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Dissociation of brain edema induced by cold injury in rat model:
MR imaging and perfusion studies with 14C-iodo-antipyrine
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The purpose of this study is to confirm whether T2-weighted imaging and perfusion imaging, i.e.
autoradiogram of '*C-iodoantipyrine, on the course of brain edema correspond to each other or not.
Cold injured rat brains were used as a model and were sequentially examined by both methods and
compared with each other and with histological specimens. Special focus relies on the time changes
in the lesions. High SI of T2-weighted images were observed and the percentages in the high SI area
to the total brain area in the same slice were 4.7 £ 0.31, 5.6 £ 0.46 and 3.4 + 0.42 for 6, 24 and 48
hours, respectively. By contrast, low perfusion areas were indicated in the perfusion study and their
percentages were 4.6 = 0.55, 5.6 £ 0.86 and 2.4 + 0.35 for 6, 24 and 48 hours, respectively. At 48
hours after cold injury, low perfusion areas were smaller than high SI areas. Moreover, high
accumulation areas consisting of macrophages were observed surrounding necrosis. It is concluded
that there is dissociation between perfusion and T2-weighted MR imaging, where the collection of
macrophages surrounding edema lesions and necrosis had the same appearance on MRI and

different accumulations on perfusion studies.
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INTRODUCTION

BRAIN EDEMA is a pathological status frequently observed
in brain diseases and is easily detected by morphological
images such as X-ray computed tomography or magnetic
resonance imaging (MRI).!~® Brain edema can be ob-
served as a high signal intensity (SI) lesion on T2-weighted
images. By contrast, regional cerebral blood flow is de-
creased in regions of brain edema on perfusion studies.”8
There are few papers on combined MRI and perfusion
studies of brain edema, and some questions are still left
unanswered, for example, do both images change coinci-
dentally with each other throughout the course of edema
and does any pathological status affect imaging quantity?

In an attempt to answer these questions, a series of
experiments with the cold injury method in the rat brain as
a model were performed, and later, morphological and
functional imaging studies combined with histological
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examination were conducted. T2-weighted MR imaging
(T2WI) and autoradiograms (ARG) of '*C-todoantipyrine
("*C-1AP) of the same rats were performed and compared
at 6, 24 and 48 hours after injury and then with the.
histology.

MATERIALS AND METHODS

Cold injury induced edema

All animal experiments reported in this paper followed
the Guidelines for Animal Experimentation and were
approved by the Animal Research Committee of Hirosaki
University.

Female Donryu rats weighing 60—120 g were anesthe-
tized by intraperitoneal administration of sodium pento-
barbital (5 mg/100 g body weight). After 1 to 2 cm longi-
tudinal skin incisions in the mid-line of the scalp, the skull
was exposed and a metal cylinder (¢ 8 mm) frozen to
—70°C with liquid nitrogen was applied on the left parietal
region for 20 seconds.®!? The skin incision was sutured
and the rats were allowed to recover. These techniques
were performed under room temperature. The animals
were kept in a cage ad libitum.
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Comparison between MRI and perfusion images

The rats were examined at 6 (n=15),24 (n=4) or48 (n =
4) hours after the cold injury. MR imaging was performed
with a high field (1.5 T) unit (Signa; GE Medical Systems,
Milwaukee, Wis). During imaging studies, the animals
were anesthetized, and placed in the prone position with
a wrist coil applied to the head. Coronal T2-weighted
images were taken as follows: TR 3000 msec, TE 88 msec,
FOV 8 x 8 cm, slice thickness 3 mm, matrix size 256 X 192
and acquisition time 60 min and 6 sec.

Imaging analysis was performed on a Macintosh com-
puter with the public domain NIH Image Program (devel-
oped at the U.S. National Institute of Health and available
on the Internet at http://rsb.info.nih.gov/nih-image/). The
ratio of the maximum area representing the high intensity
region (one slice) to the total area of the brain in the same
slice was obtained and expressed as a percentage. The
high SI area was estimated visually.

