contributed by Dennis et al. (2016) using tensor-based
morphometry methodology, which is able to capture group differences
in brain regional volume and shape. Dennis et al. (2016) investigated
TBIl-induced structural changes throughout the brain in a sample of
older children with a mean age of 14-years at enrollment. Of interest, al-
though hippocampal volumes were similar to non-injured peers, results
indicate that, for children with a history of TBI, at 1-2 years postinjury,
higher cognitive performance was related to smaller volume in the an-
terior pole of the hippocampus. However, cognitive performance in this
study was operationalized as a linear composite of processing speed,
working memory, verbal learning, and cognitive switching skills, rather
than focusing specifically on memory performance.

The influence of age at the time of brain injury on specific structures
and abilities is not well understood. However, it is likely that brain regions
and cognitive abilities that are developing rapidly at the time of injury may
be particularly vulnerable to disruption (Ewing-Cobbs, Fletcher, & Levin,
1986; Ewing-Cobbs et al., 2016). It is therefore likely that the hippocam-
pus, which has been shown to continue to develop into adolescence
(DeMaster et al., 2013) and even adulthood (Daugherty et al., 2016), is
highly vulnerable to TBI sustained in childhood because injury may dis-
rupt maturation of the hippocampal formation and restrict connections
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between the hippocampus and other brain structures. However, to the
best of our knowledge, the relation between volumetric variation along
the long axis of the hippocampus and memory in children with TBI has
not been investigated.

Here, we collected high-resolution structural MRI images and
measures of memory from children and adolescents with subacute
TBI, extracranial injury which did not result in TBI (extracranial injury
[El]), and a typically developing comparison (TDC) group. We then
compared relations between hippocampal volume and performance
on tests of memory to determine if group differences were evident in
hippocampal-memory associations. Our investigation was guided by
three hypotheses. First, it was hypothesized that pediatric TBI would
result in lower performance on memory tests compared to age-matched
healthy controls and an El group. Second, based on research in adult
TBI populations by Ariza et al. (2006), it was expected that TBI-related
atrophy would be evidenced by smaller regional hippocampal volumes,
particularly in anterior regions of the hippocampus. Finally, we hypoth-
esized that group differences in relations between hippocampal volume
and performance on memory tests will be apparent. Specifically, we ex-
pect that the TBI group would show a positive relation between hippo-

campal volume, particularly in head regions, and memory performance.

2 | MATERIALS AND METHODS

2.1 | Participants

A total sample of 129 children, aged 8-15 years, participated in this re-
search including youth with TBI (n = 62), El (n = 29), and TDC (n = 38).

TABLE 1 Demographic and injury information by group

Group

The injury groups (i.e., TBI and El participants) were recruited from
the Level 1 Pediatric Trauma Center at Children’s Memorial Hermann
Hospital/University of Texas Health Science Center at Houston. The
TDC participants were recruited from the same community as TBI and
El participants by advertising with flyers in locations frequented by
parents and attending local civic events. The enrollment procedure
included steps to match TBI, El, and TDC groups in age and sex.

Given that previous research indicating that hippocampal volume
is modulated by highly prevalent variations in childhood experience
(Hassevoort et al., 2016), it is likely that the inactivity and stress that
result from sustaining a serious injury might account for variation
in postinjury hippocampal volume. It is also possible that preinjury
characteristics, such as risk-taking behavior, could also influence out-
comes. To account for these preinjury characteristics and postinjury
factors, children with history of El were included as a comparison in-
jury group. An additional benefit of including an El patient group is the
opportunity to differentiate effects specifically related to injury to the
brain from the consequences of injury in general.

All injured participants met the following inclusion criteria:
(i) treatment in the emergency department or hospitalization for TBI
or El, (i) age at injury between 8 and 15 years, (iii) participant profi-
cient in English and parent proficient in English or Spanish, (iv) residing
within a 125 mile catchment radius, (v) no preinjury history of major
neuropsychiatric disorder such as intellectual deficiency or low func-
tioning autism spectrum disorder that would confound assessment of
the impact of injury on imaging or behavioral outcomes, (vi) no prior
hospitalization for anxiety or depression, (vii) no history of type 1 or

type 2 diabetes, and (viii) no prior medically treated TBI. Typically

Traumatic brain injury

Total sample (n=62) (n=29)

Months of age, M (SD) 147.52 + 26.44

Sex, % 60 69
Male

Maternal education (n)

High school or less 31 19

Post high school 31 10
Race (n)

African American 16 3

Caucasian 42 26

Other/Multiethnic 4 0

TBI severity (n)

Mild 31
Complicated mild 11
Moderate 5
Severe 15
Admission Glasgow Coma 12.11 +4.16
Score, M (SD)
Injury Severity Score, M (SD) 14.33 +10.25 10.52 + 6.24

Extracranial injury

144.69 + 29.04

Typically developing

(n=38) Statistic p
147.61 + 27.28 F(2,126) =0.122 .89
61 %22, N =129) =0.77 .68
10 ¥2(2, N =129) = 10.74 .005
28
8 x4, N =129) = 5.715 221
27
3
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developing children were recruited from community notices and met
inclusion criteria 2-7.

Demographic characteristics of the TBI, El, and TD participants
are provided in Table 1. The injury groups experienced acceleration-
deceleration or blunt impact injuries in motor vehicle accidents. The
severity of head injury was rated using the Glasgow Coma Scale (GCS)
score collected at hospital admittance (Teasdale & Jennett, 1974),
where severe TBI was a score of 3-8 and moderate TBI was a score of
9-12. Complicated-mild TBI was classified as a GCS score of 13-15
combined with acute hemorrhage or parenchymal injury seen in acute
neuroimaging (Levin et al., 2008). Severity of Injury for the El and TBI
groups was measured with the Severity of Injury Score (ISS) (Baker,
O'Neill, Haddon, & Long, 1974). ISS is a calculated score for six body
regions (head/neck, face, chest, abdomen, extremities, and skin) with
a range of <9 for minor injuries and 224 for severe injuries. We calcu-
lated a total ISS score and an ISS score excluding injury to the head
which verified that the El group did not have evidence of trauma to
the head or concussion symptoms.

