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Vulnerability of the hippocampus to traumatic brain injury (TBI)
in adults is related to severity of injury and white matter atrophy.
The objectives of this study were to determine features of anthro-
pometry and cerebral morphometry late after TBI in childhood and
to assess whether hippocampal volume is related to severity of
initial ictus and changes in white matter at follow-up. Thirty-three
patients underwent magnetic resonance imaging 4.9 y after severe
TBI that necessitated intensive care; 23 had mechanical ventilation
and intracranial pressure monitoring longer than 3 d. Magnetic
resonance imaging analyses included volume of brain, hemisphere,
ventricles, and hippocampal and perihippocampal regions; spatial
distribution of voxel-based morphometry differences in white mat-
ter; and eigenvalues of diffusion tensor imaging diffusivity. Patients
with longer intensive care ictus had smaller-than-expected occipit-
ofrontal head circumference. Eight of these, identified by voxel-
based morphometry, had periventricular white matter loss and
smaller-than-expected brain volume for OFC, suggesting “atrophy”;
the remainder had expected volume for a smaller OFC, suggesting
“growth disturbance.” Ninety-three percent of the variation in right
hippocampal volume was accounted for by factors related to sever-
ity of injury and white matter atrophy. It is concluded that anthro-
pometry and cerebral morphometric measurements late after severe

TBI in childhood provides useful outcome data and indicate that,
despite adequate growth in stature, effects of TBI on brain growth
and hippocampal volume may extend into adulthood. (Pediatr Res
58: 302–308, 2005)
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BSA, body surface area
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GCS, Glasgow Coma Scale
ICP, intracranial pressure
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A key factor in preserving cognitive abilities during aging is
brain growth during childhood (1,2). Larger head size is asso-
ciated with better performance, and, in adults, a difference as
small as 1.3 SD (~2 cm) is of major significance. It is also
suggested that factors that promote brain growth may protect
against cognitive decline (2). However, a corollary to this idea
must also be the potential effect of impaired growth in child-

hood and risk for lesser cognitive function throughout adult-
hood, with detrimental implications in old age.

Traumatic brain injury (TBI) is relatively common in chil-
dren and adolescents (3), and in recent years, there has been
much work on the close relationship between findings on
magnetic resonance imaging (MRI) and functional and behav-
ioral outcomes. The hippocampus and white matter have been
a particular focus. For example, in adults who survive TBI,
MRI findings show that the degree of hippocampal atrophy is
related to severity of initial injury (4) and subsequent white
matter atrophy (5). In children, however, only a trend (p �
0.09) toward smaller right hippocampal volume has been found
in more severe cases (6).
Hippocampal volume and its relations can serve as a “bio-

assay” of previous or ongoing pathology and development. For
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example, the hippocampus is a temporal lobe grey matter
structure that grows during adolescence (7). It is susceptible to
deafferentation secondary to generalized cortical cell loss re-
sulting from direct injury; alternatively, this may result from
loss of inputs as a result of necrosis of the perihippocampal
area, a consequence of raised intracranial pressure (ICP). Fi-
nally, it is a structure that is selectively vulnerable to systemic
metabolic derangement (8). The objective of this study was to
consider the interaction among severity of TBI in childhood,
white matter pathology, growth anthropometry, and hippocam-
pal atrophy.

METHODS

Recruitment and clinical characterization. The Institutional Review Board
for human studies (ethics review committee) of the Cambridge University
Teaching Hospitals Trust approved this study, and informed consent was
obtained from all participants and their families. All participants were survi-
vors of severe TBI that had necessitated endotracheal intubation, mechanical
ventilation, and admission to our pediatric intensive care unit during the 1990s.
In all potential participants, a review of their acute ictus was gained from the
patient record, investigations, monitoring, and treatment. These data included
age at injury, postresuscitation, preintubation Glasgow Coma Scale (GCS)
score (9), and whether neurosurgery was performed. Acute imaging was used
to identify those with focal findings and skull fracture. When there was
evidence of laterality, the side with predominant abnormality was considered
to be the side with most injury. This blinded evaluation was based on the side
of the head with intracranial blood (including contusions, hematoma, and
subarachnoid); differential hemisphere swelling in which one hemisphere was
more severely affected than the other, usually the one ipsilateral or subjacent
to hemorrhage; and the site of skull fracture. Exclusion criteria for this study
were previously diagnosed neuropsychiatric disorder, more than one hospital-
ization for TBI, status epilepticus during initial ictus, subsequent epilepsy or
anticonvulsant therapy, or developmental disorder.

