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Traumatic brain injury (TBI) has a high incidence of long-term
neurologic and neuropsychiatric morbidity. Metabolic and struc-
tural changes in rat brains were assessed after TBI using serial
18F-FDG PET and 3-dimensional MRI in vivo. Methods: Rats
underwent lateral fluid percussion injury (FPI; n 5 16) or a sham
procedure (n 5 11). PET and MR images were acquired at 1 wk
and at 1, 3, and 6 mo after injury. Morphologic changes were
assessed using MRI-based regions of interest, and hippocampal
shape changes were assessed with large-deformation high-
dimensional mapping. Metabolic changes were assessed using
region-of-interest analysis and statistical parametric mapping
with the flexible factorial analysis. Anxiety-like behavior and
learning were assessed at 1, 3, and 6 mo after injury. Results:
PET analyses showed widespread hypometabolism in injured
rats, in particular involving the ipsilateral cortex, hippocampus,
and amygdalae, present at 1 wk after FPI, most prominent at 1 mo,
and then decreasing. Compared with the sham group, rats in the
FPI group had decreased structural volume which pro-
gressively increased over 3–6 mo, occurring in the ipsilateral
cortex, hippocampus, and ventricles after FPI (P , 0.05). Large-
deformation high-dimensional mapping showed evolving hippo-
campal shape changes across the 6 mo after FPI. Injured rats
displayed increased anxiety-like behavior (P , 0.05), but there
were no direct correlations between the severity of the behavior
abnormalities and functional or structural imaging changes.
Conclusion: In selected brain structures, FPI induces early hypo-
metabolism and delayed progressive atrophic changes that are
dynamic and continue to evolve for months. These findings have
implications for the understanding of the pathophysiology and
evolution of long-term neurologic morbidity following TBI, and
indicate an extended window for targeted neuroprotective inter-
ventions.
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PET with 18F-FDG is a powerful imaging technique that
can map regional cerebral metabolism patterns in vivo in
humans and animals. Cross-sectional studies using 18F-FDG
PET in humans at various times after severe traumatic brain
injury (TBI) suggest a triphasic pattern of perturbations in
metabolic brain function (1–3). Acutely after TBI, an elevated
metabolic state occurs. This initial brief response is followed
by a relatively prolonged period of metabolic suppression
before 18F-FDG uptake normalizes to baseline levels. How-
ever, there are discrepancies between the reports, and 18F-
FDG PET use for TBI remains controversial. Some studies
report a return to baseline 18F-FDG uptake within 1 mo,
regardless of the severity of the trauma (4), whereas others
found metabolic abnormalities that persist chronically. Fi-
nally, across different patients involving chronic stages of
trauma (at least 3 mo after TBI) both regional hypometabo-
lism and regional hypermetabolism have been reported for the
same regions (5). Because of radiation dosimetry issues, no
long-term follow-up studies with serial 18F-FDG PET have
been performed in humans after TBI. Therefore, the long-
term evolution and outcome of these acute metabolic changes
in individuals is uncertain, as is their relationship to the long-
term structural brain changes that are also commonly present.

Here, we utilized serial in vivo imaging with small-animal
PET and small-animal MRI to identify and track the spatial
and temporal evolution of functional and structural changes
in the brain for 6 mo after lateral fluid percussion injury (FPI)
in the rat. One previous study used 18F-FDG PET to assess
metabolic changes after TBI in rats but had only a 10-d
follow-up and provided no assessment of structural changes
(6). Several studies have used small-animal MRI to assess
long-term morphologic changes after TBI in rats, demonstrat-
ing atrophy in the cortex and hippocampus similar to findings
observed in humans (7–9). However, none of these studies
incorporated concurrent metabolic or functional changes. Lat-
eral FPI induces both focal and diffuse cerebral injury and is
a widely accepted experimental model of moderate-to-severe
human closed-head TBI (10,11). The severity of the imag-
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Leclerc, 94275 Le Kremlin-Bicetre Cedex, Paris, France.
E-mail: viviane.bouilleret@bct.aphp.fr
*Contributed equally to this work.
COPYRIGHT ª 2010 by the Society of Nuclear Medicine, Inc.

1788 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 51 • No. 11 • November 2010



ing changes was correlated with quantitative measures of
anxiety-like behavior, because mood disorders (including
hyperanxiety) are common in patients after TBI, and we
have demonstrated long-term increases in anxiety-like
behavior in rats after FPI (7,12).