2.2 | Procedure

Participants were recruited during or shortly following the initial hos-
pital visit. The research was conducted in accordance with the Code of
Ethics of the World Medical Association, the granting agency, and the
University Institutional Review Board. Informed written consent was
obtained from the child’s guardian according to Institutional Review
Board guidelines. Written assent was obtained from all participants
prior to data collection.

As part of the follow-up protocol, 6 weeks after injury, memory
measures were administered by a trained research assistant and
participants received an MRI scan. For each participant, behavioral
testing was conducted on the day of MRI data acquisition prior to

scanning.

2.3 | Tasks

The primary measure of memory consisted of three subtests of the
Test of Memory and Learning 2 (TOMAL2), which is an age-normed
memory test designed for children between the ages of 5-19 years
(Reynolds & Voress, 2007). Participants completed two TOMAL2
subtests that required immediate retrieval of sequences: (i) Visual
Selective Reminding (VSR) and (ii) Word Selective Reminding (WSR
Immediate condition). In addition, the Word Selective Reminding
Delay (WSR Delay condition) was administered, which involved re-
trieval of words sequences from the WSR Immediate condition fol-
lowing a 30 min delay. Scaled scores corrected for age were used in
all analyses.

During the VSR task, participants were asked to learn a spatial
dot pattern over the course of several trials. Participants were given
reminders on missed sequences until the pattern was produced cor-
rectly, or after five unsuccessful attempts had elapsed. During the
WSR Immediate condition, participants were presented with a se-
ries of words and asked to repeat the list of words to the examiner.
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If a participant failed to report a word from the list, the experimenter
would provide a reminder for the word and the participant was then
asked to begin the list again. This was repeated for six trials or until
the list was recalled correctly. Following a delay of 30 min, partic-
ipants were administered the WSR Delayed condition during which
they retrieved and reported the list of words learned during the WSR
Immediate condition.

24 | MRIldata

Structural brain data were acquired on a research-dedicated Philips
3T MR scanner with a 32 channel head coil at the University of
Texas McGovern Medical School. High resolution T1-weighted ana-
tomical scans were acquired (TR = 8.1, TE = 3.7, flip angle = 6°, ma-
trix = 256 x 256, slice thickness =1 mm, and voxel size=1x1 x 1)
with a scan duration of 4:47 min. The scanning facility replaced the
scanner with a Philips 3T Ingenia toward end of data collection and
as a result 13 of our participants were collected after the upgrade.
Fidelity analysis was performed to match T1-weighted scanning pro-
tocols but some variations might remain. To account for differences
in scanner, we included scanner change as a covariate in all analysis
including MRI data.

Cortical and subcortical volumes were first segmented with
FreeSurfer version 5.3.0, an automated segmentation software pro-
gram (http:/surfer.nmr.mgh.harvard.edu). Following pre and postpro-
cessing in FreeSurfer, manual inspection of automated segmentation
of the hippocampus was conducted and if required, corrections of
hippocampal boundaries were made. To further segment the hippo-
campal formation along the anterior to posterior axis, the hippocampi
were manually parcellated into head, body, and tail regions using the
Freesurfer tkmedit tool for visualization. Segmentation of hippocam-
pal regions was done in the coronal plane by an expert in hippocam-
pal anatomy (DD), who followed a previously developed hippocampal
segmentation protocol used by DeMaster et al. (2014) and also used
by Riggins et al. (2015) based on hippocampal head, body, and tail
boundaries as defined in Duvernoy, Cattin, and Risold (2013). Briefly,
using this protocol the hippocampal head is segmented from the hip-
pocampal body at the point where hippocampal digitations begin to
smooth on the dorsal edge and the hippocampus takes on a tear-like
shape. Moving to posterior hippocampus, the body of the hippocam-
pus is segmented from the tail of the hippocampus at the point where
the fornix is visible indicating that the fornix is separating from hippo-
campus proper. An example of anterior to posterior segmentation is
provided in Figure 1.

To verify accuracy of hippocampal parcellation into head, body and
tail regions, intra-rater reliability was conducted on over 50% of cases.
Collapsing across left and right, slice selection for hippocampal head
and tail was equal or within two slices for 99% of cases. Intraclass cor-
relations were also calculated (Shrout & Fleiss, 1979) for each region
and verify highly reliable implementation of the protocol for hippo-
campal head and tail slice identification. In left and right hemispheres,
intraclass coefficient above .98 were evident for both hippocampal
head and tail slice identification.
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FIGURE 1 Showing right hippocampal segmentation with
FreeSurfer postmanual edits in a traumatic brain injury participant.
Hippocampal head in purple; hippocampal body in yellow;
hippocampal tail in light blue

2.5 | Statistical approach

2.5.1 | Group comparisons

To evaluate comparability of demographic variables across groups, an
ANOVA was performed to determine if TBI, El, and TDC groups dif-
fered in age. Chi-square tests of independence were performed to ex-
amine if the distribution of maternal education and ethnicity differed
across groups and should be considered as covariates (see Table 1).
To assess the effect of group on TOMAL subtest scaled scores,
a 3 (Group: TBI, El, TDC) x 3 (Task: VSR, WSR Immediate Condition,
and WSR Delay Condition) repeated-measures ANCOVA was em-
ployed. To evaluate whether total and regional hippocampal volumes
differed across groups, we first examined difference in volume of the
hippocampal structure as a whole. We conducted at 3 (Group: TBI,
El, TDC) x 2 (Hemisphere: Left, Right) repeated-measures ANCOVA
controlling for maternal education, age, total brain volume, and scan-
ner change. To assess hippocampal subregions, a 3 (Group: TBI, El,
TDC) x 3 (Subregion: Head, Body, Tail) x 2 (Hemisphere: Left, Right)
repeated-measures ANCOVA was completed controlling for maternal

education, age, total brain volume, and scanner change.

2.5.2 | Correlational analyses

Correlation analyses were conducted to evaluate the effects of in-
jury on memory performance, hippocampal volume, and hippocampal
volume-to-memory relations. To examine the impact of injury severity
on outcomes, the GCS score indexed severity of TBI and the ISS score

was used for El participants. As these are ordinal scales, Spearman

Rank order correlations were used to assess injury severity in relation
to memory scores as well as total and regional hippocampal volumes.