All 33 participants were assigned, a priori, to a severe TBI non-ICP or TBI
ICP group. This categorization was based on duration of mechanical ventila-
tion during the acute ictus, and the cut-off used was 3 d because patients with
an insignificant level of ICP are removed from mechanical ventilation within
this period. Twenty-three participants were in the �3 d ICP group; all of these
underwent ICP monitoring, and all received therapy for raised ICP, which in
our practice is instituted when the level is �20 mm Hg (10). The demographic
features of these groups did not differ in regard to age at injury, proportion
male, or GCS.

At the time of MRI, height, weight, and head circumference [occipitofrontal
circumference (OFC)] were measured by a single observer using standard
procedures (11). Age- and gender-specific SD scores (SDS) for all measure-
ments were calculated using UK reference data (12). In participants who were
older than the reference range for OFC, the SDS was calculated using the limits
of the normal data. (This manipulation would tend to underestimate any
difference between our groups.) Also, body mass index ([height in m]/[weight
in kg]2) was converted into SDS, and body surface area (BSA) was calculated
using standard tables (13).

MRI methods.MRI was performed on a Bruker Medspec 30/100 spectrom-
eter (Bruker Medical, Etlingen, Germany) attached to an Oxford 3.0-T,
910-mm bore whole-body, actively shielded magnet (Oxford Magnet Tech-
nology, Oxford, UK). A multioblique three-dimensional spoiled gradient echo
(SPGR) sequence was acquired using a repetition time of 20 ms, an echo time
of 5 ms, a flip angle of 20°, a field of view of 25.6 � 25.6 � 25.6 cm, and
matrix size of 256 � 256 � 128 (giving a spatial resolution of 1 � 1 � 2 mm).

Diffusion tensor MRI. Diffusion tensor MRI (DTI) was performed using a
standard single-shot, spin echo, echo planar imaging (EPI) pulse sequence,
inserting a pair of diffusion weighted (DW) Stejskal-Tanner rectangular gra-
dient pulses in it (14). The duration of the DW gradient pulses was 21 ms, and
their temporal spacing was 66 ms. The DTI protocol consisted of 63 acquisi-
tions. The DW gradients were applied along 12 noncollinear spatial directions
arranged uniformly (15). For each direction, five DW images were acquired,
each corresponding to a different b value (14). These five b values were
distributed equidistant in the interval 0–1570 s/mm2, with 1570 s/mm2 corre-
sponding to optimum noise performance for a two-point apparent diffusion
coefficient measurement (15,16). The adverse effects of eddy currents on
single-shot DW EPI (17) were eliminated efficiently by a robust adjustment of
the preemphasis unit of the system (18). Multislice imaging was performed
with eight to 12 contiguous slices in the near axial plane, with 5-mm-slice

thickness and 25-cm field of view. The acquisition matrix was 128 � 128, and
sampling dwell time was 5 �s. Asymmetric k-space coverage was performed
along the phase encode direction (24% of the data acquired before reaching the
centre of k-space). The echo time was 106 ms, and the repetition time was
5070 ms. No other intermediate-processing step, such as image realignment or
correction (as a result of eddy current–induced distortions) was required.