MATERIALS AND METHODS

Animal Housing
Male Wistar rats (n 5 27), aged between 10 and 17 wk and

weighing 281.2 6 7.8 g at the beginning of the experiment, were
used. Rats were bred onsite at the Royal Melbourne Hospital and
individually housed under controlled temperatures of 22�C 6 1�C,
in a 12-h light–dark cycle, on at 6 AM, with water and food chow ad
libitum. All experimental procedures were approved by the Univer-
sity of Melbourne Animal Ethics Committee (AEC 0705687).

Lateral FPI Model
TBI was induced using lateral FPI based on standard descriptions

(10) with minor modifications, as previously described (7,12).
Briefly, under anesthesia a 5-mm craniotomy, centered 4 mm lateral
and 4 mm posterior to the bregma, was performed. The left edge of
the craniotomy was adjacent to the left lateral ridge, to induce a
lateral injury (13). A dissecting microscope was used to examine the
dura to ensure there was no bleeding from drilling. A severe-
intensity pressure pulse (amplitude of 3.2–3.5 atm (13)) was deliv-
ered by a fluid-percussion device via a modified female Luer-Lock
(Terumo) cap. The lateral position of cortical injury minimized
direct involvement of the hippocampus, with this and other struc-
tures being secondarily affected by the transmitted force, modeling
closed-head injury in patients. The sham group underwent the same
surgical procedures, without application of the fluid pulse.

Acute neurologic injury was assessed in all rats on the day before
and for 3 d after FPI using a composite neuromotor score adapted
from McIntosh et al. (13), as previously described (7,12). Each of
the 10 tasks was rated as 0 (pass) or 1 (fail), for a maximum total
score of 10.

PET Acquisition
Serial 18F-FDG PET scans were obtained (FPI, n5 16; sham, n5

11) at 1 wk and at 1, 3, and 6 mo after FPI or sham injury. PET
images were acquired using a Mosaic Animal PET scanner (Philips)
at the small-animal PET facility at the Centre for Molecular Imaging,
Peter MacCallum Cancer Institute. PET scans were acquired 1–3 d
before the corresponding MRI scans. Rats were injected intraperito-
neally with 37–74 MBq (1–2 mCi) of 18F-FDG at 30 min before
scanning. Subsequently, rats were anesthetized with 2% isoflurane
(1:1 oxygen:air) and placed prone onto an acrylic platform for a
30-min acquisition.

Corrections were applied for dead-time loss, decay, and activity
injected (standardized uptake value [kBq/mL]). No corrections
were made for attenuation or scatter. The reconstruction algorithm
was an ordered-subset expectation maximization iterative protocol
(4 iterations and 8 subsets). The intrinsic reconstructed resolution
of the system was 2.1 mm in full width at half maximum at the
center of the field of view, with one hundred twenty 128 · 128
transaxial slices and a 1 · 1 · 1 mm voxel size.

PET Region-of-Interest (ROI) Analysis
Each 18F-FDG PET image was manually coregistered to its

corresponding MRI scan (i.e., same rat at the same time point),
on which 11 ROIs were defined (Supplemental Fig. 1; supplemen-
tal materials are available online only at http://jnm.snmjournals.

org). Coregistration was based on manual identification of 6 land-
marks (Harderian glands, olfactory bulbs, cerebral cortex, and
cerebellum) by a single operator unaware of rat number, injury
status, or imaging time point. Nine random points were selected
within the original locations in the PET volume. We have previ-
ously demonstrated this coregistration method to be more accurate
than the automated algorithms, mutual information, and surface
matching, likely because of the lack of anatomic information in
the PET images (14). To validate the accuracy of our coregistra-
tion, a test set of PET/MR images, for which the rats had fiducial
markers that were visible on MR and PET images subcutaneously
implanted, were manually coregistered by 2 masked users 3 times
(Supplemental Fig. 1C). The validation had 2 components: regis-
tration error of coordinates of 9 points compared with perfect
registration, determined using the subcutaneous fiducial markers
(mean difference, 0.15 mm; 95% confidence interval, 0.56–2.57
mm) and interoperator error, the mean difference of coordinates
for the 9 points between 2 users (1.2 mm; 95% confidence interval,
0.144–2.3 mm). The mean activity was measured for all 11 ROIs,
and mean value of activity for the ROIs was calculated. The cer-
ebellum was outlined on the MR image and its mean calculated
activity used as the reference for normalization of PET data. There
was no statistically significant difference in cerebellar standard-
ized uptake value at any time point between the FPI and sham rats,
nor over time within either of the groups, indicating that it is an
appropriate, metabolically stable reference region for the PET
image normalization in this study. The normalization of intensity
for each ROI was calculated as:

