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cs of progressive brain damage after lateral fluid-percussion induced traumatic
brain injury (TBI) in rat, which is the most widely used animal model of closed head TBI in humans, MRI
follow-up of 11 months was performed. The evolution of tissue damage was quantified using MRI contrast
parameters T2, T1ρ, diffusion (Dav), and tissue atrophy in the focal cortical lesion and adjacent areas: the
perifocal and contralateral cortex, and the ipsilateral and contralateral hippocampus. In the primary cortical
lesion area, which undergoes remarkable irreversible pathologic changes, MRI alterations start at 3 h post-
injury and continue to progress for up to 6 months. In more mildly affected perifocal and hippocampal
regions, the robust alterations in T2, T1ρ, and Dav at 3 h to 3 d post-injury normalize within the next 9–23 d,
and thereafter, progressively increase for several weeks. The severity of damage in the perifocal and
hippocampal areas 23 d post-injury appeared independent of the focal lesion volume. Magnetic resonance
spectroscopy (MRS) performed at 5 and 10 months post-injury detected metabolic alterations in the
ipsilateral hippocampus, suggesting ongoing neurodegeneration and inflammation. Our data show that TBI
induced by lateral fluid-percussion injury triggers long-lasting alterations with region-dependent temporal
profiles. Importantly, the temporal pattern in MRI parameters during the first 23 d post-injury can indicate
the regions that will develop secondary damage. This information is valuable for targeting and timing
interventions in studies aiming at alleviating or reversing the molecular and/or cellular cascades causing the
delayed injury.

© 2008 Elsevier Inc. All rights reserved.
Introduction

Traumatic brain injury (TBI) is a prevalent cause of disability and
mortality in industrialized countries (Leon-Carrion et al., 2005). After
primary impact and injury, secondary injury develops over hours to
months. It is composed of a complex and poorly understood
combination of molecular, cellular (Karhunen et al., 2005), and
metabolic (Kharatishvili et al., 2006) alterations in the central nervous
system, which lead to post-injury functional disabilities including
somatomotor impairment, cognitive decline, emotional disturbance,
or epilepsy (Kharatishvili et al., 2006; Thompson et al., 2006). Many of
the delayed pathological processes could potentially be reversed, thus
they could provide targets for the development of recovery enhancing
and/or antiepileptogenic treatments. To conquer this challenge, a non-
invasive detection of the progression of pathology, which in particular
can discern potentially reversible tissue damage from irreversibly
l rights reserved.
injured areas in individual subjects is critical for defining anatomic
regions for application of such therapies

MRI is one of the most versatile imaging methods available today
and provides an excellent tool to study the spatio-temporal progres-
sion of damage under controlled experimental settings. Currently,
most of the experimental MRI studies of TBI have focused exclusively
on the acute to subacute phase, that is, the time period extending from
hours to days or a fewweeks post-injury. Furthermore, the majority of
the MRI follow-up studies report alterations in only one or two MRI
contrast parameters such as volumetry of cortical atrophy, cortical
edema related T2 hyperintensity, and/or decreased apparent water
diffusion (ADC) within hours after TBI followed by increased diffusion
days or weeks after TBI (Albensi et al., 2000; Obenaus et al., 2007;
Onyszchuk et al., 2007; Van Putten et al., 2005).

Nuclear magnetic resonance spectroscopy (MRS) has been used to
assess metabolite changes during the acute and subacute phases after
TBI. These studies have reported a decrease in N-acetylaspartate/
creatine ratio (NAA/Cr) and an increase in choline/creatine (Cho/Cr)
ratio in the lesion area and/or in the ipsilateral parietal cortex in
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rodents that have experienced fluid-percussion or controlled cortical
impact injury (Berry et al., 1986; Choi et al., 2005; Schuhmann et al.,
2002). Also, in the pericontusional zone Cr+PCr, NAA, and Glu were
decreased from 1 h to 28 d post-injury (Dube et al., 2001) and
persistently decreased in the combined hippocampus basal ganglia
region up to 4 weeks after trauma (Schuhmann et al., 2002). However,
there are no long-term studies available on changes in the metabolic
profile after TBI.

The aim of this study was to investigate the spatio-temporal long-
term progression of brain damage after TBI. We hypothesized that an
MRI signature determined by multiparametric quantitative MRI can
differentiate perilesional tissue from irreversibly damaged lesion. To
test this hypothesis, we induced TBI using lateral fluid-percussion
injury that is a clinically relevant rat model of closed head TBI in
humans, then systematically quantified several relevant MRI contrast
parameters for up to 11 months post-injury, including quantitative T2,
T1ρ, trace of the diffusion tensor (Dav), and volumetric changes.
Furthermore, we evaluated chronic changes in themetabolic profile of
the hippocampus by magnetic resonance spectroscopy (MRS).

Methods

The study design is summarized in Fig. 1. The Group 1 (14 rats with
TBI and 4 with sham operation) was imaged at 3 h, 3 d, 9 d, 23 d,
2 months, 3 months and 6 months after TBI. In Group 2 (20 rats with
TBI and 10 with sham operation), the imaging was started at 5 months
to avoid the possible effects of repeated halothane anesthesia during
early post-injury period on long-term progression of brain pathology.
In addition, as data from Group 1 indicated, progression of some
alterations was still ongoing at 6 months, and therefore, we decided to
continue the observation period for up to 11 months in Group 2. We
also added MR spectroscopy (MRS) into the study protocol of Group 2
to investigate the metabolic profile of chronic post-injury state. In
addition to MRI follow-up data presented here, the severity of
behavioural impairment at 9 months and seizure susceptibility at
12 months were tested before rats were sacrificed for histopathologic
analysis. Some of these data have been presented previously
((Kharatishvili et al., 2007); behavioural data, manuscript in
preparation).