Volumetrics. All SPGR images were transferred to an offline workstation
for postprocessing. One investigator, who was blinded to the participant group
and information, made the volumetric measurements using ANALYZE soft-
ware (Mayo Foundation, Rochester, MN). Reproducibility, as measured by
intraclass correlation coefficient, was �95%. Previously reported methods
were used for the assessment of intracranial volume (ICV) (19), hemisphere
volume (20), and ventricular volume (21). Brain tissue volume was calculated
from the difference between ICV and ventricular volume. Ventricular brain
ratio (VBR%) was calculated as follows: VBR% � 100 � [ventricular
volume]/[ICV] (22). Hemisphere VBR% was calculated using the hemisphere
volumes. Perihippocampal volume—defined as the sum of the main cortical
inputs that come via the entorhinal cortex to the hippocampus and including
entorhinal, perirhinal, and parahippocampal areas (23)—was measured with
the SPGR slices reorientated orthogonal to the longitudinal axis of the right
hippocampus. Images were viewed in the coronal plane, with a final slice
thickness of 0.86 mm and magnified 400% using bilinear interpolation. A
digital stylus and MEDx 3.4 software (Sensor Systems, Sterling, VA) was used
to trace regions of interest (ROIs) from which volume measurements were
subsequently determined by multiplying ROI area by the slice thickness. The
anatomical boundary of the hippocampal formation was defined as a composite
of the following regions: cornu ammonis subfields CA1 to CA4, the dentate
gyrus, the subiculum and presubiculum, and the amygdalohippocampal tran-
sition area. The boundary rostrally, separating the hippocampus from the
amygdala, was a combination of the alveus and the lateral ventricle. The lateral
ventricle also served as the lateral boundary. Medially, the entorhinal cortex
bordered the hippocampus, more caudally; posterior to the uncus, the boundary
was the edge of the temporal lobe. The caudal limit extended to include the last
slice in which the hippocampus was distinct from the fornix. The perirhinal
region was defined as the grey matter surrounding the collateral sulcus,
excluding a small medial portion that belongs to the entorhinal cortex. The
rostral limit was located 2 mm anterior to the frontotemporal junction, and the
caudal limit was 3 mm posterior to the end of the uncus. The collateral sulcus
tends to vary in form. When it bifurcated, the entire bifurcation was included
until the split was complete, at which point only the medial branch of the
sulcus was included. The entorhinal area extends from the frontal-temporal
junction to 2 mm caudal to the uncus. The rostral boundary was marked
dorsally by the amygdala and the shallow sulcus semiannularis. When the
sulcus semiannularis was not visible, the level of the uncal hippocampus
marked the rostral boundary. Ventrally and laterally, the entorhinal cortex
extended to the surface of the medial bank of the collateral sulcus, where it
bordered the perirhinal cortex along the anteroposterior extent. The parahip-
pocampal area was defined as both banks of the collateral sulcus together with
the tissue ventral to the presubiculum. The rostral limit was the end of the
entorhinal and perirhinal cortices, and the caudal limit was the beginning of the
calcarine fissure.

Voxel-based morphometry. The three-dimensional data sets were analyzed
in Statistical Parametric Mapping (SPM) 99 software (Wellcome Department
of Cognitive Neurology, London, UK). Each scan was normalized to a
standardised template (24). The data were normalized by global grey matter;
this is a fundamental component that accounts for any differences among
subjects that are simply due to differences in brain size. The images were
segmented using a Bayesian algorithm (25), and continuous probability maps
were produced whereby the values correspond to the posterior probability that
the voxel belonged to the grey matter partition. White and grey matter
segmented images were smoothed with 12-mm isotropic Gaussian kernels that
render the voxel values an index of the amount of grey (or white) matter per
unit volume under the smoothing kernel.

Each individual from the ICP group was compared against the entire
non-ICP group. Use of such unbalanced designs in SPM has been validated at
12 mm (26). Inferences from SPM were made at statistical threshold levels
corrected for multiple comparisons across the entire brain.

Analysis of diffusivity. DTI axial scans were transferred to an offline
workstation for postprocessing. One investigator, who was blinded to the
participant group and information, selected each hemisphere ROI systemati-
cally from an axial slice at a level just above the corpus callosum and ventricle
lateral horns (usually the penultimate axial slice). Four participants with slices
that included ventricular space, because of ventriculomegaly, were excluded
from this part of the analysis. The hemisphere ROI “object map” was selected
by outlining the interhemispheric fissure and the cortical surface of each
hemisphere. An individual object map was created for each hemisphere in each
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participant. Intraclass correlation coefficients for mean and SD of the ROI (left
and right hemisphere) object maps ranged from 80 to 99%.