ROI activity ðpermLÞ
Cerebellum activity ðpermLÞ 3 100:

PET Statistical Parametric Mapping (SPM) Analysis
We used SPM (SPM5; Welcome Department of Cognitive

Neuroscience) to process the PET data as follows.
For PET preprocessing, the PET subvolumes encompassing the

rat brain, excluding extracerebral activity, were extracted and
resampled to a 0.11718 mm3 voxel size into the 3-dimensional space
of a reference MR image using trilinear interpolation (Analyze;
Mayo Foundation).

As a reference PET image, we chose 1 control (sham) PET scan
with a high degree of symmetry, alignment, and freedom from
obvious artifacts. Following the work of Casteels et al. (15), we
realigned 6 other individual PET scans from rats of similar weight
(1 baseline PET and 5 from the first-week sham group) using a rigid
transformation (6 parameters) and trilinear interpolation to the refer-
ence PET image to create a mean image for use as the PET template.

To account for brain size variations over time, all individual
PET images were spatially normalized to the PET template using
the affine spatial normalization option in SPM and a trilinear
interpolation. The voxel size of the normalized and resampled
PET images was 0.1 mm3.

Flexible factorial analysis with 3 independent factors was applied:
treatment (sham or FPI), time (1 wk and 1, 3, or 6 mo), and subject
(rat number), with an interaction between factors 1 and 2 to perform
the analysis. The PET images were proportionally normalized using
the cerebellum mean value derived from the manual analysis.
Contrasts assessing differences between sham and FPI at each time
point were derived and tested at a P value of less than 0.01 (false-
discovery rate [FDR] error metric). The resolution element size was
4.6 · 4.1 · 5.0 mm; T maps contained 2,010,067 voxels.
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MR Image Acquisition
T2-weighted small-animal MRI scans were obtained at base-

line, 1 wk, and 1, 3, and 6 mo after FPI. Small-animal MRI data
were acquired using a 4.7-T 47/30 Advance small-animal
spectrometer in a Paravision 3.0 console (Bruker Biospec), with
a shield-gradient set appropriately adjusted for rats (16).

Anatomic Structure Delineation (ROI Analysis)
MRI volumes of selected brain regions were quantified with

manually drawn ROIs using Analyze. ROIs were drawn on
consecutive axial MRI slices by an investigator unaware of the
rats’ injury status (Supplemental Fig. 1A). Only slices containing
hippocampus (average of 11 slices; Supplemental Fig. 1B) were
analyzed. Before ROIs were drawn, the MR image set was cor-
egistered to a template MR image with the ROIs predefined. The
ROIs were then redrawn for the target MR image on the basis of
this template. Eleven ROIs were drawn identically as previously
described (16): the cortex, hippocampus, thalamus, hypothalamus,
amygdala, and lateral ventricles from both hemispheres.

Large-Deformation High-Dimensional Mapping
(HDM-LD) of Hippocampal Morphometry

HDM-LD utilizes the power of computer-assisted shape recog-
nition to identify patterns within image data (16,17). Computational
anatomic techniques produce 3-dimensional surface representations
of the hippocampus with resolution at a subvoxel level, enabling
visualization of details of hippocampal surface anatomy (18).
Changes in morphology can be detected even when total hippocam-
pal volume changes are not significantly different (19–22), using
either visual analysis of deformation surfaces or multivariate
ANOVA on the coefficients from eigenvector fields (23). Originally
developed for human studies, this method has been adapted and
validated for the assessment of rat hippocampus (16,17). Methods
for comparing groups were as previously described (16). In brief, for
this study we generated coordinates for hippocampal surface trans-
formation for each image, which in turn was used to generate an
average hippocampal deformation surface at baseline, 1 wk, and 1,
3, and 6 mo scans in both the FPI and the sham groups. For final
results, we calculated a minimum mean squared error estimation by
coregistering the FPI and sham average hippocampal surfaces for
each time point. By calculating differences in hippocampal trans-
formation coregistration using the minimum mean squared error, we
directly compared the shape of the hippocampi between the FPI and
sham groups. Final results were projected on the sham group hippo-
campal surfaces. To define shape changes in the hippocampus, we
assigned a color map, which represents the distance between the
matched hippocampi. The maximum and minimum values of the
color map were set using the maximum value of inward deforma-
tion. To complement the statistically confirmed findings of progres-
sive atrophy from volumetric measurements of the hippocampi, the
deformation patterns were visually compared between FPI and sham
rats. Subfield involvement was determined by comparing regions of
maximal deformation with a standard rat hippocampal subfield atlas
(24).