Finally, Pearson correlations were used to determine if hippocam-
pal volume was related to memory scores for each group separately.
For correlation analyses residual scores accounting for maternal edu-
cation were calculated for each scaled TOMAL2 task score. For hippo-
campal volume scores, demographic and age effects were accounted
for by calculating residual scores for hippocampus as a whole and hip-
pocampal subregion volumes with the effects of maternal education,
age, total brain volume, and scanner change removed. Following cor-
relation analyses, Fisher's z tests, two-tailed, were used to evaluate
whether significant differences in the hippocampal-to-TOMAL2 cor-

relations existed between groups.

3 | RESULTS

3.1 | Participants

Results indicated that groups did not differ in age or ethnicity.
However, maternal education differed between groups. Previous
reports indicate that early maternal support (Luby et al., 2016) and
family income (Staff et al., 2012) are related to hippocampal volume in
childhood and young adulthood, respectively, and as a result maternal

education was included as a covariate in all subsequent analyses.

3.2 | Behavioral Findings

ANCOVA evaluated group differences in memory controlling for the
effect of maternal education. Mauchly’s test indicated the assumption
of sphericity was violated x2 (2) = 24.327, p < .005, and thus degrees
of freedom were corrected using Huynh-Feldt estimates of spheric-
ity (€ =.880). Results show a main effect of TOMAL2 Task F(1.76,
219.20) = 4.198, p =.020 and a TOMAL2 Task x Group interaction
F(3.50, 219.20) = 5.374, p = .001. To follow-up interaction effects, we
conducted a separate ANCOVA for each task.

For the WSR Immediate Condition and WSR Delay Condition,
ANCOVA results were similar and showed significant effects of group
Fs(2, 124) = >3.418, p < .036. Post hoc comparisons using t test with
Bonferroni correction indicated lower performance for the TBI group
compared to the TDC group (ps < .038) on both tasks; however, no
difference in performance was evident for the El group compared to
either the TBI or the TDC group. Group effects for the VSR task did
not reach traditional thresholds of significance Fs (2, 124) = 2.603,
p = .078. These results can be seen in Table 2.

To determine if TBI severity was related to performance on the
memory measures, Spearman’s rank-order correlation partialling
maternal education revealed a trend for GCS scores to correlate
with WSR Immediate condition, r(62) = .241, p = .059. This positive
correlation suggests that individuals with higher GCS scores, indi-
cating a lower level of severity, showed higher performance on the
WSR Immediate Condition. Correlations between GCS and VSR and
WSR Delayed Condition scores were not significant (ps = >.143).
Spearman’s rank-order correlation revealed that the Injury Severity
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TABLE 2 Group means and standard error of scaled scores for each Test of Memory and Learning-Second Edition (TOMAL2) subtest

Group

Traumatic brain injury Extracranial injury

Typically developing

n=62 n=29 n=238 Statistic (p-Value)
Memory subtest M SE M SE M SE TBI vs. El TBIl vs. TDC Elvs. TDC
Visual Selective 10.06 0.33 8.72 0.49 9.72 0.43 .07 1.00 41
Reminding
Word Selective 8.43 0.34 9.74 0.51 10.08 0.44 .10 .01* 1.00
Reminding
Word Selective 9.98 0.23 10.58 0.35 10.95 0.30 47 .04* 1.00

Reminding Delay

El, extracranial injury; TBI, traumatic brain injury; TDC, typically developing controls.
Means adjusted for maternal education with difference significant at the .05 level indicated with *. Bonferroni adjustment for multiple comparisons.

Score was not related to TOMAL2 subtests for either the TBI or El
groups (ps = >.409).

3.3 | Difference in hippocampal head, body, and
tail volume

Results of ANCOVA indicated no significant main effect of Hemisphere
F(1, 122) = 0.073, p = .788 or Hemisphere by group interaction F(2,
122) =0.962, p = .385 suggesting total hippocampal volumes were
similar between right and left hemispheres and across group.
ANCOVA results indicated a main effect of Hippocampal Subregion
F(2, 244) =7.877, p=.001 and a Hippocampal Subregion x Group
interaction F(4, 244)=4.386, p =.001. However, no main effect
of Hemisphere F(1, 122) =0.130, p =.719 was evident. Mauchly’s
test indicated the assumption of sphericity was violated for the
Hemisphere x Region analysis x2 (2) = 50.992, p <.005, and thus
degrees of freedom were corrected using Huynh-Feldt estimates
of sphericity (e =.788). Following this correction, Hippocampal
Subregion x Hemisphere and, most importantly, Group x Hippocampal
Subregion x Hemisphere interactions were not significant (ps = >.254).
Given that no effects of Hemisphere were evident, we created a
mean volume score for each hippocampal subregion by averaging left
and right volumes. Results corresponding to left and right hippocam-
pus are available in Table S1. Using these mean scores the Hippocampal
Subregion x Group interaction was followed-up with ANCOVA per-
formed separately for each hippocampal subregion and Post hoc com-
parisons using t test with Bonferroni correction. (see Table 3). Group
differences were found and indicated larger hippocampal body volume
for the TDC group compared to the TBI and El groups (ps < .015) but no
difference between hippocampal body volume was evident for the TBI
group compared to the El group. Group differences were not evident for
either hippocampal head or tail volumes Fs (2, 122) < 1.736, p = .180.
To determine if volumetric differences were correlated with TBI
severity, the GCS score was correlated with hippocampal subregions.
Spearman’s correlations controlling for all covariates indicated a pos-
itive correlation between GCS and head volume r(62) = .33, p =.009.

This finding indicates that individuals with higher TBI severity (lower
GCS score) had smaller hippocampal head volumes. Relations be-
tween GCS and hippocampal body and tail volume were not evident
(ps > .432). Spearman’s correlations were also performed for TBI and
El groups using the residual scores for hippocampal subregions and
Injury Severity Scores. However, relations between Injury Severity
Score and hippocampal head, body, and tail volume were not evident
for either group (ps = >.096).

3.4 | Differences in relations between hippocampal
volume and memory

Pearson correlations using residualized TOMAL and hippocampal
values were conducted for each group separately. Coefficients for
TOMAL2 subtests and hippocampal volumes by group are provided
in Table 4; separate coefficients for left and right hippocampus are
in Table S2. For brevity only correlations that reach traditional levels
of significance for one or more of the groups will be reported in this
section.

