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Abstract

The aim of this work was to characterize edema dynamics, cerebral blood volume and flow alterations in an experimental model of
brain trauma using quantitative diffusion and perfusion MRI. Associated with an influx of water in the intracellular space 1-5hours
post trauma as demonstrated by the 40% reduction in apparent diffusion coefficient, a 70-80% reduction in cerebral blood flow is
measured within the lesioned region. Transient hypoperfusion (40-50%) was also observed in the non-traumatized contralateral
hemisphere although there was no evidence of oedma formation. After the initial cytotoxic edema, a clear evolution toward
extracellular water accumulation was observed, demonstrated by an increasein apparent diffusion coefficient.

MESH Keywords Animals ; Blood Flow Velocity ; physiology ; Blood Volume ; physiology ; Brain Edema ; etiology ; pathology ; physiopathology ; Brain Injuries ;
complications ; pathology ; physiopathology ; Cerebrovascular Circulation ; physiology ; Contrast Media ; Diffusion Magnetic Resonance Imaging ; Female ; Meglumine ;
diagnostic use ; Organometallic Compounds ; diagnostic use ; Rats ; Rats, Sprague-Dawley ; Time Factors
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I ntroduction

Traumatic brain injury (TBI) is aworldwide problem that resultsin death and disability for millions of people every year. Currently, in
developed countries it is estimated that TBI is responsible for 1.5-2%. of deaths and that 2-3% of the population lives with permanent
disabilities (Thurman 1999 , Kay 2001 , Mathé 2005 ). Brain edema is the most common and serious consequence of traumatic brain
injury and is associated with a poor neurological outcome (Sahuquillo 2001 , Leker 2002 , Unterberg 2004 ). Two different forms of
edemas, namely, vasogenic and cytotoxic are co-existing in Cytotoxic edemas result from an osmotically-driven shift of water from the
extra-cellular space into the cell (Klatzo 1987 ) as a consequence of ionic balance alteration, with concomitant cellular sodium influx and
potassium efflux (Kawata 1995 , Reiner 2000 ). Conversely, vasogenic edemas occur with the extravasation of fluid into the extra-cellular
space following transient blood brain barrier permeation. This may also promote or aggravate cell swelling.

MRI (DWI) was shown to be useful for the non-invasive assessment of brain water movement and to characterize brain edemas:
cytotoxic edemas may be characterized by a reduced apparent diffusion coefficient (ADC), and vasogenic edemas by increased ADC
values (Le Bihan 1986 , Huisman 2003 , Van putten 2005 , Pasco 2006 ). DWI has therefore been used in numerous longitudinal
follow-ups of brain edema in TBI models, and a general trend shows post traumatic brain edema to be a combination of both vasogenic
and cytotoxic edemas with a predominant cellular component (Ito 1996 , Barzo 1997 , Beaumont 2000 , Albensi 2000, Schneider 2002 ,
Van Putten 2005 ).

Metabolic perturbations associated with brain edema formation are reported in TBI (Levasseur JE 2000 , Reinert 2004 , Viant 2005 ,
Bauman 2005 ) and may at least in part be the result of decreased brain perfusion. MRI may also be used for the non-invasive assessment
of brain perfusion using dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI) after a bolus injection of contrast agent
(Ostergaard 19964). In the brain, the first-pass extraction of the contrast agent is zero when the blood-brain barrier is reasonably intact, and
the intravascular compartmentalization of the contrast agent creates strong, microscopic susceptibility gradients. These microscopic
gradients cause the dephasing of the spins which diffuse among these gradients, resulting in signal lossin T2- and T*2-weighted images (
Villringer 1988 ) proportional to the contrast agent concentration (Simonen 1999 ). Therefore, the kinetic analysis of the concentration
time curves while dynamically tracking the passage of a bolus of high-susceptibility contrast agent, may be used to determine Cerebral
Blood Volume (CBV) and Flux (CBF) aswell as mean transit time (MTT) [Ostergaard 1996b, Ostergaard 1998].
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The purpose of the present study is to provide a better understanding of the time course of edemas formation associated with TBI
using DWI, and to assess early perfusion ateration using DSC-MRI in an experimental animal model.