Behavioral Assessments
At 1, 3, and 6 mo after injury on separate days, beginning at 10 AM,

all rats underwent 2 well-validated assessments of anxiety-like be-
havior (open-field test and elevated plus maze [EPM]) and a test of
learning and memory (Morris water maze). For each test, rats were
brought into the behavioral testing facility at the Royal Melbourne
Hospital at least 30 min before beginning the test.

Open-Field Test and EPM. The open-field test and EPM are
widely used to assess anxiety-like behavior in rodents (25,26), and
procedures have been published previously by our group (12).

Morris Water Maze. The Morris water maze is a test widely
used to assess spatial learning and memory in rodents; the
procedure has been previously published by our group (27).

Data Analyses and Statistics
The neuromotor scoring data were not normally distributed

(Kolmogorov–Smirnov goodness-of-fit test) and were therefore
analyzed with the Friedman ANOVA for repeated measures (days
after FPI), with injury status as the independent variable. The MRI
and PET data for each ROI were analyzed separately using a
2-way ANOVA for repeated measures, with injury status and time
after FPI as the independent variables. For regions in which an
overall significant difference was found between the FPI and sham
rats, Bonferroni post hoc planned-comparison analysis was used to
cross-sectionally compare individual time points. Behavioral tests
were analyzed using 2-way ANOVA, with injury status and time
after FPI as the independent variables. Pearson correlations were used
to assess the relationship between the magnitude of changes in the
imaging variable and behavioral variables (where there was a differ-
ence between FPI and sham rats). All analyses were performed using
Statistica software (StatSoft Inc.). Statistical significance was set at a
P value of 0.05 or less, and all data were expressed as mean 6 SEM
unless otherwise stated.

RESULTS

FPI Induces Subacute Neuromotor Deficits

Average intensity of the fluid pulse delivered to the rats
in the FPI group was 3.40 6 0.03 atm. Compared with
sham rats, major subacute neuromotor scoring deficits were
observed in FPI rats (x2

F (3,27) 5 26.20, P , 0.001; Supple-
mental Fig. 2), persisting for 3 d after FPI.

ROI Analysis of 18F-FDG PET Images Demonstrates
Regional Decreases in Brain Metabolism After FPI,
Which Evolve Over Time

Overall differences between sham and FPI rats were found
for 3 ROIs on the PET scans: left cortex (F2,24 5 5.42, P 5
0.03), left hippocampus (F2,24 5 7.27, P 5 0.01), and left
amygdala (F2,24 5 10.5, P 5 0.004) (Fig. 1). An overall
interaction with time was found for the left cortex (F2,24 5
4.64, P5 0.006). Specifically, the ipsilateral cortex exhibited
significantly lower 18F-FDG uptake (16.6%) in FPI rats 3 mo
after injury (P 5 0.01; Fig. 1A). 18F-FDG uptake was
reduced in the ipsilateral hippocampus at all time points,
with a mean difference of 214.7%. This difference reached
statistical significance at 1 wk and 3 mo (both P5 0.02; Fig.
1B). In the ipsilateral amygdala, there was a significant
reduction in 18F-FDG uptake in FPI rats at 1 (P 5 0.007)
and 6 (P 5 0.03) mo after injury, compared with the sham
group (Fig. 1C).