The diffusion tensor diffusivity eigenvalues and eigenvectors were esti-
mated for all voxels (27). Eigenvalues were sorted in order of decreasing
magnitude for each voxel (�1 � �2 � �3), with �1 representing the diffusivity
along the primary diffusion direction �1. The second and third largest eigen-
values (�2 and �3) represented the diffusivities along directions that were
perpendicular to the primary direction and to each other. Mean values for
individual whole-hemisphere ROIs were used in the analyses.

Statistical analyses. Analyses were carried out using JMP Statistical Dis-
covery Software (SAS Institute, Cary, NC). Parametric statistics were used
because the distribution of the data did not violate assumptions of normality.
To minimize false positives resulting from multiple tests, multivariate
ANOVA (MANOVA) was used to determine whether the non-ICP and ICP
groups had different patterns in 1) anthropometry and whole-brain morphom-
etry and 2) hemisphere subregions and structure. Follow-up one-way ANOVA
was run using grouping as the independent variable. When tests of equal
variances revealed that the group variances were significantly different, the
Welch ANOVA for the means was used in place of the usual ANOVA. Post
hoc, between-group differences (taking account for multiple comparisons) was
tested using Tukey-Kramer HSD with significance at p � 0.05. Dependent
variables that exhibited statistical significance (p � 0.05) or trend (p � 0.10)
were assessed further in multiple regression analyses to examine confounding
effects or interactions.

Analyses were undertaken on raw and corrected data. Brain and hemisphere
volumes that were corrected for OFC were calculated by multiplying the
measured volume by a factor, whereby the fOFC � [mean OFC for entire
population]3/[observed OFC for the participant] (3). Hippocampal and peri-
hippocampal volumes that were corrected for hemisphere volume—from
which they were a part—were calculated by multiplying the measured volume
by a factor, whereby fHC or fPHR � [mean hemisphere volume for entire
population, left or right]/[observed hemisphere volume for the participant, left
or right] (22).

RESULTS

The participants in this study had TBI at the age of 9.3 (4.0)
years (mean, SD) and underwent MRI at age 15.1 (3.9) years,
on average 4.9 y after injury. Seventeen of 23 participants in
the severe TBI ICP group had mainly right-sided injury at the
time of acute ictus; 13 of these 17 also had an ipsilateral skull
fracture. Whole-brain VBM showed that these acute injuries
were associated with later regional abnormalities: significant
differences were found in eight of 23 ICP participants com-
pared with the non-ICP group (hypothesis test for proportions,
2.22 SD difference; p � 0.036). Only one of these eight
underwent neurosurgery (Table 1). In five of these participants,
VBM findings showed difference predominantly in the
periventricular white matter (Fig. 1). In the remaining three
participants, differences were distributed peripherally. Because
one third of the ICP group had such white matter difference, all

further analyses were performed taking account of this sub-
grouping in the ICP group, i.e. no VBM difference, and VBM
difference.
Anthropometry and brain morphometry. In the ICP group,

there was a reduction in OFC that could not be accounted for
by any reduction in height or body size. For example,
MANOVA with OFC SDS (OFCSDS) and BSA or body mass
index SDS (summary measures of body size) as dependent
variables shows disproportionately smaller OFC in the ICP
group (Wilk’s � 0.67, F � 15.3, p � 0.0005). Further
MANOVA with patient group as a main effect and with
OFCSDS, corrected brain volume, and VBR% as dependent
variables shows again a significant effect of ICP grouping
(Wilks � 0.62, F � 8.14, p � 0.002) and also an interaction
between this grouping and the cerebral parameters assessed
(Wilks � 0.45, F � 6.47, p � 0.0003). The follow-up ANOVA
confirms that OFCSDS was disproportionately smaller in the
ICP participants when body shape and size were considered.
On inspection of the data in Table 2, there are two separate