Animal model

TBI was induced in adult male Harlan Sprague Dawley rats (total
n=48, from which n=34 survived and were examined by MRI, 305–
390 g; Harlan Netherlands B.V., Horst, the Netherlands) by lateral
fluid-percussion brain injury as previously described (Kharatishvili et
al., 2006; McIntosh et al., 1989). Animals were anesthetized with a
mixture containing sodium pentobarbital (58 mg/kg), chloral hydrate
Fig. 1. Study design. After induction of traumatic brain injury (TBI) by lateral fluid-percussion
(14 TBI, 4 controls) and at 7 months and 11 months post-injury in Group 2 (20 TBI, 10 cont
(60 mg/kg), magnesium sulfate (127.2 mg/kg), propylene glycol
(42.8%), and absolute ethanol (11.6%), (i.p., 6 ml/kg). This anesthesia
had been previously used in our laboratory in the same animal model
with well described histopathological findings (Kharatishvili et al.,
2006). The skull was exposed and a 5 mm diameter circular
craniectomy was performed with a trephine between the bregma
and the lambda on the left convexity (anterior edge 2.0 mm posterior
to the bregma and the lateral edge adjacent to the left lateral ridge)
leaving the dura intact. TBI was induced by a fluid-percussion device
(AmScien Instruments, Richmond, Virginia, USA) with a brief (21–
23ms) transient pressure fluid pulse impact against the exposed dura.
The pressures of the pulses were measured by a transducer
extracranially. The force of the impact was adjusted to 2.6–3.3 atm
to induce lateral FPI. Control animals had identical anesthetic and
surgical operation without the impact (n=14).

During the follow-up period the animals were housed in individual
cages and kept under controlled laboratory conditions (light regime of
12 h light/12 h dark, light on at 07:00 a.m.; temperature, 22±1 °C; air
humidity, 50–60%, ad libitum access to food and water).

All animal procedures were approved by the Committee for the
Welfare of Laboratory Animals of the University of Kuopio and the
Provincial Government of Kuopio, and conducted in accordance with
the guidelines set by the European Community Council Directives 86/
609/EEC.

Magnetic resonance imaging (MRI)

MRI data were acquired at a horizontal 4.7 T magnet (Magnex
Scientific Ltd, Abington, UK) with actively shielded imaging gradients
(Magnex) interfaced to a Varian (Palo Alto, CA) UNITYINOVA console
and using a quadrature half-volume RF coil (diameter 28 mm/two
18 mm loops, HF Imaging LLC, Minneapolis, MN) in transmit/receive
mode. Rats were anaesthetised with 1% halothane in N2O/O2 (70%/
30%), securely fixed into a stereotactic holder and kept warm with a
water circulating heating bed underneath the animals.

Volumetric changes were detected using a T2 weighted spin echo
multi-slice sequence with two adiabatic refocusing RF pulses to
minimize the influence of moderately inhomogenous B1 field (echo
time 70ms, repetition time 3 s, field of view 30⁎30mm2 coveredwith
128⁎256 data points, slice thickness 0.75 mm, 19 consecutive slices
covering rat cerebrum). T2, T1ρ and the 1/3 of the trace of diffusion
tensor (Dav; Dav=1/3 trace D) were quantified from the same single
coronal slice (corresponding to the antero-posterior level of −3.80mm
from the bregma according to Paxinos rat brain atlas, Paxinos and
Watson, 1986) using a magnetization prepared fast spin echo
sequence with adiabatic BIR-4 refocusing pulses (repetition time
3.0 s, 16 echoes/excitation, center-out k-space filling, echo spacing
10 ms, field of view of 30⁎30 mm2 covered with 128⁎256 data points,
, MRI was performed at 3 h, 3 d, 9 d, 23 d, 2 months, 3 months and 6 months in Group 1
rols). In Group 2, also MRS was performed at 5 months and 10 months after TBI.
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slice thickness 1.50 mm). T2 relaxation time was measured using a
spin echo preparation block consisting of adiabatic half passage (AHP),
two hyperbolic secant (HS) adiabatic full passages, reverse AHP and
crusher gradient in front of the fast spin echo sequence (echo times
(TE)=20, 38, 52, 76 ms). On-resonance longitudinal rotating frame
(T1ρ) relaxation time was measured using variable-length adiabatic
spin lock preparation pulse consisting of three parts: AHP, continuous
wave on-resonance spin lock period and reverse AHP pulse, (spin lock
times (SL)=18, 38, 58, 78 ms, B1SL=0.8 G) (Grohn et al., 2005) and
crusher gradients were placed in front of the fast spin echo sequence.
1/3 of the trace of the diffusion tensor (Dav) was quantified using the
same pulse sequence as in our T2 measurement with a diffusion
sensitising gradient pair positioned around each refocusing RF pulse
in the magnetization preparation block. Three images with different
degree of diffusion weighting (b=90, 496, 1014 s/mm2, diffusion
time=29 ms) were all obtained in three different orthogonal
orientations: x, y and z. Data for B1 field map were acquired using
variable-length square preparation pulse with a crusher gradient in
front of a FLASH pulse sequence (TR=4.5 ms, TE=2.2 ms), and B1maps
were calculated by fitting a cosine function to the measured signal
intensity oscillation.