For the hippocampal head, a significant positive correlation was ev-
ident between performance on WSR Immediate condition and hippo-
campal head volume r(62) =.295, p = .02 for the TBI group but not the
El or the TDC groups. For both the TBI and TDC groups, positive cor-
relations were also evident between performance on the WSR Delayed
Condition and hippocampal head volume (TBI group: r(62) =.272,
p =.032, TDC group: r(38) =.330, p =.043). Fisher Z tests indicated
that correlations were not significantly different between groups.

For the body of the hippocampus, correlations between memory
performance and hippocampal body volume were negative and only
evident for the TBI group. First, a significant negative correlations was
evident between hippocampal body volume and performance on the
WSR Immediate task r(62) = -.428, p =.001 with Fisher Z tests indi-
cating that the correlation was different from both the El group (Fisher
Z =-2.59, p =.009, two-tailed) and the TDC group (Fisher Z = -2.24,
p = .03, two-tailed). A negative correlation was also evident between
hippocampal body volume and performance on the WSR Delayed
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TABLE 3 Mean and standard error of average of left and right hippocampal head, body, and tail volume
Group
Traumatic brain injury Extracranial injury Typically developing
n=62 n=29 n=238 Statistic (p-Value)
Subregion M SE M SE M SE TBI vs. El TBI vs. TDC El vs. TDC
Head 1,728 33 1,767 49 1,648 43 1.000 438 .238
Body 1,350 29 1,294 44 1,489 38 .882 .015* .004*
Tail 622 18 630 26 645 23 1.000 1.000 1.000

El, extracranial injury; TBI, traumatic brain injury; TDC, typically developing controls.
Values adjusted for maternal education, age, total brain volume, and scanner change with difference significant at the .05 level indicated with *. Bonferroni

adjustment for multiple comparisons.

TABLE 4 Pearson correlation for performance on Test of
Memory and Learning-Second Edition (TOMAL2) subtests and
average of left and right hippocampal head, body, and tail volume

Hippocampal
Group Head Body Tail
Visual Selective Reminding
Traumatic brain injury .14 -.12 -17
Extracranial injury -.18 -.16 .18
Typically developing .03 -.19 .09
Word Selective Reminding
Traumatic brain injury .30* —Ag=ab -.09
Extracranial injury -.08 .15 .09
Typically developing 22 .02 -.14
Delayed Word Selective Reminding
Traumatic brain injury 27 -.26* -.06
Extracranial injury .23 -.30 A42%bC
Typically developing .33 =15 =27

El, extracranial injury; TBI, traumatic brain injury; TDC, typically developing
controls.

Values adjusted for maternal education, age, total brain volume, and scan-
ner change.

3TBI # TDC, ®TBI # El, °El # TDC.

*p <.05; **p < .01. Fisher’s r to z transform, p < .05.

condition r(62) = -.263, p = .04 but this correlation was not found to
differ significantly between groups.

Finally, in the tail of the hippocampus a positive correlation was
evident between tail volume and performance on the WSR Delayed
condition for the El group condition r(29) = .418, p =.024 with fisher
Z tests indicating that the correlation was different from both the TBI
group (Fisher Z = 2.15, p = .03, two-tailed) and the TDC group (Fisher
Z=2.77,p =.005, two-tailed).

4 | DISCUSSION

The goal of this research was to determine the impact of TBI on total

and regional hippocampal volumes and to characterize relations

between memory and hippocampal volumes in children during the
subacute stage of recovery from TBI in relation to children sustain-
ing bodily injury and a healthy comparison group. The hippocampus
is vulnerable to the effects of TBI (Ariza et al., 2006) and injury sus-
tained during childhood might alter the developmental trajectory
of the hippocampal formation (Wilde et al., 2007). To our knowl-
edge this is the first study to investigate differences in volume of
the hippocampal head, body, and tail subregions in children with a
history of TBI and their association with memory. Results indicate
that group membership was related to both memory scores and hip-
pocampal volumes segmented along the anterior to posterior axis.
Children with TBI had lower immediate and delayed word recall, but
not immediate visual memory scores, compared to either the El or
healthy groups. Although volume of the head and tail did not vary
by group, volume of the body was smaller in children with either
brain or bodily injury than in the healthy comparison group. The
severity of brain injury, as indexed by the GCS score, was positively
correlated with hippocampal head volume such that greater TBI
severity was associated with smaller head volume. With regard to
the memory scores, lower scores on word list learning and delayed
recall were positively associated with head volume and negatively
associated with body volume only in participants with TBI. Bodily
injury showed a positive correlation between tail volume and de-
layed word list recall. These findings highlight significant relations
between regional hippocampal volume and memory performance
during the early stages of recovery in children hospitalized follow-
ing brain or bodily injury.

The pattern of memory scores after pediatric TBI varies in relation
to severity of injury. Previous findings from a meta-analysis of mem-
ory scores revealed minimal verbal or visual deficits following mild in-
juries. Children sustaining moderate or severe TBI showed divergent
patterns, with visual immediate memory disproportionately reduced
following moderate TBI and vulnerability of verbal immediate and
delayed recall following severe TBI (Babikian & Asarnow, 2009). Our
sample, which consisted of the full range of TBI severity, also found
particular vulnerability of immediate and delayed word memory rel-
ative to visual location memory. It was predicted that the TBI group
would not perform as well on TOMAL2 subtests compared to individ-

uals with no history of TBI. Results indicate reduced performance on
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both the WSR Immediate condition and WSR Delayed condition for
the TBI group compared to the TDC group a result that is consistent
with Thaler et al. (2011). However, Thaler et al. (2011) found an effect
of TBI on all TOMAL2 tasks in a child population, whereas our results
indicate no difference between groups in performance on VSR tasks.
The discrepancy in TOMAL2 effects may result from several meth-
odological differences between studies. Thaler et al. (2011) reported
on TOMAL2 scores from a large retrospective sample of convenience
with limited characterization of TBI severity. The apparent greater
injury severity and longer injury to test interval may have increased
detectability of TBI-related deficits in performance on memory mea-
sures. It should also be noted that performance on Tomal2 subscale
tasks did not differ between the TBI and El groups suggesting the pos-
sibility that sustaining an injury to any location on the body might be a
disruptive factor in memory development.