Materialsand M ethods

Fluid percussion-induced brain injury

Animal care was carried out in compliance with the relevant European Community regulations (Official Journal of European
Community L358 12/18/1986).

230-270 g female Sprague-Dawley rats where supplied by Angers University Hospital animal facility); they were anaesthetized with
isoflurane via a stereotactic compatible nose cone (Minerve, Esternay, France), being induced at 5% and maintained at 1.5% throughout
the entire procedure. Once induced, the animal was placed in a stereotactic frame. A scalp incision was made, the scalp and temporal
muscles were reflected, and a 2.5mm craniotomy was carried out above the left auditory cortex, 2mm posterior to the lateral suture. A
fitting tube, connected to the fluid lateral percussion device was cemented into the open craniotomy site. A 20 ms pulse at a pressure of 2.0
+ 0.1 atm induced fluid lateral percussion brain injury. Immediately after fluid lateral percussion, the scalp incision was sutured and the
rats were allowed to recover from anaesthesia. Normothermia was maintained through the use of a heating pad placed under the animal
during all surgical procedures and in the acute post-injury period. The temperature was maintained between 36.5°C and 37.5°C.

Thereafter, rats were housed in temperature- and light-controlled conditions with food and water ad libitum. Sham-operated rats
underwent the same surgery except for percussion.

MR imaging protocol

Experiments were performed with a Bruker Avance DRX 300 (Bruker, Wiessembourg, France) equipped with a vertical
superwide-bore magnet and shielded gradient insert. The resonant circuit of the nuclear magnetic resonance (NMR) probe was a 38 mm
diameter birdcage. Rectal temperature was maintained between 36.5°C and 37.5°C by using a feedback-regul ated heating pad.

Each animal was scanned at |east three times (2h, 5h and 3 days or 7 days post TBI) for brain lesions. Evolution was assessed using T2
weighted, FLAIR and diffusion imaging. Post-trauma diffusion values were then measured after 2h (n = 6), 5 h (n =5), 3 days (n = 4) and
7 days (n = 3).

Qualitative T2-weighted images were obtained using arapid acquisition with relaxation enhancement (RARE) (Henning 1986 ) (TR =
2,000 ms; effective echo time = 31.7 ms; RARE factor = 8; FOV = 3 x 3 cm; matrix 128 x 128; nine contiguous slices of 1 mm, eight
averages). FLAIR imaging was performed using a 600ms inversion pulse prior to the RARE pattern, allowing enough time to cancel
normal parenchyma and therefore edema detection (\V onarbourg 2004 ).

A 3-mm thick diffusion-weighted image was taken, located at the center of the lesion. In order to reach an acceptable signal-to-noise
ratio without dramatically increasing the acquisition time, a 96 x 96 matrix for FOV = 3 x 3 cm was used, leading to an in-plane resolution
of 312um. Diffusion images were obtained using a Stejskal-Tanner-type pulsed gradient stimulated echo sequence (Stejskal 1965 ) with
four diffusion weighting factor values (b)=[b = (yG3)? (A-5/3)], with y = gyromagnetic ratio, G: gradient strength = 100ms, &: gradient
duration = 5ms, A = duration between the leading edges and b = 95, 307, 770, 1484 mm? . The diffusion-sensitizing gradient was placed
only along the direction of the slice selection gradient (i.e. rostrocaudally) regardless of the usua practice of calculating the ADC from a
set of at least three orthogonal directions in order to reduce potential pitfalls due to brain anisotropy. We based our decision to make ADC
calculation on a single direction on Van Putten’s results in a TBI model showing no anisotropy (Van putten 2005 ) and on Lythogoe's
results showing that in rat parietal cortex (Lythgoe 1997 ), the trace value calculated from the three orthogonal sets was close to the value
measured with the diffusion gradient positioned rostrocaudally. The imaging time was then limited to about 15 minutes.