MRI data analysis

The volumes of the lesion at all time points and of the
hippocampus 6 months post-injury were calculated by manually
outlining the regions of interest into the T2 weighted multi-slice set
covering the whole brain. We defined lesion volume as a combined
volume of focal lesion and ipsilateral ventricle. This was because the
distinction between the two regions was practically impossible at the
later time points, when progressive destruction of cellular structures
leads to complete tissue loss and the arising cavity is filled with
cerebrospinal fluid. Quantitative T2 and T1ρ relaxation times and
diffusion maps were calculated from a 1.5 mm-thick single slice by
fitting the data voxel wise to standard single exponential formulae in
Matlab. The diffusion coefficient D was measured and calculated
separately in three different orthogonal orientations (Dx, Dy and Dz)
and the average of these three coefficients was determined as an
orientation independent measure of water diffusion Dav. The analysis
was performed using an in-house written program in Matlab 7.1
(MathWorks, Natick, MA). Five regions of interest (ROI) weremanually
drawn. The focal area refers to the lesioned cortex that was outlined
based on hyperintensity in T2 weighted images and using the visual
aid of T2 maps with scaling of 0–150 ms to standardize the analysis
and more accurately detect the limit between hyperintense and
healthy-appearing tissue (Fig. 2). Perifocal area refers to the ipsilateral
parietal cortex (somatosensory and auditory cortex according to
Paxinos' rat atlas) excluding the focal lesion and including tissue that
appears normal in T2 weighted images. In addition, we assessed the
contralateral parietal cortex and the hippocampus bilaterally (Fig. 2).
Fig. 2. (A) ROIs (dashed lines) drawn on a T2 weighted image acquired at 3 d post-injury show
(Cx), and hippocampus (HC). (B) A T2 weighted image acquired 11 months post-injury show
contralateral hippocampus. Scale bar equals 1 mm.
When outlining the perifocal and hippocampal ROIs, the voxels
overlapping with the enlarged ventricles were excluded to avoid
partial volume effect, and to detect the possible degenerative process
ongoing in the normal appearing tissue.

Magnetic resonance spectroscopy (MRS) measurements and
analysis

The in vivo single voxel spectroscopy data were obtained using
stimulated echo acquisition mode (STEAM) localization with short
echo time (Tkac et al., 1999) (TE=2 ms, TR=4 s, bandwidth of 2.5 kHz
was covered with 3336 points, averages=512) incorporating VAPOR
water suppression scheme, after automatic FASTMAP shimming
(Gruetter 1993). Voxels (2.5 mm⁎3 mm⁎3 mm) were placed in both
the ipsilateral and contralateral hippocampus (Fig. 2). The spectral
analysis was performed using LC model and only results from
metabolites with SD%b20 were included in further analysis. All values
are given as relative concentrations to total creatine peak at 3.04 ppm
consisting of creatine and phosphocreatine.

Statistics

All values are indicated as mean±standard deviation (std).
Statistical evaluationwas performed using SPSS forWindows software
(Chicago, IL, version 14.0). Differences between TBI and control groups
were calculated using Kruskal–Wallis followed by post hoc analysis
with Mann–Whitney U test (non-parametric tests used due to the low
animal number). Differences between time points were calculated
using Friedman followed by post hoc analysis with Wilcoxon test.
Pb0.05 was considered significant.

Results

Mortality (death within 72 h post-injury) in Group 1 was 25% and in
Group 2 21% suggesting that in both groups the lateral fluid-
percussion TBI was moderate in severity (Dubreuil et al., 2006;
McIntosh et al., 1989; Thompson et al., 2005), and there was no
difference between the Groups. Also the severity of impact as
expressed in atm was similar (Group 1: range 2.3–3.2 atm, mean
2.64 atm; Group 2: range 3.0–3.1 atm, mean 2.86, no difference
between groups).

Temporal progression of lesion volume

As in other laboratories (McIntosh et al., 1989; Smith et al., 1997),
even though the injury-induction parameters were similar from
animal to animal, we found substantial variability in the severity of
cortical lesion between individual animals. The variation in the lesion
size can be described by categorizing the rats in Group 1 into the three
subgroups based on T2 weighted images acquired at 23 d post-injury
ing the location of injury-induced focal lesion (F), perifocal area (P), contralateral cortex
ing the location of MRS voxels (dashed square, 3.0⁎2.5⁎3.0 mm3) in the ipsilateral and