SPM Analysis of Serial 18F-FDG PET Images
Demonstrates Topographic Progression of
Hypometabolic Changes Over Time After FPI

SPM analysis was performed on 6 sham and 6 FPI rats
that had good-quality 18F-FDG PET scans for every time
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point (Fig. 2). One week after injury, a significant and
extended region of cortical hypometabolism was demon-
strated (cluster level: voxels per cluster [kE] 5 672,802
voxels, P corrected , 0.001). Two subclusters could be
outlined: the anterior part of the left cortex, extending to
involve the left striatum (probability of the FDR [PFDR]
corrected 5 0.002; z 5 4.5), and the posterior part of the
right cortex, above the superior part of the hippocampi

(PFDR corrected 5 0.002; z 5 4.28). One month after
FPI, the volume of the marked anterior left cortical hypo-
metabolism had dramatically reduced, no longer including
the striatum (kE 5 84,138; P corrected 5 0.007; PFDR
corrected 5 0.009; z 5 4.54; Fig. 2A). Moreover, this
region of hypometabolism shifted toward more posterior
structures to involve the left hippocampus, left amygdala,
and left posterior cortex (kE 5 138,760; P corrected 5
0.001; PFDR corrected 5 0.009; z 5 4.49; Fig. 2C). On
the contralateral side, the significant hypometabolic regions
shifted toward the posterior lateral cortex, extending to
involve the amygdala (kE 5 123,515; P corrected 5
0.002; PFDR corrected 5 0.009; z 5 4.35; Fig; 2B).

No significant metabolic change was found at 3 and 6 mo
at this statistical level for the SPM analyses. No region of
hypermetabolism was found at any time point.

Progressive Atrophic Changes in Brain Structures on
Serial MRI Scans After FPI

Several structures showed volumetric changes after FPI:
an increase in the ventricles (F2,24 5 4.99; P 5 0.03;
Supplemental Fig. 3), a decrease in the ipsilateral cortex
(F2,24 5 22.40, p , 0.001, Fig. 3B), and a decrease in the
ipsilateral hippocampus (F2,24 5 13.16; P 5 0.001; Fig.
3C). The effect of injury increased with time for the left
cortex (F2,24 5 9.19; P , 0.001) and the left hippocampus
(F2,24 5 2.80; P 5 0.03).

No other significant changes were found in other ROIs.
Whole-brain volumes were similar between FPI and sham
rats (F2,24 5 0.001; P 5 0.97).

Regional Changes in Hippocampal Shape After FPI

HDM-LD demonstrated evolving changes in hippocampal
shape, with the FPI group having greater regional hippo-
campal volume loss over time (Fig. 4; Supplemental Fig. 4).
The maximum inward deformation distances increased pro-
gressively and bilaterally (1 wk: left 5 20.18 mm, right 5
20.17 mm; 1 mo: left 5 20.17 mm, right 5 20.21 mm;
3 mo: left 5 20.21 mm, right 5 20.25 mm; and 6 mo:
left 5 20.25 mm, right 5 20.26 mm). The pattern of
regional hippocampal surface changes differed between
the right and left hippocampi, and this difference also
evolved over time after FPI.

Assessment of Anxiety-Like Behavior and Learning

Compared with sham rats, FPI rats were more anxious,
with a lower percentage of time spent in the open arms of
the EPM (F1,27 5 8.06; P , 0.05) and fewer open-arm
entries (F1,27 5 5.30; P, 0.05). There was no confounding
effect of locomotor activity in the FPI group, because there
was no significant difference in the distance traveled in the
EPM (F1,27 5 1.40; P5 0.24). Similarly, FPI rats spent less
time (F1,27 5 5.87; P , 0.05) and made fewer entries into
the inner area (F1,27 5 14.66; P, 0.0005) of the open field,
indicative of increased anxiety (Supplemental Figs. 5A–
5D). Again, locomotor activity was not different between
FPI and sham rats in the open field (F1,27 5 0.09; P 5

FIGURE 1. Time course of metabolic changes on PET scans

in cortex (A), hippocampus (B), and amygdala (C) ROIs. *P , 0.05.

**P , 0.005. (2-way ANOVA for repeated measures with Bonferroni

post hoc analysis; mean 6 SEM.)
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0.77). No significant correlations were found between the
magnitudes of the differences in the behavioral measures
between the FPI and sham rats and the magnitudes of the
differences in the imaging variables (P . 0.05 in all
cases).
No significant differences were found between FPI and

sham rats for measures of learning and memory on the
Morris water maze (data not shown).