brain morphometry findings in the ICP participants. In the
subgroup without VBM-identified differences, the data suggest
smaller OFCSDS (p � 0.05) but brain volume corrected for
head size similar to that observed in the non-ICP participants
(i.e. no evidence of atrophy but a small head and appropriate
volume suggesting growth disturbance). In the subgroup with
VBM-identified brain tissue difference, there is also smaller
OFCSDS (p � 0.05) but with less-than-expected brain volume
for size of head (p � 0.05) and larger VBR% (p � 0.05), i.e.
small head and evidence of atrophy.
Hemisphere diffusivity differences. The presence of a par-

ticular side with predominant injury, usually the right, at the
time of acute ictus seems to affect white matter in that hemi-
sphere some years later. For example, MANOVA with hemi-
sphere diffusivity eigenvalues (�1, �2, �3) shows that partici-
pant grouping has a significant main effect (Wilk’s � 0.54, F
10.12, p � 0.0006), and there is an interaction between par-
ticipant grouping and side with injury (Wilk’s � 0.58, F 2.86,
p � 0.047). In Table 3, the follow-up ANOVA shows that right
and left hemisphere mean diffusivity eigenvalues are similar
for two groups but are different (p � 0.05) in the ICP subgroup
with VBM-identified tissue abnormality. In this subgroup, both
left and right hemispheres differ from the rest of the study

Table 1. Demographic and clinical features of subjects with tissue difference identified using voxel-based morphometry

Patient Injury Acute imaging

Sex
(M/F)

Age at accident
(years)

Age at study
(years) GCS Mechanism Hemorrhage Fracture Edema

1. M 15.69 18.27 6 Pedestrian L thin subdural No L hemisphere
2. F 13.02 21.06 8 Pedestrian R frontal lobe hemorrhage R frontal Diffuse
3. F 11.10 16.74 3 Pedestrian L frontal contusion L frontal Diffuse
4. M 13.02 15.83 5 Fall �7 m R temporal contusion R temporal R hemisphere
5. F 8.44 14.27 6 Fall �7 m R subdural R occipital Diffuse
6. F 12.79 16.40 7 Cyclist Bilateral (L � R) contusion No Diffuse
7. F 12.18 22.17 4 Cyclist R subdural—Surgery needed R temporal R hemisphere
8. F 2.73 8.93 6 Passenger R subarachnoid R temporal R more than L

Patients 2, 4, 6, 7 and 8 have periventricular distribution of differences identified on voxel-based morphometry.
Key: M male and F female; GCS, Glasgow coma score; L, left and R, right; and m, meters.

304 TASKER ET AL.



participants (p � 0.05), with the right hemisphere showing
more extreme difference than the left (p � 0.05).
Hippocampal volume and its relations. Figure 2 shows a

case in which hippocampal atrophy is adjacent to periventricu-
lar white matter difference. In comparing all participants, right
hippocampal volume corrected for hemisphere volume was
smaller in the ICP subgroup with VBM-identified tissue loss (p
� 0.011; Table 4). There was no difference in corrected left
hippocampal volume or in corrected left and right perihip-
pocampal volumes. Multiple regression analysis with corrected
right hippocampal volume as the response variable identified
significant effects and interactions. The simple regressors
tested included age at injury, age at follow-up, BSA, corrected

right perihippocampal volume, corrected left hippocampal vol-
ume, and right hemisphere mean diffusivity eigenvalues. The
main effects tested included gender, GCS, and ICP grouping.
More than 93% of the variation in corrected right hippocampal
volume is accounted for by only four parameters (whole-model
test F ratio is 9.09–11.97, 0.0005 � p � 0.001). These are,
first, participant group (F � 9.87–11.99, 0.003 � p � 0.005);
second, an index of white matter change and predominant side
with injury, right hemisphere diffusivity �1 (F � 10.97, p �
0.009) or �2 (F � 15.11, p � 0.004) or �3 (F � 16.85, p �
0.003); third, an index of global cerebral change (growth
disturbance or atrophy), corrected left hippocampal volume (F
� 10.63–13.74, 0.005 � p � 0.01); and last, an index of
severity of injury, GCS score at ictus (F � 3.61–5.04, 0.12 �
p � 0.035).