In order to improve image quality, ECG synchronisation was performed (Rapid Biomed, Wurzburg, Gernamy) and two averages were
recorded. The minimal TR was set to 1,000ms whereas, TE and mixing time (TM) were set at TE/TM = 22.7/88.1 ms.

DSC-MRI perfusion measurements post-trauma were performed on separate animals at 1-2h (n=5), 4-5h (n=5) and 2-3days (n=3)
using fast, low-angle snapshot (FLASH) (Haase 1990 ) gradient echo acquisitions (TR/TE/a = 18ms/10ms/10°), and a bolus injection of
150ul Dotarem®, injected after 10 images with atemporal resolution of 1.1 s per image.

Blood brain barrier (BBB) permeability was assessed by intravenous injection via the tail vein of 150 ul of commercial Dotarem®
(Guerbet, Aulnay sous boais, France) using a set of two spin-echo sequences (TR/TE = 400/7ms) performed prior to and 10-12 minutes post
injection. Scans geometry was identical to the geometry used for T2-weighted images. Five rats were images within 5 hours post-trauma,
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three on day 3-4 post-trauma and two at a week post trauma. When no obvious contrast enhancements were visually detectable, a
semi-quantitative approach was taken by measuring relative enhancement on a pixel to pixel basis. Enhancement profiles were then
displayed for aregion of interest (ROI) encompassing the lesion and its symmetrical counterpart taken in the contra-lateral hemisphere.

Generation of hemodynamic parameter and diffusion maps

ADC maps were calculated by mono-exponential fitting of the experimental points using Bruker Paravision 2.0® software.
Quantitative haemodynamic parameters from DSC-MRI images were obtained using a gamma-variate fit, including an arterial input
function (QOstergaard 1996a ) derived from the internal carotid ipsilateral to the lesion. Calculations were performed in IDL (Interactive
Data Language, Research Systems, Boulder, CO, USA) using in-house-software (Centre de Résonance Magnétique Biologique et Mé
dicale, Marseille, France). Further analysis was performed on ROI basis, ROIs being placed within the lesioned cortex, and at the same
level but within the contra-lateral hemisphere.

Statistical analysis

Data is expressed as mean + sem. Statistical analysis was performed using a bi-factorial analysis of variance (ANOVA) with a
multiple-least-square analysis.

Brain lesion

A classical histological evaluation of rat brain lesion was performed on day 0, day 1, day 3, and day 7, using haematein-eosin and
Perls staining. Brain water content (BWC) was determined in sham-operated rats (n=3), and 3h (n = 3), 24 (n = 3) and 48 h (n = 3)
post-trauma using the wet weight-dry weight technique. Rapid brain removal was performed and 2-3 mm slices were dissected directly
above craniotomy, the ispi and contralateral brain were separated. After weighing, samples were frozen lyophilized. The percentage of
water content was then cal culated and compared to the water content of the sham-operated rats.

The BWC was calculated as follows:

BWC = 100 x Wetweight —dry weight)

(wetweight)

Results

Brain water content

Water content (Figure 1) in sham-operated animals was equivalent in the 3mm slices taken above craniotomy in the left and right
hemispheres (p = 0.26) and equalled 74.6 + 1.2 % (n = 6). On the ipsi-lateral side of the impact, the water content tended to increase
compared to sham-operated animals (+4.2% ont = 24h, p = 0.058) to reach significance by t = 48h (+9.2%, p = 0.001). On the contral ateral
side, water content remained stable up to 24h (+ 1.5%, p = 0.46) and increased (+ 6.0%, p = 0.02) by t = 48h. Water content in the
ipsilateral hemisphere significantly increased compared to the contralateral hemisphere by t = 24h (+5.3%, p = 0.012) and t = 48h (+6.5%,
p = 0.019).