Fig. 3. Rostro-caudal extent of the focal lesion in coronal T2 weighted multi-slice images acquired (A) at 3 d post TBI and (B) 6 months post TBI. Images in A and B are from the same
representative animal. Note the extension of focal lesion (F), enlargement of ipsilateral ventricle (V), and decrease of hippocampal volume (arrowhead) over 6 months follow-up.
Scale bar equals 1.5 mm.
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when lesion outlines were most clearly visible (as compared to the
earlier time points when oedema caused the lesion edges to appear
blurred). Five of 14 animals had “mild” lesion that extended through
maximum5MRI slices (rostro-caudal extent 0.75–3.75mm) and had a
volume b11mm3 at 23 d and volume b11.6 mm3 for thewhole follow-
up period (the “mild” group includes one rat with no detectable
Fig. 4. Temporal progression of lesion volume in T2-weighted images. (A) Coronal slices from
follow-up points demonstrating the progressive increase in focal lesion volume. Note also a
from a rat in Group 2 acquired at 7 and 11 months post-injury. (C) Development of lesion
moderate and severe sub groups of Group 1 during 6 months follow-up post-injury. The do
ventricle volume of sham-operated controls. Group average data are shown as mean±std.
(Kruskall–Wallis with Mann–Whitney post hoc test). Scale bar in panels A and B equals 1.5
lesion). Six of 14 rats had “moderate” lesion that was detected in 5–11
slices (rostro-caudal extent 3.75–8.25mm) and had a volume between
11–30 mm3 which increased further after day 23. The remaining 3 of
the 14 animals had themost severe lesions with volume N30mm3 that
extended over 12–14 slices (rostro-caudal extent 9.0–10.5 mm; an
example of a severe lesion is showed in Fig. 3).
a representative animal in Group 1 acquired from the center of the lesion at different
decrease in the cross-sectional area of the ipsilateral hippocampus. (B) Coronal images
volume (i.e., combined volume of the focal lesion and the ipsilateral ventricle) in mild,
tted horizontal gray line is the baseline, i.e. the mean+std (=3.6 mm3) of the ipsilateral
Statistical differences: ⁎ pb0.01 and+pb0.05 as compared to sham-operated controls
mm.
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Fig. 3 demonstrates the rostro-caudal extent and progression of
tissue atrophy in the same injured animal at 3 d and 6 months post-
injury. Following TBI, the lesion formation and the progression of
atrophy were evident from the increasing size of cortical lesion,
enlargement of the ipsilateral ventricle, and decreasing size of the
ipsilateral hippocampus.

Analysis of the temporal progression of lesion volume (i.e.,
combined volume of the focal cortical lesion and the ipsilateral
ventricle in slices, in which focal cortical lesion was visible) is
presented in Fig. 4. As is apparent in a representative case shown in
Fig. 4A, lesion in T2 weighted images at 3 d post-injury appeared
larger and more hyperintense than at 3 h. The volume of the
hyperintense region was reduced at 9 d as compared to the 3 d time
point probably reflecting the resolution of vasogenic odema. It should
be noted that the temporal profile of lesion volume development was
similar in all animals despite large variation in the lesion size between
individual animals (Fig 4C).

Quantitative analysis (Fig. 4C) indicated that in Group 1, the lesion
volume increased for 3 months (pb0.01 as compared to the previous
follow-up point within the same group 23 d, 2 months, and 3 months
Fig. 5.Diffusion of water (Dav) in different brain areas over time after the induction of TBI. (A)
show the progression of Dav in different regions during 11 months follow-up (Group 1: imagi
at 7 and 11 months post-injury). Note a rapid increase in Dav in focal cortical lesion starting
decreases at 3 h post-injury with continuous increase thereafter being back to control values
any changes (D), a delayed increase of Dav is detected in contralateral hippocampus (F). Dat
operated controls (Kruskall–Wallis with Mann–Whitney post hoc test). Data of panel E have
primary lesion (panel B) than in other regions (panels C–F).
post-injury, Friedman with Wilcoxon post hoc test). The further
increase from 3 to 6monthswas not statistically significant (p=0.055).
In line with these data, MRI volumetry in Group 2 did not reveal any
increase in the lesion volume at the chronic stage (lesion volume at
7 months vs. 11 months, Figs. 4B and C).

The hippocampal volume was analyzed 6 months after the
injury and the ipsilateral hippocampus showed volume decrease of
21% as compared to the controls (TBIs: 25.3±2.9 mm3, controls:
32.0±1.2 mm3, pb0.01). The contralateral hippocampus did not
display any volume loss.

Temporal pattern of changes in quantitative MRI contrast
parameters is region-dependent

Diffusion (Dav)

Diffusion (Dav) changes during the 11 months follow-up are
summarized in Fig. 5. In the area of focal lesion, 3 of 14 animals with
TBI showed acute diffusion drop of around 10% at 3 h post-injury
(compare the data in the perifocal area and the ipsilateral
Dav maps of a representative animal at four different time points after the TBI. Panels B–F
ng at 3 h, 3 d, 9 d, 23 d, 2 months, 3 months and 6 months post-injury; Group 2: imaging
at 3 d post-injury (B). In the perifocal area and the ipsilateral hippocampus, diffusion

at 3–9 d post-injury (C and E). Interestingly, while the contralateral cortex does not show
a are shown as±std. Statistical significances: ⁎pb0.05; ⁎⁎pb0.01 as compared to sham-
been presented previously (Kharatishvili et al., 2007). Note the different y-axis range in
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hippocampus). Starting at 3 d post-injury, Dav increased dramatically
indicating loss of diffusion limiting structures, that is, ongoing tissue
loss. At 3 d post-injury, Dav values were 19%, at 9 d 70%, at 23 d 99%,
and at 6 months 120% higher than those in controls. In Group 2 at 7 to
11 months post-injury, the Dav was 218–240% of that in controls. The
progressive Dav increase indicated that the tissue degradation in the
focal lesion continues for several months post-injury. There was no
further increase of Dav from 7 months to 11 months post-injury (Fig.
5B).

In the perifocal area Dav showed a modest acute drop of 7%
(0.05×10−3 mm2/s) at 3 h post-injury (pb0.05 compared to controls,
Fig. 5C). Thereafter, Dav returned to normal, and later showed a trend
towards increased values throughout the entire follow-up period
[increase as compared to controls at 2 months post-injury was 5%
(pb0.05) and at 7 months 3% (pb0.01)].