Estimating volume of the hippocampal formation as a whole, Wilde
et al. (2007) found that, compared to healthy controls, children with a
history of TBI showed reduced hippocampal volume 3 years postin-
jury. In this study, no group differences were evident in volume of the
entire hippocampal formation when evaluated 6 weeks postinjury. The
longer period postinjury and increased level of severity of injury in the
TBI group included in Wilde et al. (2007) likely accounts for divergent
results. However, the procedure used to identify hippocampal bound-
aries might also account for our results indicating more normative total
hippocampal volumes in the TBI group. Specifically, compared to our
use of Freesurfer to isolate the hippocampus, it is possible that manual
tracing of hippocampal boundaries, used by Wilde et al. (2007), was
better able to capture injury related atrophy.

Whereas our results indicate no group differences in volume
when the hippocampus was evaluated as a whole, injury-related
reduction in volume was evident when the hippocampus was seg-
mented into subregions along the anterior to posterior axis. Results
corresponding to hippocampal subregions indicated smaller hippo-
campal volumes related to injury in the body of the hippocampus
suggesting that segmenting the hippocampal formation into subre-
gions facilitates identification of injury-related reductions in volume.
Based on Ariza et al's (2006) results indicating atrophy in the hip-
pocampus that was localized to hippocampal head, it was surprising
that volume reduction in this study was evident in the body rather
than the head of the hippocampus. Since Ariza et al. (2006) included
TBI patients with a moderate to severe injury, whereas our sample
ranged in severity from mild to severe; it is likely that reduction in
hippocampal head volume might be more evident in individuals with
severe rather than mild injury. To address this possibility, we exam-
ined whether severity of injury was correlated with hippocampal
volume. Smaller volume of the hippocampal head, but not more pos-
terior hippocampal regions, was associated with an increase in TBI
severity. Consistent with Ariza et al. (2006), these finding suggests
that similar to adult TBI populations, severe TBI sustained during
childhood may result in reduction in hippocampal head volume.
Overall, these results provide converging evidence that the hippo-
campal head is more vulnerable to damage from TBI than more pos-
terior regions of the hippocampus.
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While beyond the scope of this research, it is also valuable to con-
sider how cytoarchitectural subfields of the hippocampus correspond-
ing to dentate gyrus (DG), the cornu ammonis (CA) subfields CA3, and
CA1 might influence the present results. Drawing from hippocampal
subfield literature, one reason to expect increased vulnerability of the
hippocampal head region is that subfield CA1 volume is proportionally
greater in the hippocampal head compared to body and tail hippocam-
pal regions (Duvernoy, Cattin, & Risold, 2013). Furthermore, subfield
CA1 has been shown to be highly sensitive to cell damage resulting
from TBI (Casella et al., 2014; Maxwell et al., 2003) and results indi-
cate that CA1 plays a substantial role in memory for sequential events
over long periods of time (Farovik, Dupont, & Eichenbaum, 2010).
Memory for the sequence of events is one of the hallmarks of episodic
memory. The possibility of increased risk of damage to CA1 from TBI
in relation to sequential memory should be further examined in the
pediatric TBI population.

MRIs obtained for this study did not have the required resolution
to isolate hippocampal subfields; however, our results indicated a re-
lation between larger hippocampal head volume and increased perfor-
mance on the WSR Delayed tasks for both the TBI and TDC group and
for the WSR immediate task for the TBI group. This finding is consis-
tent with the positive correlation between hippocampal head volume
and memory previously reported in healthy young children (Riggins
et al, 2015). In contrast to positive correlations evident in the hip-
pocampal head, the TBI group showed negative correlations between
hippocampal body volume and performance on both WSR Immediate
condition and WSR Delayed condition. Fisher's Z test indicated that
the correlation between hippocampal body volume and performance
on WSR Immediate condition found in the TBI group was significantly
different from the TDC and El groups. This finding, in conjunction with
historical findings indicating smaller anterior hippocampal volume as-
sociated with higher memory performance (see DeMaster et al., 2013;
Maguire, Woollett, & Spiers, 2006) suggests that variations along
the anterior to posterior axis of the hippocampus involving both the
head and body are evident following TBI and likely result in memory
impairment.

Results from this investigation suggest that the relation between
hippocampal morphology and memory may be altered following a TBI
sustained during childhood. Our correlational findings indicating that
severity of TBI was associated with reduction in hippocampal head
volume suggests that severity of injury might mediate the relation be-
tween hippocampal head volume and memory performance. One lim-
itation of this investigation is that our sample of TBI patients is modest
and prohibits a full mediation analysis. However, investigation of the
effects of severity of pediatric TBI on the relation between develop-
ment of the hippocampal formation and memory during the childhood
years remains a promising avenue of research.

An additional limitation of this investigation is that the measure
of memory was restricted to subtests of the TOMAL2. To fully under-
stand the relation between memory and hippocampal volume follow-
ing TBI, it is important to include measures of episodic memory that
require retrieval of rich contextual detail, as well as measures evaluat-

ing autobiographical memory. Previous research indicates that many
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individuals show difficulty encoding and retrieving autobiographical
events following TBI (e.g., Knight & O’Hagan, 2009). However, it is un-
clear how autobiographical memory progresses in the years following
a TBI sustained in childhood, or if there is a relation between autobi-
ographical memory and hippocampal structure following TBI.

A final limitation of this research is that our analyses reflect brain
and behavioral data collected at a single time point 6-weeks following
injury. Considering the results of Thaler et al. (2011) showing behav-
joral differences on all TOMAL2 measures at 7-10 months postinjury,
it is possible that group differences between hippocampal-memory
relations would be increasingly evident as time since the injury pro-
gressed. An investigation with a longitudinal design is required to fully
elucidate the relationship between hippocampal structural maturation

and memory development following TBI.

5 | CONCLUSION

This study highlights the relation between hippocampal structure and
memory function during the subacute stage of mild to severe TBI re-
covery. Results indicate that segmentation of the hippocampus into
head, body, and tail regions might be a more sensitive method for de-
tecting injury-related volumetric differences in patients with a history
of TBI. These results also provide evidence that TBI sustained during
childhood results in changes in the relation between brain develop-
ment and behavioral outcomes. Long-term deficits in verbal memory
are a common manifestation of TBI and these results indicate that in-
jury to the hippocampal formation as a contributing factor to memory
dysfunction. Furthermore, these results suggest that disruption to nor-
mal brain development and specifically memory-related development

is likely one source of TBI's negative impact on academic success.