MR imaging-T1, T2 and FLAIR imaging

The lesioned cortex was detected at the first MRI examination occurring about 1-hour post-TBI; it showed as a hyperintense area on
RARE and FLAIR images (Figure 2 ). On T1-weighted images, no signal changes were observed prior to contrast agent injection and the
enhancement representative of BBB leakage was only observed from D3-4 post-TBI (Figure 3).

MR imaging - Diffusion

DW images showed a lesion encompassing both the auditory and parietal cortex (figure 4a ). Quantitative analyses of DW images
reported in Table 1, summarize ADC values for the lesioned cortex and the contralateral cortex at 1-2h, 4-5h, 24h, 72h and 1 week after
TBI. In the contralateral hemisphere, ADC values measured symmetrically to the lesioned cortex remained stable throughout the entire
experimental time at an average ADC value of 0.597 + 0.015 x 10% mm? /s (n=20). Within the lesioned cortex, a massive and rapid
decrease in ADC was observed with an averaged ADC value of 0.399 £ 0.042 x 103 mm?/s at t =1-2h which gradually increased to reach
0.854 + 0.132 x 103 mm?/s at 1 week.

MR imaging - Perfusion

Reliable quantitative DSC-imaging requires reasonably intact BBB and therefore minimal contrast agent leakage. BBB status was
therefore assessed using late enhancement on T1-weighted images using Dotarem®. The qualitative analysis of post-contrast injection
images (Figure 3 a, ¢,d and f ) showed an evident enhancement and therefore BBB |eakage from day 3-4 post TBI. A semi-quantitative
analysis of the images was performed by displaying the distribution of the number of pixels with respect to their enhancement in order to
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objectively evaluate the enhancement or more especially the non-enhancement observed earlier. At the later post-traumatimes (figure 3e),
profiles were different between the contra- and ipsi-lateral brain, confirming that enhancement only occurred ipsi-laterally to the impact.
At earlier times, profiles were identical in both hemispheres and revealed that about 90% of the pixels experienced an enhancement of < 25
% (Figure 3b ). Therefore, quantitative parameters such as CBF, CBV and MTT were only calculated on 1-2h, 4-5h, and 2-3 days post
TBI (Table 1 ). Quadlitative analysis of CBV, CBF or MTT maps unambiguously localized the brain lesions (figure 4b-d ). On
non-traumatized animals, CBF, CBV and MTT were identical for both hemispheres and respectively equal to 125.4 + 5.5 mI/100g/min,
13.7 + 1.4 ml/100g and 8.0 + 0.2 s. In the contralateral hemisphere of TBI rats, MTT and CBV remained unchanged throughout the
experimental time whereas a significant decrease in CBF was observed 1-2hours and 4-5hours post-trauma, respectively (50%, p =0.01
and 37% p=0.047). On the ipsilateral side, MTT increased respectively by 31% (p = 0.04), 59% (p = 0.02) and 80% (p = 0.01) 1-2, 4-
5hours and 3 days post trauma. After an initial significant reduction in CBF (1-2h, 70% (p = 0.0001); 4-5h, 76% (p = 0.0001)) and in CBV
(2-2h, 50% (p = 0.003); 4-5h, 58% (p = 0.002)), normalization was observed by day 3.

Histology

As early as 3 hours post-trauma, a cortical edema was depicted on histological slices with limited haemorrhage. An evident interstitial
edema was observed by day 1 and macrophage infiltration by day 3. By day 7, this infiltration increased, and was associated to gliosis and
haemosiderin. No contralateral lesions were observed.

Discussion

The purpose of the present study was to provide a better understanding of the time course of edemas formation associated with TBI
using DWI, and to assess early perfusion ateration using DSC-MRI.