Like in the adjacent perifocal area, also in the ipsilateral hippocampus
the Dav showed an acute drop of 6% (0.04×10−3 mm2/s, pb0.05) at 3 h
post-injury as compared to controls (Fig. 5E). Dav returned to normal
during the next 3–9 d, and thereafter, started to increase being at 23 d
Fig. 6. T2 in different brain areas over time after the induction of TBI. (A) The T2 maps of a r
different regions during 11months follow-up (Group 1: imaging at 3 h, 3 d, 9 d, 23 d, 2 month
focal cortical lesion T2 starts to increase at day 3 post-injury (B). The perifocal area (C) and t
and then, a secondary increase. In the ipsilateral hippocampus the secondary increase is sub
contralateral cortex (D), whereas the contralateral hippocampus shows a clear delayed increa
⁎pb0.05; ⁎⁎pb0.01 as compared to sham-operated controls (Kruskall–Wallis with Mann–
(Kharatishvili et al., 2007). Note the different y-axis range in primary lesion (panel B) than in o
have been shifted according to the level of control values.
post-injury elevated by 7% (pb0.01) as compared to controls. The
progression continued for 3 months, when Dav was 15% higher than
controls (pb0.01). Thereafter, the increase levelled off andDav remained
elevated throughout the rest of the 11-months follow-up (the plateau of
the final increase was 15–17% above the control level, pb0.01). (Fig. 5E)

There was no initial drop in Dav in the contralateral hippocampus. A
secondary increase in Dav was noticed starting 23 d post-injury when
Dav was 3% higher than that in controls (pb0.05). Increase in Dav

continued for the next month finally leaving Dav 8% elevated.
Thereafter, no further increase was detected (Fig. 5F). There were no
changes in the Dav in the contralateral cortex.

T2 and T1ρ relaxation times

The changes in T2 and T1ρ are summarized in Figs. 6 and 7. The
pattern of changes in these parameters during the 11 months follow-
up resembled each other, so are therefore described together. At 3 h
post-injury, the absolute T2 in the focal lesion did not statistically
differ from that in controls even though in most of the injured animals
epresentative animal at different time points. Panels B–F show the progression of T2 in
s, 3months and 6months post TBI, and Group 2: imaging at 7 and 11months post TBI). In
he ipsilateral hippocampus (E) show a peak in T2 at 3 d post-injury, recovery thereafter,
stantially more pronounced than in the perifocal area. No changes were detected in the
se in T2 at 2 months onwards (F). Data are shown as mean±std. Statistical significances:
Whitney post hoc test). A part of the data of panel E has been presented previously
ther regions (panels C–F), and that the range of y-axis of C and D as compared to E and F



Fig. 7. T1ρ in different brain areas over time after the induction of TBI. (A) The T1ρ maps of a representative animal at four time points post-injury. Panels B–F show the progression of
T1ρ during 11months follow-up in different regions (Group 1: imaging at 3 h, 3 d, 9 d, 23 d, 2 months, 3 months and 6months post-injury; Group 2: imaging at 7 and 11months post-
injury). Note that in focal cortical lesion (B) T1ρ increases immediately at 3 h post-injury and does not recover during the 11 months follow-up. Also in the ipsilateral hippocampus (E)
there is peak at 3 d that shows a decrease towards control values at 9 d post-injury before starting a delayed increase lasting for the next month. Like in Dav and T2, there is a delayed
increase in T1ρ in the contralateral hippocampus at 2 months onwards (F). Data are shown as mean±std. Statistical significances: ⁎pb0.05; ⁎⁎pb0.01 as compared to sham-operated
controls (Kruskall–Wallis with Mann–Whitney post hoc test). Note different y-axis range in primary lesion. In all the other areas the same y-axis range is used allowing direct
comparison of the changes. Note also that the difference in T1ρ between controls in Group 1 and Group 2 is due to the differences in B1 values. Rats in Group 2 were older with larger
heads which did not allow the half-volume RF coil to be placed to the same distance from ROIs as at 6months. This increased distance lowered the B1 field by 10% in the perifocal area,
11% ipsilateral hippocampus, 14% in the contralateral hippocampus, and 14% in the contralateral cortex in Group 2 as compared to Group 1. As T1ρ depends directly on B1 (Grohn et al.,
2000) the decrease in B1 values explains the corresponding decrease in T1ρ values (for example, in the contralateral cortex the B1is 14% lower in Group 2 as compared to Group 1, and
the T1ρ decrease is 10%).
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we could observe a hyperintense lesion in T2-weighted signal
intensity images (Fig. 4A). Starting on day 3, T2 showed prolongation
(T2=17 ms, 29% higher than in controls, pb0.01, Fig. 6B) and it
continued to increase throughout the 6-months follow-up. Unlike T2,
T1ρ was already prolonged at 3 h post-injury (23 ms, i.e., 27% as
compared to controls, pb0.01), and increase in the duration of T1ρ
progressed similarly as in T2 during the 6 months follow-up (Fig. 7B).
There was no further increase in T2 or T1ρ in the focal lesion area from
7 to 11 months after TBI.

In the perifocal area T2 and T1ρ remained at control level at 3 h post-
injury. Thereafter, both relaxation times showed a marked increase at
3 d post-injury as compared to controls [T1ρ increased by 12 ms (13%,
pb0.01) and T2 by 3 ms (5%, pb0.05)]. At 9 d post-injury, T2 had
recovered to the control level while T1ρ still remained elevated [7 ms,
(8%, pb0.05 as compared to controls)]. A trend of secondary increase
in both T2 and T1ρ was detected on day 23 that became significant at 2
(T2) or 3 (T1ρ) months post-injury as compared to controls. Thereafter,
neither the T2 nor T1ρ displayed any further increase but both
remained elevated as compared to controls (T1ρ by 3–9% and T2 by 2–
3%, see Figs. 6C and 7C).