ACKNOWLEDGMENT

This research was supported by grant RO1 NS43608 from the National
Institutes of Health. Award to LEC.

CONFLICT OF INTEREST

None declared.

ORCID

Dana DeMaster http://orcid.org/0000-0002-8655-7517

REFERENCES

Ariza, M., Serra-Grabulosa, J. M., Junque, C., Ramirez, B., Mataro, M., Poca,
A., ... Sahuquillo, J. (2006). Hippocampal head atrophy after traumatic
brain injury. Neuropsychologia, 44(10), 1956-1961.

Arnett, A. B., Peterson, R. L., Kirkwood, M. W., Taylor, H. G., Stancin,
T., Brown, T. M., & Wade, S. L. (2013). Behavioral and cognitive
predictors of educational outcomes in pediatric traumatic brain

injury. Journal of the International Neuropsychological Society, 19(8),
881-889.

Arroyos-Jurado, E., Paulsen, J. S., Ehly, S., & Max, J. E. (2006). Traumatic
brain injury in children and adolescents: Academic and intellectual out-
comes following injury. Exceptionality: A Special Education Journal, 14(3),
125-140.

Avants, B., Duda, J. T., Kim, J., Zhang, H., Pluta, J., Gee, J. C., & Whyte, J.
(2008). Multivariate analysis of structural and diffusion imaging in trau-
matic brain injury. Academic Radiology, 15(11), 1360-1375.

Babikian, T., & Asarnow, R. (2009). Neurocognitive outcomes and re-
covery after pediatric TBI: Meta-analytic review of the literature.
Neuropsychology, 23(3), 283-296.

Babikian, T., Satz, P,, Zaucha, K., Light, R., Lewis, R. S., & Asarnow, R. F.
(2011). The UCLA longitudinal study of neurocognitive outcomes fol-
lowing mild pediatric traumatic brain injury. Journal of the International
Neuropsychological Society, 17(5), 886-895.

Baker, S. P, O'Neill, B., Haddon, W. Jr, & Long, W. B. (1974). The injury se-
verity score: A method for describing patients with multiple injuries and
evaluating emergency care. Journal of Trauma and Acute Care Surgery,
14(3), 187-196.

Bigler, E. D., Johnson, S. C., Anderson, C. V., Blatter, D. D., & Al, E. (1996).
Traumatic brain injury and memory: The role of hippocampal atrophy.
Neuropsychology, 10(3), 333-342.

Campbell, C. G., Kuehn, S. M., Richards, P. M., Ventureyra, E., & Hutchison,
J. S. (2004). Medical and cognitive outcome in children with traumatic
brain injury. Canadian Journal of Neurological Sciences, 31(2), 213-219.

Casella, E. M., Thomas, T. C., Vanino, D. L., Fellows-Mayle, W., Lifshitz, J.,
Card, J. P., & Adelson, P. D., (2014). Traumatic brain injury alters long-
term hippocampal neuron morphology in juvenile, but not immature,
rats. Child’s Nervous System, 30, 1333-1342.

Chaddock, L., Erickson, K. I, Prakash, R. S., Vanpatter, M., Voss, M. W.,
Pontifex, M. B., ... Kramer, A. F. (2010). Basal ganglia volume is asso-
ciated with aerobic fitness in preadolescent children. Developmental
Neuroscience, 32(3), 249-256.

Daugherty, A. M., Bender, A. R,, Raz, N., & Ofen, N. (2016). Age differences
in hippocampal subfield volumes from childhood to late adulthood.
Hippocampus, 26(2), 220-228.

DeMaster, D. M., & Ghetti, S. (2013). Developmental differences in hippo-
campal and cortical contributions to episodic retrieval. Cortex, 49(6),
1482-1493.

DeMaster, D., Pathman, T., & Ghetti, S. (2013). Development of mem-
ory for spatial context: Hippocampal and cortical contributions.
Neuropsychologia, 51(12), 2415-2426.

DeMaster, D., Pathman, T., Lee, J. K., & Ghetti, S. (2014). Structural de-
velopment of the hippocampus and episodic memory: Developmental
differences along the anterior/posterior axis. Cerebral Cortex, 24(11),
3036-3045.

Dennis, E. L., Hua, X, Villalon-Reina, J., Moran, L. M., Kernan, C., Babikian,
T., ... Asarnow, R. F. (2016). Tensor-based morphometry reveals volu-
metric deficits in moderate/severe pediatric traumatic brain injury.
Journal of Neurotrauma, 33(9), 840-852.

Di Stefano, G., Bachevalier, J., Levin, H. S., Song, J. X., Scheibel, R. S., &
Fletcher, J. M. (2000). Volume of focal brain lesions and hippocampal
formation in relation to memory function after closed head injury in chil-
dren. Journal of Neurology, Neurosurgery, and Psychiatry, 69(2), 210-216.

Duvernoy, H. M., Cattin, F., & Risold, P. (2013). The human hippocampus:
Functional anatomy, vascularization, and serial sections with MRI. Berlin:
Springer.

Ewing-Cobbs, L., Barnes, M., Fletcher, J. M., Levin, H. S., Swank, P. R., &
Song, J. (2004). Modeling of longitudinal academic achievement scores
after pediatric traumatic brain injury. Developmental Neuropsychology,
25(1-2), 107-133.

Ewing-Cobbs, L., Fletcher, J. M., & Levin, H. S. (1986). Neuropsychological
functions following closed head injury in infants and preschoolers.
Journal of Clinical and Experimental Neuropsychology, 7, 612.


http://orcid.org/0000-0002-8655-7517
http://orcid.org/0000-0002-8655-7517

DEMASTER ET AL

Ewing-Cobbs, L., Fletcher, J. M., Levin, H. S., lovino, I., & Miner, M. E.
(1998). Academic achievement and academic placement following
traumatic brain injury in children and adolescents: A two-year lon-
gitudinal study. Journal of Clinical and Experimental Neuropsychology,
20(6), 769-781.