Brain trauma is a dynamic process characterized by two waves of lesions (Sahuquillo 2001 , Laurer 2000 ). The first wave
encompasses the immediate mechanical damage to the central nervous system that occurs at the moment of impact, and the second wave,
initiated at the moment of the traumatic insult, will progresses over time. In severe brain traumas, the mechanical impact itself triggers a
massive release of glutamate and neuronal depolarization (traumatic depolarization) with secondary impairment of energy metabolism,
with consequences on ionic homeostasis and cellular edema. However, TBI encloses by two forms of edemas. Vasogenic edemas, related
to the structural lesions of vascular endothelium and to the accumulation of water and plasmatic fluid in the extracellular space, and
intracellular edemas related to post-traumatic depol arization, glutamate excitotoxicity and the failure of brain energy production.

Brain water content (BWC) assessed invasively by comparing the wet/dry weight of the brain is increased significantly 24hours post
TBI. Both hemispheres were affected, but largely at the ipsilateral level in relation to the trauma (Figure 1) as previously reported in the
weight drop impact-acceleration model of traumain mice (Beni-Adani 2001 ) and rats (Barzo 1997 , Beaumont 2006 ) or in afluid lateral
percussion model in rats (Besson 2005 ). Water distribution was also assessed non-invasively using quantitative diffusion MRI. This
technique was proven useful in characterizing both intra- and extracellular edema in rats (I1to 1996 , Van Putten 2005 ) and in humans (
Pasco 2006 , Marmarou 2000 , Hergan 2002 ). Thus, subtle changes that are not detectable using the wet/dry weight of the brain method
are seen (Table 1 ). The decrease in ADC observed 1-2hours post-TBI, characteristic of intracellular edemas, illustrates the cellular
swelling consecutive to TBI and isin perfect agreement with previously published works (Assaf 1999 , Albensi 2000, Van Putten 2005 ).
However, atransient initial increase of ADC was also reported in the fluid lateral percussion or in the impact-acceleration models of TBI,
but in those cases the TBI appeared to be of higher magnitude (Barzo 1997 , Hanstock 1994 ). After the initia reduction of ADC, a dight
increase was observed on day 1, ‘normalization’ by day 3 and significant increase by 1week. The ‘normalization’ observed by day 3 in fact
reflects the natural evolution of the lesion from a predominant intracellular edema to an extracellular edema (Assaf 1999 , Barzo 1997 ).
Compared to the reported ADC evolution in human TBI (Pasco 2006 ), a similar trend was observed, the only difference being that the
kinetics was faster.

Associated with the 40% reduction in ADC 1-2 hours post TBI, a massive modification in perfusional parameters was observed in
both hemispheres (Table 1), the lesioned hemisphere being the most affected (Figure 4 ). Indeed, the most affected parameter, i.e. CBF,
was reduced by 70-80% 1-5 hours post TBI in the hemisphere experiencing the fluid lateral percussion and by 40-50% in the contralateral
hemisphere as previously described in fluid lateral percussion (Y amakami 1991 ), controlled cortical impact (Hendrich KS 1999 ) or in
impact-acceleration (Assaf 1999 ) induced injury. However, as observed for ADC, the magnitude of TBI has a mgjor effect on perfusion
parameters changes. Thus, a light trauma, i.e. < latm, does not induce changes in CBF in the contralateral hemisphere and a maximal
reduction of 22% 8 hours post-TBI (Schneider 2002 ). Interestingly, and despite the massive reduction in CBF within the contra-lateral
brain that lasted for at least 2 hours, no ischemic-like lesions were depicted in this hemisphere. Such a phenomenon seems to be a constant
in fluid lateral percussion (Yamakami 1991 ), controlled cortical impact (Hendrich KS 1999 ), impact-acceleration (Assaf 1999 ) or even
focal cerebral ischemia injury models (Shen 2005a, Windle 2006 ). However, the brain perfusion deficit associated to brain swelling is
deleterious for the brain. A recent study dealing with tissue fate with respect to CBF and ADC changes conducted in a permanent middle
cerebral artery model shows that the statistical analysis of the combination of ADC and CBF maps may predict tissue fate. (Shen 2005b )
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Three days post-fluid lateral percussion, the dispersion of CBF values did not show a significant reduction (p = 0.12). Despite an
average reduction of 30%, the tendency to normalization tallied with Y amakami’s observations (Y amakami 1991 ). Concerning CBV and
MTT, changes only occurred in the ipsilateral hemisphere: a reduction of about 50-60% 2-5 hours post-TBI for CBV and an increase of
the same magnitude for MTT. On day 3, tendency to normalization was also observed.