Also in the ipsilateral hippocampus the T2 and T1ρ remained at
control level at 3 h post-injury. Thereafter, both relaxation times
showed a significant increase at 3 d post-injury [T2 increased by 2 ms
(3%, pb0.05) and T1ρ by 8 ms (9%, pb0.01) as compared to controls].
Similar to the perifocal area, at 9 d after TBI T2 had recovered to the
control level while T1ρ remained elevated [4 ms (5%, pb0.05 as
compared to controls)]. On day 23, both T2 and T1ρ were elevated as
compared to controls [T2 1 ms (3 %, pb0.05) and T1ρ 5 ms (5%, pb0.05),
Figs. 6E and 7E]. From 23 d to 2 months, both T2 and T1ρ showed a
remarkable secondary increase (both pb0.01) and became elevated by
6 ms (10%, pb0.01) and 9 ms (10%, pb0.01), respectively, as compared
to controls. Between 2 to 6 months neither relaxation showed further
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increase but both remained elevated as compared to controls (T1ρ by
10–13% and T2 by 8–12%). Taken together, the observed changes were
more pronounced in the ipsilateral hippocampus than in the perifocal
area.

In the contralateral hippocampus the changes in the T2 and T1ρ
relaxation times followed a similar temporal profile as in the
ipsilateral hippocampus but the magnitude of changes was substan-
tially milder. Importantly, the occurrence of secondary damage was
detected also in the contralateral hippocampus as increased T2 and T1ρ
at 2 months post TBI [T2 increase was 3 ms (4%, pb0.01) and T1ρ
increase 5 ms (6%, pb0.05) as compared to controls]. Also in the
contralateral hippocampus, the relaxation times remained elevated
throughout the 11 months follow-up (Figs. 6F and 7F).

Volume of the primary focal lesion did not correlate with the
severity of damage in the perifocal areas

To find out if there is potentially viable perifocal tissue in the
animals with very large focal lesions we studied the relationship
between primary focal lesion volume and the severity of damage in
more distal perifocal and hippocampal areas. Fig. 8 clearly shows the
absence of any correlations, that is, the severity of the pathological
change in MRI contrast parameters (i.e. the increase of T2, T1ρ and Dav)
Fig. 8. The relationship between the volume of the focal lesion (x-axis) and the MRI changes (
areas at 23 d post-injury. The animals were divided into subgroups according to the cortical le
threshold volumes between mild and moderate (11 mm3) and moderate and severe (30 mm
lesion did not correlate with the severity of alterations (evaluated byMRI) in the surrounding
have different (independent) dynamics in the progression of tissue damage. Also, in several
perifocal and ipsilateral hippocampal MRI contrast parameters than the animals with sever
within the perifocal area outside the primary focal lesion did not
depend on the size of the primary focal lesion. The analysis was
performed at the particularly interesting time point of 23 d post-
injury when the transient oedema no longer dominates the MRI
findings, and the secondary injury cascades in the perifocal areas have
begun, but there is still time for potential interventions if the tissue at
risk can be identified. Importantly, this indicates that the lesion size
alone does not describe the overall ‘injury severity’ and, in particular,
lesion size does not describe the viability of perilesional regions. In
several cases in spite of the large volume of the focal lesion (inside of
which irreversible tissue damage is indicated by themagnitude of MRI
contrast parameter changes) there were only small changes in MRI
contrast parameters in the perifocal and hippocampal areas.

Chronic metabolic abnormalities as revealed by hippocampal MR
spectroscopy

Five months post-injury we found decreased relative concentra-
tions (relative to total Cr consisting of Cr+PCr) of γ-aminobutyric
acid (GABA), glutamate (Glu), N-acetylaspartylglutamate (NAAG), N-
acetylaspartate+N-acetylaspartylglutamate (NAA+NAAG) and gluta-
mate+glutamine (Glu+Gln) in the ipsilateral hippocampus as
compared to controls (pb0.05, Figs. 9–10). Levels of myo-inositol
Dav, T2, T1ρ) in the perifocal (left column) and the ipsilateral hippocampal (right column)
sion volume on day 23: severe as diamonds, moderate as crosses, andmild as circles [the
3) are indicated with dotted lines in the first panel]. Note that the size of the primary
perifocal or hippocampal regions suggesting that the focal and more peripheral regions
cases the animals with moderate lesions actually show more pathologic alterations in
e lesions.



Fig. 9. Metabolic changes in the ipsilateral hippocampus at 5 and 10 months post-injury. Concentrations of different metabolites in MRS are shown as ratios relative to the creatine
peak (Cr+PCr). Data are shown as mean±std. Statistical significances: ⁎pb0.05 (as compared to controls). Due to the hippocampal atrophy the amount of tissue in the voxel of TBI
animals decreased and the use of absolute concentrations was not meaningful.
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(Ins) were elevated (pb0.05, Figs. 9–10). The further decrease of Glu
was the only change from 5 months to 10 months (pb0.05). No
metabolic abnormalities were detected in the contralateral
hippocampus.