DISCUSSION

This study investigated, in a comprehensive longitudinal
paradigm, structural and functional changes that occur in
the brain after closed-head TBI. We performed serial
quantitative functional 18F-FDG PET and morphometric
MRI studies over 6 mo after lateral FPI in rats. The images
were assessed quantitatively using a variety of analysis
approaches: manual hypothesis-driven ROI analysis, auto-
mated deformation segmentations (HDM-LD), and whole-
brain exploratory SPM. There were 4 major findings from
this study. First, regions of hypometabolism in the brain
were observed early after FPI, primarily affecting similar

regions that showed subsequent progressive atrophic
changes on MRI; these were maximal 1 mo after the injury
but persisted for at least 6 mo in the ipsilateral amygdala.
Second, there was discordance in the time course between
the functional and structural changes—the former occurred
earlier and decreased or resolved by 6 mo after FPI, and the
latter were delayed in onset and continued to progress for at
least 6 mo after FPI. Third, both hippocampi showed
regional shape changes after FPI that evolved long after
the trauma, with different patterns between the 2 sides.
Fourth, the structural and functional changes are dynamic,
appearing to consolidate between 3 and 6 mo after FPI,
indicating the potential of an extended time window for
application of neuroprotective strategies after FPI that
may mitigate secondary neurodegenerative processes.

Serial 18F-FDG PET images were analyzed using com-
plementary approaches: ROI and SPM. ROI analysis has
greater sensitivity in detecting changes but selectively sam-
ples regions on the basis of prior assumptions. In contrast,
SPM samples the whole brain in an unbiased fashion but
has lower sensitivity in detecting changes. Few previous

FIGURE 2. Statistical parametric maps of

PET images demonstrating regions of hypo-

metabolism at 1 wk and 1 mo after FPI
superimposed on normalized baseline MR

image in Anatomist (http://brainvisa.info).

A–C correspond to different levels of brain

on axial and corresponding horizontal sec-
tions, as depicted on atlas. Color scale

ranges from height threshold (PFDR cor-

rected , 0.01) to same level for all maps

(T 5 4.7). Arrows show site of trauma. No
significant metabolic changes were found at

3 and 6 mo using 18F-FDG PET at this stat-

istical level. R is right, L is left.
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studies have applied SPM analysis to small-animal PET,
and none involved models of TBI, despite the fact that
the approach has been widely applied in human PET stud-
ies (15,28,29). Many of the brain regions that showed early
hypometabolism on 18F-FDG PET images later showed
progressive atrophy on serial MRI scans, particularly the
cortex and hippocampi. This raises the possibility that the
early hypometabolism may be mechanistically involved
with induction of neurodegenerative processes after TBI.
Compromised provision of energy substrates could result
in oxidative stress that can induce cell death (30).
As shown in Figure 3A, areas of acute damage-induced

injury are replaced by cerebrospinal fluid over time (31).
Therefore, the possibility of partial-volume effects con-
founding the quantification of 18F-FDG uptake on the
PET scans in specific regions of the rat brain need to be
considered. In particular, with the spatial normalization

used for SPM, it is possible that the structural changes
(atrophy) that occurred in the FPI group may have con-
founded the SPM analysis. However, the spatial and tem-
poral patterns of the changes seen on the SPM analysis of
the PET images argue strongly against this being a signifi-
cant factor in the results. The regions of PET hypometabo-
lism identified on the SPM analysis are prominent at the
1-wk and 1-mo scans after FPI, with this prominence tending
to resolve over the subsequent scans. In contrast, the atrophy
on the MR image is minimal at 1 wk and continues to
progress over the 6 mo after FPI. Also, relative hypometab-
olism was identified on the SPM analysis in regions for
which there was no significant atrophy seen in the FPI rats,
such as in the ventral and lateral cortex contralateral to the
side of the injury. Further evidence of the validity of the SPM
results is that they are consistent with the ROI analysis of the
PET images, with the ROIs having been drawn on the co-

FIGURE 4. HDM-LD differences in left hippocampi between FPI and sham rats from serial MRI scans. Figure shows regional deformation

distances for left hippocampi (ipsilateral to injury) in lateral and slightly caudal view. Open arrows in A show region of inward deformation
primarily representing cornu ammonis 2, which becomes visible at 1 wk, progresses at 1 and 3 mo, and becomes less prominent at 6 mo.

Closed arrow at 3 and 6 mo shows regions of accentuated volume loss, primarily representing cornu ammonis 1 (CA1).