Conclusions

Taken altogether and as displayed in figure 5, trends in BWC, ADC and perfusion evolution indicate that massive and rapid edema
occurs after moderate TBI induced by fluid lateral percussion. Associated to an influx of water in the intracellular space 1-5hours post
fluid lateral percussion as demonstrated by the ADC reduction in the TBI region, aglobal reduction in perfusion parametersis observed in
both hemispheres. Perfusion alterations are however dighter in the contralateral brain. After a predominant intracellular edema, an increase
of the water content within the lesioned brain is measured using the invasive wet/dry weight method whereas non-invasive quantitative
diffusion MRI localizes the water excessin the extracellular space.
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Figurel
Evolution of the Brain Water Content (BWC) for the ipsilateral () and contral-lateral (o) tissueto FPI as afunction of post-traumatime.
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Figure2

Four contiguous, T2-weighted images obtained using a rapid acquisition with relaxation enhancement (RARE) sequence (right column) and
the corresponding slices obtained with the inclusion of an inversion pulse of 600ms prior to the RARE pattern in order to cancel the signal of
normal parenchyma (left column).

Figure3

Evaluation of the Blood Brain Barrier leakage as a function of time (a) 2hours, (c) 5 hours, (d) 3 days and (f) 7 days post-trauma using a
Gadolinium chelate injection. Frames (b) and (€) correspond respectively to the semi-quantitative analysis of images presented in frames (a)
and (d). The dashed bars represent the ipsilateral brain and the white bars the contralateral brain.
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Figure4
Typical quantitative images of arat brain 3hours post-TBI. ADC map (upper left) CBF map (upper right), CBV (lower left) and MTT (lower

right) are presented.

Figure5
Trends in ADC (—e— ipsilateral; ---o--- contralateral) and CBF (—=— ipsilateral; ---o--- contralateral) evolution in rat brain after a mild
traumatic brain injury.
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Table1
ADC, CBF, CBV, and MTT evolution as afunction of time after TBI in ipsi and contralateral rat brain. Data are presented as mean + sem.
Sham oper ated 1-2h 4-5h 24h 72h 1Wk
ADC (x 103mm? .s71) 0.670 + 0.026 0.399+ 0.042 # 0.396 + 0.033 * 0486+0158 #  0637:0073  0g52:0132 *
CBF (ml.100g™1 .min™1) 1199+ 126 361+47 F 290:44 ¥ nd 83.0+29.1 nd
IPSILATERAL CORTEX
CBV (ml.100g™1) 15026 7.38+0.8" 6.4+ 05" nd 1504 nd
TTM () 7.8+ 0.6 102+ 1.4 124+ 15% nd 12.0+2.0 nd
ADC (x 103 mm?.s71) 0.620 + 0.047 0.595 + 0.020 0.544 + 0.022 0.665 + 0.033 0.603 + 0.038 0.640 + 0.076
_1 . _1 * *
CONTRALATERAL CORTEX CBF (ml.100g™1.min~1) 130.8+29.1 57.7+5.7 81.8+11.6 nd 97.6+114 nd
CBV (ml.100g™1) 123+ 14 9.0+ 1.0 8.7 0.6 nd 14021 nd
TTM (9 82+0.6 84+05 7.1+0.9 nd 10.2+15 nd
: significantly different from sham operated values
#g gnificantly different from contralateral values at the same time point.
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