Discussion

In order to understand the dynamics of brain damage after TBI, we
performed quantitative MRI and MRS in a lateral fluid-percussion
model of TBI in rat. We focused our analysis on the injured cortex, the
perifocal area, and the hippocampus that are known to undergo
histopathologic changes in this model (Hallam et al., 2004; Sato et al.,
2001). In our 11 months follow-up study we have four major findings.
First, brain damage after TBI progresses continually for up to 6months.
Second, Dav appeared to be the most sensitive measure for detecting
both acute primary and secondary progressive damage. Third, the
severity and dynamics of progression of injury varied substantially
between the focal lesion area, adjacent perifocal area, and remote
areas including the ipsilateral and contralateral hippocampus and the
contralateral cortex. Importantly, temporal profiles of T1ρ and Dav
Fig. 10. A representative in vivo 1H NMR spectrum of the ipsilateral hippocampus in a sham-
was performed in the spectral region of 0.4 to 4.2 ppm and the spectra are shown with
concentrations (relative to Cr+PCr) of GABA, Glu, NAAG, NAA+NAAG and Glu+Gln and incre
Due to the hippocampal atrophy the amount of tissue in the voxel of TBI animals decreased
differentiated the regions with risk of delayed secondary damage from
those of continuously progressing damage or from intact areas.
Fourth, we describe the chronic hippocampal metabolic changes in
this rat model providing the longest follow-up and the most detailed
multiparametric MRI and MRS analysis of experimental TBI to date.

Early post-injury MRI shows a different temporal profile of alterations in
the focal lesion and surrounding tissue differentiating regions with
unpreventable or potentially preventable pathological processes

TBI causes both primary and secondary damage to the brain. The
primary damage is caused by the impact itself, and it initiates ionic,
molecular, and cellular alterations within seconds (Dietrich et al.,
1994; McIntosh 1994; Rink et al., 1995) followed by immediate
cytotoxic and later vasogenic oedema (Faden et al., 1989; Katayama et
al., 1990). The primary cortical lesion was visually detectable in T2-
weighted signal intensity images in a majority of animals already at
3 h post-injury, and in the quantitative analysis relaxation time T1ρ
was elevated indicating increasing water content. Dav is known to
transiently decrease during the cytotoxic edema (i.e. depolarization of
operated rat (A) and a TBI rat (B) 5 months after the induction of TBI. LC model analysis
4 Hz Gaussian line broadening. At 5 months post TBI, we found decreased relative

ased Ins as compared to controls (pb0.05, open arrows in B, see Fig. 9. for more details).
leading to overall reduction of metabolite peaks in B.
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cells leading to intracellular swelling, which hinders water move-
ment) (Moseley et al., 1990), however, in the primary lesion area the
destruction of cellular structures restraining water diffusion was
extremely fast leading to increased rather than decreased diffusion
values in most of the animals already at 3 h post-injury. Importantly,
characteristic of the primary lesion was that all T2, T1ρ and Dav were
evidently increased at day 3 post TBI and even more drastically
elevated at day 9. The fact that all three measured parameters were so
highly increased indicates a massive increase of the extracellular
water content of the tissue, increasing amount of so called free water
(that is, water molecules lacking interactions with surrounding
macromolecules) reflecting the progressive loss of proteins in
extracellular matrix together with cellular degeneration, and
increased mobility of water molecules, which is another sign of
degrading cytoarchitectural structures (Bramlett et al., 1997; Pierce et
al., 1998; Smith et al., 1997).

In the perifocal area, in the ipsilateral hippocampus and to a lesser
extent in the contralateral hippocampus, the tissue damage caused by
primary impact was substantially milder as compared to the primary
lesion site. In these regions the magnitude and also the pattern of MRI
changes was very different from that in the primary lesion area. Dav

showed a sharp decrease at 3 h post-injury and then returned to
control level by 9 d post-injury, indicating cytotoxic edema at 3 h and
its resolution thereafter. The diffusion drop was relatively small (7%)
suggesting that only a subpopulation of the cells suffered from impact,
which is in line with previous histologic studies (Cortez et al., 1989). T2
and T1ρ increased at 3 d post-injury returning towards control level by
9 d post-injury, most likely reflecting the transient process of
vasogenic edema, since both of these relaxation parameters are
sensitive to net accumulation of water. Taken together, during the first
9 d post-injury we found a different temporal pattern in various MRI
parameters in the primary lesion area and in areas that will later on
undergo progressive secondary damage. This suggests that multi-
parametric MRI analysis at an early post-injury phase can be a useful
tool for identification of target regions for therapeutic interventions
aiming at preventing delayed damage.

Secondary increase in Dav, T2 and T1ρ during the first months post-injury
implies the development of delayed injury in initially mildly affected
regions

The secondary injury is composed of a series of biochemical,
molecular and structural alterations that can be selective to cell types
and brain regions (Conti et al., 1998; Hallam et al., 2004; Raghupathi et
al., 2002; Rink et al., 1995; Sato et al., 2001). So far, in vivo detection of
the progression of the damagewithMRI has typically covered only the
first 2 or 3 weeks post-injury showing hyperintense lesion in T2
weighted images and increased cortical and hippocampal diffusion
(Albensi et al., 2000; Van Putten et al., 2005; Vink et al., 2001). The
only MRI study with a 3-month follow-up showed enlarged ventricles,
cisterns and that the necrotic tissue in the primary contusion site was
absorbed and replaced by cerebrospinal fluid (Iwamoto et al., 1997).