Ewing-Cobbs, L., Johnson, C. P.,, Juranek, J.,, DeMaster, D., Prasad, M.,
Duque, G, ... Swank, P. R. (2016). Human Brain Mapping, 37(11), 3929-
3945. https:/doi.org/10.1002/hbm.23286

Ewing-Cobbs, L., Prasad, M. R., Kramer, L., Cox, C. S., Baumgartner, J.,
Fletcher, S., ... Swank, P. (2006). Late intellectual and academic out-
comes following traumatic brain injury sustained during early child-
hood. Journal of Neurosurgery: Pediatrics, 105(4), 287-296.

Farmer, J. E., Haut, J. S., Williams, J., Kapila, C., Johnstone, B., & Kirk, K.
S. (1999). Comprehensive assessment of memory functioning follow-
ing traumatic brain injury in children. Developmental Neuropsychology,
25(2), 269-289.

Farmer, J. E., Kanne, S. M., Haut, J. S., Williams, J., Johnstone, B., & Kirk, K. S.
(2002). Memory functioning following traumatic brain injury in children
with premorbid learning problems. Developmental Neuropsychology,
22(2), 455-469.

Farovik, A., Dupont, L. M., & Eichenbaum, H. (2010). Distinct roles for dor-
sal CA3 and CA1 in memory for sequential nonspatial events. Learning
& Memory, 17(1), 12-17.

Fulton, J. B., Yeates, K. O., Taylor, H. G., Waltz, N. C., & Wade, S. L. (2012).
Cognitive predictors of academic achievement in young children 1 year
after traumatic brain injury. Neuropsychology, 26(3), 314-322.

Ghetti, S., DeMaster, D. M., Yonelinas, A. P, & Bunge, S. A. (2010).
Developmental differences in medial temporal lobe function during
memory encoding. Journal of Neuroscience, 30(28), 9548-9556.

Giedd, J. N., Vaituzis, A. C., Hamburger, S. D., Lange, N., Rajapakse, J. C.,
Kaysen, D., ... Rapoport, J. L. (1996). Quantitative MRI of the temporal
lobe, amygdala, and hippocampus in normal human development: Ages
4-18 years. The Journal of Comparative Neurology, 366(2), 223-230.

Gogtay, N., Nugett, T. F., Herman, D. H., Ordonez, A., Greenstein, D.,
Hayashi, K. M,, ... Thompson, P. M. (2006). Dynamic mapping of normal
human hippocampal development. Hippocampus, 16(8), 664-672.

Hassevoort, K. M., Khan, N. A., Hillman, C. H., & Cohen, N. J. (2016).
Childhood markers of health behavior relate to hippocampal health,
memory, and academic performance. Mind, Brain, and Education, 10(3),
162-170.

Herting, M. M., & Nagel, B. J. (2012). Aerobic fitness relates to learning on
a virtual Morris Water Task and hippocampal volume in adolescents.
Behavioural Brain Research, 233(2), 517-525.

Horneman, G., & Emanuelson, I. (2009). Cognitive outcome in children and
young adults who sustained severe and moderate traumatic brain in-
jury 10 years earlier. Brain Injury, 23(11), 907-914.

Insausti, R., Cebada-Sanchez, S., & Marcos, P. (2010). Functional and patho-
logical aspects of the maturation of the human hippocampal formation.
Postnatal Development of the Human Hippocampal Formation: Advances
in Anatomy, Embryology and Cell Biology, 206, 71-78.

Kinsella, G. J., Prior, M., Sawyer, M., Ong, B., Murtagh, D., Eisenmajer, R., ...
Klug, G. (1997). Predictors and indicators of academic outcome in chil-
dren 2 years following traumatic brain injury. Journal of the International
Neuropsychological Society, 3(6), 608-616.

Knight, R. G., & O’Hagan, K. (2009). Autobiographical memory in long-
term survivors of severe traumatic brain injury. Journal of Clinical and
Experimental Neuropsychology, 31(5), 575-583.

Lee, J. K., Ekstrom, A. D., & Ghetti, S. (2014). Volume of hippocampal sub-
fields and episodic memory in childhood and adolescence. Neurolmage,
94,162-171.

Levin, H. S., Eisenberg, H. M., Wigg, N. R., & Kobayashi, K. (1982). Memory
and intellectual ability after head injury in children and adolescents.
Neurosurgery, 11(5), 668-673.

Levin, H. S., Hanten, G., Roberson, G, Li, X., Ewing-Cobbs, L., Dennis, M., ...
Swank, P. (2008). Prediction of cognitive sequelae based on abnormal

B H dB h . 0 11 0f 12
rain an enavior Wl LEYJ—

Open Access,

computed tomography findings in children following mild traumatic
brain injury. Journal of Neurosurgery Pediatrics, 1(6), 461-470.

Levin, H. S., High, W. M. Jr, Ewing-Cobbs, L., Fletcher, J. M., Eisenberg, H.
M., Miner, M. E., & Goldstein, F. C. (1988). Memory functioning during
the first year after closed head injury in children and adolescents.
Neurosurgery, 22(6 Pt 1), 1043-1052.

Luby, J. L., Belden, A., Harms, M. P., Tillman, R., & Barch, D. M. (2016).
Preschool is a sensitive period for the influence of maternal support
on the trajectory of hippocampal development. Proceedings of the
National Academy of Sciences of the United States of America, 113(20),
5742-5747.

Maguire, E. A., Woollett, K., & Spiers, H. J. (2006). London taxi drivers
and bus drivers: A structural MRI and neuropsychological analysis.
Hippocampus, 16(12), 1091-1101.

Maxwell, W. L., Dhillon, K., Harper, L., Espin, J., Macintosh, T. K., Smith,
D. H., & Graham, D. I. (2003). There is differential loss of pyramidal
cells from the human hippocampus with survival after blunt head
injury. Journal of Neuropathology & Experimental Neurology, 62(3),
272-279.

Ofen, N. (2012). The development of neural correlates for memory forma-
tion. Neuroscience & Biobehavioral Reviews, 36(7), 1708-1717.

Ofen, N., Chai, X. J., Schuil, K. D., Whitfield-Gabrieli, S., & Gabrieli, J. D.
(2012). The development of brain systems associated with suc-
cessful memory retrieval of scenes. Journal of Neuroscience, 32(29),
10012-10020.