DISCUSSION

This study suggests that severe TBI with intracranial hyper-
tension in childhood affects both postictal brain growth and
cerebral morphology. These phenomena seem to be distinct
because, first, there is an association between a longer time
course of ictus (�3 d) and later differences in OFC. Second,
there is a subgroup with coexistent white matter difference and
disproportionate hippocampal atrophy, which are more severe
on the side with predominant injury.
Before discussing these points, some consideration should

be given to possible limitations of this study. There may have
been unavoidable bias in recruitment. It is possible that those
with more severe outcome in the ICP group and those with
better outcome in the non-ICP group were more inclined to
volunteer for research. Hence, the differences may reflect an
extreme case, rather than give a more general message about
such a population. There is no evidence to support or refute this
criticism—although it is unclear why such a bias might oc-
cur—but any differences in case-mix (e.g. age, gender, GCS,
follow-up interval) have been incorporated in the statistical
methods. Second, this is a cross-sectional study. Direct effects
or changes were not measured but inferred from differences
between groups. To determine change a longitudinal study is
required. Last, these data have not been compared with nor-
mals; rather, a dose effect between groups has been sought. It
is possible that all of the participants in this report exhibit some
abnormality as a consequence of severe TBI in childhood, and
a significant morphologic difference may have been missed
(e.g. bilateral hippocampal or perihippocampal damage). How-
ever, normal anthropometry values in the less severe partici-
pants might well exclude this possibility.
Head disproportion and brain growth. There is ~1 SD

difference in head circumference between the groups, with
disproportionately smaller heads in those with severe TBI and
intracranial hypertension. Inspection of OFC reference data
(12) indicates that at the age of ~15 y—the average age in this
study—1 SD difference is equivalent to ~5 y previous head
growth. Given that the interval between acute ictus and fol-
low-up was almost 5 y, this suggests that in those with severe
TBI and intracranial hypertension, there may have been sig-
nificant limitation in head growth in the intervening period.

Figure 1. A composite of five cases in the VBM-identified group with
periventricular white matter difference. Individual illustrations are displayed in
neurologic convention with left hemisphere on the left. Each picture shows the
statistical parametric maps (in red, blue, and green colors) superimposed on the
mean normalized image of the group data, at a threshold of uncorrected p �
0.001. In comparison with the normalized image, blue indicates regions of
white matter decrease, green indicates regions of grey matter decrease, and red
indicates regions where white matter (probably gliosis) is increased. The
central panel of six images shows the anteroposterior spectrum of periven-
tricular white matter loss in the sagittal plane. Numbers (top right) correspond
to participant numbers in Table 1. The white scale bars in the top left panel (x
and y axis) each represent 8 cm.
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This conclusion is in keeping with previously reported lack of
change in corpus callosum area 3 y after head injury in
childhood (28)—although no anthropometry observations were
supplied with that report, so direct comparisons are not
possible.
One explanation may be that injury was severe enough to

cause cerebral atrophy (29,30). However, in a major proportion
of the ICP group, there was no evidence of cerebral atrophy
(i.e. brain volume was appropriate for head circumference, and
there was no increase in ventricular brain ratio). Alternatively,
trauma may have resulted in long-term neuroendocrinologic
deficiencies such that postictal growth was impaired (31).
However, growth failure in height is usually a prominent
feature, and this was not present here. Last, the potential for
adolescent brain growth (7,32) may have been adversely af-
fected by severe TBI with raised ICP or by our medical
management of that state, occurring at a critical stage of
preadolescent brain development. For example, the temporal
lobe, which is particularly vulnerable to mechanical deforma-
tion (33), and injury in children (34) has accretion of grey
matter continuing until the age of ~16.5 y (7).