Here we show that the volume of the primary focal lesion as
assessed in T2 weighted images continued to progress for 3 months
post-injury and tended to increase even thereafter. Our quantitative
MRI analysis confirmed this observation by showing that the
abnormal increase of all contrast parameters at the primary cortical
lesion site progresses substantially for several months post-injury. At
this time, the increased MRI contrast parameter values were close to
that of CSF indicating almost complete decomposition of tissue.
Histological studies have verified the robust cellular loss and cavity
formation in the primary cortical contusion site during the first weeks
post-injury (Bramlett et al., 1997; Pierce et al., 1998; Smith et al., 1997;
Onyszchuk et al., 2008). Furthermore, we found a decrease of the
volume of the ipsilateral hippocampus in the chronic stage, which is
consistent with the previous histology studies showing hippocampal
neurodegeneration, and with the behavioural studies showing
impaired hippocampal function after TBI (Pierce et al., 1998;
Thompson et al., 2006).

As compared to the primary lesion, the adjacent perifocal area (i.e.
the perilesional cortex), the remaining ipsilateral hippocampus and
the contralateral hippocampus, had a very different temporal
development of the secondary MRI alterations. In all these regions
quantitative Dav, T2 and T1ρ showed a delayed increase starting on the
third week after TBI and continuing steadily for the first 3 months
post-injury. Our MRI follow-up data are in line with the previous
cross-sectional histological studies demonstrating ongoing pathology
for up to 1 year, including chronic inflammation, neurodegeneration,
and axonal injury (Bramlett et al., 1997; Lenzlinger et al., 2001;
Morganti-Kossmann et al., 2002; Philips et al., 2001; Pierce et al.,
1998; Smith et al., 1997; Soares et al., 1995; Toulmond and Rothwell
1995). Importantly however, the observed changes in MRI are
showing the net effect of several progressive biological processes,
both degenerative and regenerative. The fact that the observed
changes do not seem to progress further after a few months can be
due to the complexity of the underlying physiology and due to the
complexity of how the physiological changes and the molecular
interactions affect different MRI parameters. For example, in the
animal model of mild TBI a partial recovery of average diffusion is
reported 21 d post-injury even though other parameters remain on
pathological levels (Henninger et al., 2007).

Relaxation is influenced by complex interactions of water with
macromolecular pool. It has been suggested that T1ρ relaxation is
specifically sensitive to slowly tumbling macromolecules as relaxation
takes place in the effective magnetic field determined by RF pulses
(Grohn et al., 2000; Makela et al., 2001; Sepponen et al., 1985). This
may explain the more pronounced increase in T1ρ than in T2 in the
subacute phase (first 2 weeks post-injury) when destructive intracel-
lular processes associatedwith delayed cell death have been launched.

MRS provides additional data about the molecular events during the
chronic post-injury phase

In the present study the in vivo MRS data were evaluated as
relative to Cr+PCr peak, that is a marker of overall cellular density,
since there was evident atrophy of the hippocampus within the
spectroscopy voxel in TBI animals. Our results showed several
metabolic abnormalities in chronic TBI animals in the hippocampus
ipsilateral to the impact site. Decreased NAA+NAAG is generally
associated with decreased neuronal number, increased Ins with
inflammation/gliosis, and decreased GABA with loss of inhibitory
tone. All these observations are in linewith previous cellular studies in
the post-injury hippocampus showing neuronal loss (Pierce et al.,
1998; Smith et al., 1997), inflammation (Lenzlinger et al., 2001; Philips
et al., 2001; Soares et al., 1995) and alterations in GABA-mediated
inhibition: (Reeves et al., 1997; Santhakumar et al., 2001). Previous
MRS studies of the perifocal area reported decreased levels of Cr+PCr,
NAA, and Glu at 28 d post-injury (Dube et al., 2001; Schuhmann et al.,
2003). These studies suggest that tissue damage in the hippocampus
and pericontusional cortex may share similarities in their MRS
signature. Importantly, the metabolic changes found here resemble
the metabolic changes found in TBI patients (Ashwal et al., 2004;
Shutter et al., 2006), further validating the translational value of data
obtained from the present animal model of TBI to the clinic.

Conclusions

Our results distinguish two different patterns of brain tissue
alterations in the aftermath of TBI based on the temporal fluctuation of
quantitative MRI parameters. First, at the primary lesion area with
drastic irreversible pathologic MRI alterations start at 3 h–3 d post-
injury and continue to progress steadily for months. Second, in more
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mildly affected perifocal and hippocampal regions the alteration in T2,
T1ρ, Dav at 3 h–3 d post-injury normalize within the first 3–23 d, and
then show a progressive increase for several weeks. Interestingly, the
severity of damage in the perifocal and hippocampal areas appeared
independent of the focal lesion volume at subacute phase suggesting
the insufficiency of using solely the lesion volume as an indicator of
injury severity. Our data show that the temporal profile of MRI
parameters can indicate the regions that will develop secondary
damage. Based on the observations of this study together with the
existing literature of secondary damage in traumatic brain injury we
tentatively suggest that the ‘tissue at risk’ could be identified as having
5–10% increased diffusion and T2 (or T1ρ, which appears to be slightly
more sensitive than T2) 23 d–3 months post-injury when oedema has
been reabsorbed and secondary injury cascades have been initiated.
Importantly, most of the MRI techniques used here can be readily
translated for clinical applications. Only the use of T1ρ techniques is
somewhat restricted with high specific absorption rate (SAR) caused
by long RF pulses, but they have already been used in a few feasibility
studies in humans (Duvvuri et al., 2001; Grohn et al., 2005;Michaeli et
al., 2006). The information provided by this study is valuable for the
targeting and timing of interventions in studies aiming to alleviate or
even reverse the molecular and/or cellular cascades causing the
delayed injury.
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