FIGURE 3. Progressive cerebral damage

after FPI assessed using MRI. (A) Serial

images from representative sham and FPI
rats are shown at each time point. Time

course of volume changes from baseline in

cortex (B) and hippocampus (C) are shown.

*P , 0.05. **P , 0.005. ^P , 0.0005. #P ,
0.0001. Mean 6 SEM.
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registered MRI scans and therefore accounting for any inter-
individual differences in the structure.
Another potential limitation of the PET analyses is the fact

that baseline (preinjury) images were not acquired. However,
unlike for the MR images, a relative, not absolute, quanti-
fication was performed on the PET images; therefore, the
analysis examined differences between FPI and sham rats at
each time point, not absolute changes over time in any of the
groups. PET scans acquired from a rat before any procedures
were performed would be highly unlikely to show any
differences between those who were subsequently to receive
FPI or sham injury (because littermates were randomly
allocated to each of the intervention groups).
The SPM analysis demonstrated marked hypometabolism

in the ipsilateral frontal and parietal cortices at 1 wk after the
trauma, extending subcortically to involve the striatum.
These in vivo results are consistent with a previous report
that used ex vivo 2-deoxyglucose autoradiography regional
changes in brain metabolism in a cerebral contusion rat TBI
model (32). In addition to the ipsilateral cortex changes, our
study demonstrated a smaller region of change in the con-
tralateral parietal cortex at 1 wk after FPI (Fig. 2). Human
studies have shown that a region, synaptically connected to a
hypometabolic region and deep within the brain at the injury
focus, also displays a decreased metabolic uptake (i.e., dia-
schisis) (33,34). Conversely, the absence of early metabolic
change in the epicenter of the injury site in the cortex may be
explained by early edema caused by the surgical procedure
in both the sham and the FPI groups (7).
FPI rats display greater anxiety-like behavior than do

sham rats, which persisted for at least 3 mo after FPI. The
amygdala has been linked to anxiety disorders (35), but in
this study no significant direct correlations were observed
between the magnitude of anxiety-like behaviors and the
structural or metabolic changes seen in the FPI rat brains.
ROI analysis and the automated HDM-LD method inde-

pendently demonstrate a progressive decrease in hippocampal
volume bilaterally after FPI, more marked on the side of the
trauma. In addition, evolving surface changes in specific
anatomic regions of the hippocampus in FPI rats were dem-
onstrated. Different regions of the hippocampus along the
septotemporal axis are composed of distinctly different
subfields, which show changes according to the underlying
pathophysiologic state. For example, the hippocampal surface
anatomy shows different patterns in epilepsy, as compared
with schizophrenia or depression (23). Our current findings
show dynamic changes in hippocampal surface structure,
likely reflecting the complex underlying evolution of multi-
factorial pathophysiologic changes over time after TBI.
Although multiple regions of the hippocampal surface

were affected, the surface changes found after FPI using
HDM-LD mapping were most prominent over the CA1
subfield of the hippocampus, particularly at the later time
points, supporting previous clinical studies that have
suggested a particular sensitivity of CA1 to TBI (36).
CA1 and all the anterior hippocampus comprise greater

excitatory cell density and lower inhibitory cell density
(37), making the hippocampal head more susceptible to
the excitotoxic effects of TBI. Supporting this fact, the
nonhuman primate frontobasal cortex receives around
70% of the projections from the hippocampal head (38).
Therefore, the cortical damage demonstrated in this study
may result in hippocampal head deeferentation and conse-
quently in hippocampal cell death.

CONCLUSION

This study used serial multimodality in vivo imaging and a
variety of complementary image analytic techniques to
characterize the temporal development and regional distri-
bution of the long-term structural and functional changes that
occur in the brain after the FPI model of closed-head TBI in
rats. The results demonstrated widespread hypometabolic
changes affecting key brain structures, particularly the
hippocampus and cortex, that are present as early as 1 wk
after FPI. Progressive atrophic structural changes then
occured which evolved over the next 3–6 mo. The finding
that the cerebral hypometabolism predates the progressive
cerebral atrophy suggests that it may play a mechanistic role
in the subsequent neurodegeneration in affecting these brain
regions. The temporal evolution of structural and functional
brain changes demonstrated in this study may have implica-
tions for the pathophysiology of adverse long-term neuro-
logic and neuropsychiatric consequences commonly seen in
animals and humans after TBI, and suggest a potential win-
dow for the application of therapeutic interventions.
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