Cerebral atrophy and white matter architecture. Whole-
brain VBM demonstrated tissue difference in eight participants
who also had evidence of atrophy and different white matter
architecture. Ventricular dilation in children (35,36) and adults
(37,38) with severe brain injury is an indicator of parenchymal
loss, more sensitive to periventricular white matter change than
grey. In adults, a slow decrease in brain volume has been
reported (39), occurring up to 3 y after injury with volume loss
at a rate greater than that seen with normal aging. None of our
participants had symptomatic hydrocephalus, either acute or
normal pressure variant. Hence, given that all eight participants
with VBM-identified difference had focal hemorrhage and
associated hemisphere edema, combined periventricular and
hemisphere differences may result from regional perfusion
failure (40,41) and secondary axonal degeneration in the hemi-
sphere subjacent to or involved in hemorrhage (42).
Regional hippocampal vulnerability and direct injury. Dis-

proportionate hippocampal growth disturbance or atrophy was
not found in the subgroup of ICP participants without VBM-
identified tissue loss. Neither was it seen in the left hemisphere
(usually the one contralateral to predominant injury) in indi-

Table 2. Anthropometry and cerebral morphometry

Patient Grouping ANOVA

Non-ICP Mean
(SD)

ICP

F p

No VBM
tissue loss Mean

(SD)

VBM
tissue loss Mean

(SD)

Anthropometry n � 10 n � 15 n � 8
Body mass index (SDS) 0.31 (1.00) 0.36 (0.88) 0.33 (0.99) 0.01 0.99
Body surface area (m2) 1.46 (0.18) 1.53 (0.32) 1.56 (0.28) 0.37 0.69
OFCSDS 0.48 (0.84) �0.47 (0.64)a �0.41 (0.93)b 4.97 0.014

Brain morphometry n � 8 n � 15 n � 7
Brain-corrected (cm3) 1413.00 (106.69) 1446.14 (119.64) 1263.62 (57.67)b,c 8.20 0.002
VBR% 1.14 (0.52) 1.16 (0.34) 2.98 (2.15)b,c 7.45 0.003
Left brain-corrected (cm3) 744.45 (53.54) 745.34 (66.63) 663.86 (39.43)b,c 6.07 0.006
Right brain-corrected (cm3) 710.77 (57.57) 723.81 (53.48) 626.59 (35.46)b,c 9.98 0.0005

Post hoc testing taking account of multiple comparisons (p � 0.05): a non-ICP group versus ICP sub-group with no VBM-identified tissue loss; b non-ICP
group versus ICP sub-group with VBM-identified tissue loss; c ICP sub-group with no VBM-identified tissue loss versus patients with VBM-identified tissue loss.
Key: ICP, intracranial pressure; VBM, voxel-based morphometry; OFC, occipitofrontal head circumference; and SDS, standard deviation score.

Table 3. Left and right hemisphere mean diffusivity eigenvalues

Patient Grouping ANOVA

Non-ICP
Mean (SD)

ICP

F p

No VBM
tissue loss
Mean (SD)

VBM
tissue loss
Mean (SD)

Mean diffusivity n � 9 n � 14 n � 5
Left hemisphere eigenvalues

�3 0.54 (0.05) 0.56 (0.05) 0.70 (0.09)a,b 14.68 0.0001
�2 0.72 (0.05) 0.74 (0.05) 0.89 (0.10)a,b 13.89 0.0001
�1 1.01 (0.05) 1.03 (0.08) 1.17 (0.12)a,b 6.30 0.006

Right hemisphere eigenvalues
�3 0.54 (0.03) 0.57 (0.05) 0.81 (0.31)a,b 8.00 0.002
�2 0.72 (0.04) 0.75 (0.04) 1.00 (0.34)a,b 7.47 0.003
�1 1.01 (0.05) 1.04 (0.06) 1.30 (0.36)a,b 6.38 0.006