@stby, Y., Tamnes, C. K., Fiell, A. M., & Walhovd, K. B. (2012). Dissociating
memory processes in the developing brain: The role of hippocam-
pal volume and cortical thickness in recall after minutes versus days.
Cerebral Cortex, 22(2), 381-390.

@stby, Y., Tamnes, C. K., Fjell, A. M., Westlye, L. T., Due-Tonnessen, P.,
& Walhovd, K. B. (2009). Heterogeneity in subcortical brain devel-
opment: A structural magnetic resonance imaging study of brain
maturation from 8 to 30 years. Journal of Neuroscience, 29(38),
11772-11782.

Palacios, E. M., Sala-Llonch, R., Junque, C., Fernandez-Espejo, D., Roig, T.,
Tormos, J. M., ... Vendrell, P. (2013). Long-term declarative memory
deficits in diffuse TBI: Correlations with cortical thickness, white mat-
ter integrity and hippocampal volume. Cortex, 49(3), 646-657.

Phillipou, A., Douglas, J., Krieser, D., Ayton, L., & Abel, L. (2013). Changes in
saccadic eye movement and memory function after mild closed head
injury in children. Developmental Medicine & Child Neurology, 56(4),
337-345.

Poppenk, J., & Moscovitch, M. (2011). A hippocampal marker of recollec-
tion memory ability among healthy young adults: Contributions of pos-
terior and anterior segments. Neuron, 72(6), 931-937.

Rao, U,, Chen, L., Bidesi, A. S., Shad, M. U., Thomas, M. A, & Hammen, C. L.
(2010). Hippocampal changes associated with early-life adversity and
vulnerability to depression. Biological Psychiatry, 67(4), 357-364.

Reynolds, C., & Voress, J. K. (2007). Test of memory and learning: Second
edition. Journal of Psychoeducational Assessment, 27(2), 157-166.

Riggins, T., Blankenship, S. L., Mulligan, E., Rice, K., & Redcay, E. (2015).
Developmental differences in relations between episodic memory
and hippocampal subregion volume during early childhood. Child
Development, 86(6), 1710-1718.

Royo, N. C., Conte, V., Saatman, K. E., Shimizu, S., Belfield, C. M., Soltesz,
K. M,, ... Mcintosh, T. K. (2006). Hippocampal vulnerability following
traumatic brain injury: A potential role for neurotrophin-4/5 in pyra-
midal cell neuroprotection. European Journal of Neuroscience, 23(5),
1089-1102.

Rushby, J. A., Mcdonald, S., Fisher, A. C., Kornfeld, E. J., Blasio, F. M., Parks,
N., & Piguet, O. (2016). Brain volume loss contributes to arousal
and empathy dysregulation following severe traumatic brain injury.
Neurolmage: Clinical, 12, 607-614.

Schlichting, M. L., Guarino, K. F., Schapiro, A. C., Turk-Browne, N. B.,
& Preston, A. R. (2017). Hippocampal structure predicts statistical


https://doi.org/10.1002/hbm.23286

DEMASTER ET AL.

12 of 12 WI LEy_Brain and Behavior

Open Access,

learning and associative inference abilities during development. Journal
of Cognitive Neuroscience, 29(1), 37-51.

Serra-Grabulosa, J. M., Junqué, C., Verger, K., Salgado-Pineda, P., Maiieru,
C., & Mercader, J. M. (2005). Cerebral correlates of declarative mem-
ory dysfunctions in early traumatic brain injury. Journal of Neurology,
Neurosurgery, and Psychiatry, 76(1), 129-131.

Shrout, P. E., & Fleiss, J. L. (1979). Intraclass correlations: Uses in assessing
rater reliability. Psychological Bulletin, 86(2), 420-428.

Staff, R. T., Murray, A. D., Ahearn, T. S., Mustafa, N., Fox, H. C., & Whalley,
L. J. (2012). Childhood socioeconomic status and adult brain size:
Childhood socioeconomic status influences adult hippocampal size.
Annals of Neurology, 71(5), 653-660.

Tasker, R. C., Salmond, C. H., Westland, A. G., Pena, A., Gillard, J. H.,
Sahakian, B. J., & Pickard, J. D. (2005). Head circumference and brain
and hippocampal volume after severe traumatic brain injury in child-
hood. Pediatric Research, 58(2), 302-308.

Tate, D. F., & Bigler, E. D. (2000). Fornix and hippocampal atrophy in trau-
matic brain injury. Learning & Memory, 7(6), 442-446.

Teasdale, G., & Jennett, B. (1974). Assessment of coma and impaired con-
sciousness: A practical scale. The Lancet, 7872(2), 81-84.

Thaler, N. S., Barney, S. J., Reynolds, C. R., Mayfield, J., & Allen, D. N. (2011).
Differential sensitivity of TOMAL subtests and index scores to pedi-
atric traumatic brain injury. Applied Neuropsychology, 18(3), 168-178.

Van Petten, C. (2004). Relationship between hippocampal volume and
memory ability in healthy individuals across the lifespan: Review and
meta-analysis. Neuropsychologia, 42, 1394-1413.

Wilde, E. A., Bigler, E. D., Hunter, J. V., Fearing, M. A., Scheibel, R. S.,
Newsome, M. R,, ... Levin, H. S. (2007). Hippocampus, amygdala, and
basal ganglia morphometrics in children after moderate-to-severe
traumatic brain injury. Developmental Medicine & Child Neurology, 49(4),
294-299.

Yurcelun-Todd, D. A. (2003). Cognitive correlates of medial temporal lobe
development across adolescence: A magnetic resonance imaging study.
Perceptual and Motor Skills, 96(1), 3-17.

Zagorchev, L., Meyer, C., Stehle, T., Wenzel, F.,, Young, S., Peters, J., ...
Mcallister, T. (2016). Differences in regional brain volumes two months
and one year after mild traumatic brain injury. Journal of Neurotrauma,
33(1), 29-34.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

How to cite this article: DeMaster D, Johnson C, Juranek J,
Ewing-Cobbs L. Memory and the hippocampal formation
following pediatric traumatic brain injury. Brain Behav.
2017;7:e00832. https://doi.org/10.1002/brb3.832



https://doi.org/10.1002/brb3.832