Post hoc testing taking account of multiple comparisons (p � 0.05): a non-ICP group versus ICP sub-group with VBM-identified tissue loss; b ICP sub-group
with no VBM-identified tissue loss versus patients with VBM-identified tissue loss.
Key: ICP, intracranial pressure; VBM, voxel-based morphometry.
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viduals with VBM loss, even though there was evidence of that
hemisphere’s exhibiting a difference in white matter diffusiv-
ity. Rather, in the right hemisphere, disproportionately small

hippocampal volume was related to factors that reflected the
severity of initial ictus and change in white matter. There was
no association with perihippocampal volume, which was sur-
prising given the specific vulnerability of the parahippocampal
gyrus to intracranial hypertension above 20 mm Hg (43).
Hence, our conclusion is that these findings are consistent with
those in adults (i.e. the importance of severity of primary injury
and subsequent white matter effects) (4,5). The current findings
are also in keeping with the previous report in children (6) that
indicated a trend toward smaller right hippocampal volume
after TBI. The current study extends these findings. First, in
children, hippocampal abnormality is not attributable to an
isolated loss of growth potential, as atrophy was not seen in the
“growth disturbance” ICP subgroup. Second, the data highlight
the importance of impact of acute injury to hippocampal
abnormality. Last, any association between hippocampal vul-
nerability and systemic metabolic insult or raised ICP seem to
be unlikely as hippocampal findings were not bilateral and
there was no associated loss of perihippocampal volume (43).
Taken together—head circumference and cerebral and hip-

pocampal volume after TBI in childhood—the relationships in
this report suggest, first, that during the acute ictus, there is
some reduction in threshold for pathology in the hemisphere
ipsilateral to injury. We can only speculate on the substrate for
this alteration, but an interaction between systemic and local
cerebral inflammatory mechanisms is suggested in the recent
literature (44). Second, during development after TBI, there
may be long-term effects on potential growth and white matter
microarchitecture. We note that in the current series, the
difference in head size after TBI is of the order that is associ-
ated with lesser performance and cognitive function in late
adulthood (1,2). Hence, we believe that these findings provide
useful data of additional value when considering the lifelong
evolution of functional and behavioral outcome after TBI in
childhood.
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Figure 2. A summary of images from an adult who sustained severe brain
injury in childhood showing right periventricular white matter loss and right
hippocampal atrophy. (Left) A composite of statistical parametric maps (blue
and green colors) superimposed on the mean normalized image of the group
data, at a threshold of uncorrected p � 0.001. In comparison with the
normalized image, blue indicates regions of white matter decrease and green
indicates regions of grey matter decrease. The white scale bars in the top left
panel (x and y axis) each represent 8 cm. (Right) Perihippocampal volumetric
reconstruction with red indicating the hippocampus, green indicating the
entorhinal area, yellow indicting the perirhinal area, and blue indicating the
parahippocampal area. Individual slices have been overlaid to show the extent
of atrophy. The black scale bar (bottom right) represents 2 cm in the x–y plane.

Table 4. Corrected left and right hippocampal and peri-hippocampal volumes

Patient Grouping ANOVA

Non-ICP
Mean (SD)

ICP

F p

No VBM
tissue loss
Mean (SD)

VBM
tissue loss
Mean (SD)

Regional volumes n � 8 n � 13 n � 7
Corrected volumes (cm3)

Left hippocampus 2.99 (0.20) 3.02 (0.31) 2.96 (0.54) 0.06 0.94
Left peri-hippocampal 4.68 (0.86) 4.59 (0.63) 4.73 (0.98) 0.07 0.94
Right hippocampus 3.33 (0.44) 3.03 (0.29) 2.56 (0.63)a,b 5.49 0.011
Right peri-hippocampal 4.38 (0.49) 3.95 (0.85) 3.83 (1.38) 0.53 0.60

Post hoc testing taking account of multiple comparisons (p � 0.05): a non-ICP group versus ICP sub-group with VBM-identified tissue loss; b ICP sub-group
with no VBM-identified tissue loss versus patients with VBM-identified tissue loss.
Key: ICP, intracranial pressure; VBM, voxel-based morphometry.
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