Perfusion images were obtained from ARG of '*C-
iodoantipyrine ('*C-IAP: 1.85 GBg/mmol; NEN, Life
Science, London). Rats were anesthetized and MRI ex-
amined as described above. Approximately 3.7 MBq/kg
of 1*C-IAP was injected through the tail vein soon after
the MRI examination. One minute after injection, the
rats were sacrificed by cervical dislocation. The brain
was exposed and carefully excised to avoid damage to
its surface. The brain was then frozen on powdered dry
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Fig. 1 T2-weighted images of the rat cold injured brain. High
signal intensity (SI) lesions are observed at (a) 6 hours, (b) 24
hours and (c) 48 hours after cold injury. Also high SI can be seen
at the skin around the skull due to the effect of operation.

ice and cut coronally into 20 um thick slices with an
autocryotome. One of every 15 to 20 serial slices was
selected, i.e. a slice at every 200-300 um; dried at 40°C
on a hot plate and exposed to X-ray film (Ektascan EC-1,
Kodak) for 2 weeks. The film was then processed for
image acquisition.!""'? No corrections were made on the
ARG.

For analysis, the ratio of the maximum area represent-
ing low perfusion to the total area of the brain in the same
slice was obtained and expressed as a percentage by using
the NIH image 1.59/ppc as described above. Considering
the difference between MRI and ARG slice thickness, 5
sequential low-perfusion areas with a maximum low-
perfusion area in the middle were selected and the average
area was obtained. After analysis they were stained with
Hematoxylin and Eosin.

Histological study

Perfusion fixation of the brain was performed at 6, 24 and
48 hours after cold injury. The number of rats used for
each study was 2. The rats were anesthetized, fixed in the
supine position and had their hearts exposed. About 100
m/ of physiologic saline solution at 120 cm H>O pressure
was injected through a 22 gauge catheter inserted into the
left ventricle and a cut was made at the right atrium. After
confirmation of no blood flow from the right atrium, 10%
formaldehyde solution was administered for fixation.
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Twelve hours after fixation at 4-6°C, the brain was
excised and fixed again with a 10% formaldehyde solu-
tion. Four-micromillimeter coronal sections were pro-
cessed for routine histological examination.

Statistical analysis

Experimental data were expressed as means with standard
deviation and statistical analysis was done with Student’s
t-test.

RESULTS

Comparison of MRI and perfusion images

Figure 1 shows the time course of the T2-weighted im-
ages. Six hours after cold injury, high SI on MRI was
observed at the surface of the cortex of all the rats. At 24
hours, high SI extended deeper into the cortex and, at 48
hours, all the rats had smaller area of high SI than in the 6
and 24-hour examinations. This is the same tendency as
for serially observed rats (data not shown).

The percentages of high SI area to the total brain are
shown in Table 1. There were significant differences
between the 6 and 48-hour examinations (p = 0.038) and
between the 24 and 48-hour examinations (p = 0.012).

Figure 2 shows the time course of the perfusion study.
Six hours after cold injury, a low perfusion area was
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Fig.2 '“C-iodoantipyrine autoradiogram of the rat cold injured
brain. Low perfusion areas are observed at (a) 6 hours, (b) 24
hours and (c) 48 hours after cold injury. At (c), high perfusion
areas surrounding cold area can be seen.

observed at the surface of the cortex of all the rats. At 24
hours, a low perfusion area extended in a pattern similar
to the MR image, and at 48-hours all the rats had a smaller
low perfusion area surrounded by a small high accumula-
tion area.

The low perfusion areas as percentages of the total
brain area are shown in Table 1. There were significant
differences between 6 and 48-hour examinations (p =
0.016) and between 24 and 48-hour examinations (p =
0.014).

Comparing low perfusion areas with high SI areas
(Figures 1, 2 and Table 1), there were differences in size
at 48 hours. High SI areas on MRI were somewhat larger
than the low perfusion areas, excluding the surrounding
high accumulation areas. And there were no differences in
size between perfusion images and MRI at 6 and 24 hours
after cold injury.

Histological studies
At 6 hours after cold injury, histological examination
showed necrosis of neurons, a few scattered neutrophils
and extravasated erythrocytes with distinct margins of the
lesion indicating an initial phase of vascular edema (Fig-
ure 3).

In 24-hour specimens, necrosis of neurons was appar-
ent. The lesion extended deeper into the brain and could
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be clearly distinguished from the surrounding normal
tissues.

In 48-hour specimens, the lesion showed signs of
complete necrosis of neurons, and scantily distributed
hemorrhagic foci could be seen. The lesion was smaller
than in 24-hour specimens. Infiltration foci of macro-
phages around the lesion were also observed. This finding
matches the high accumulation areas observed in perfu-
sion studies as these unclassified cells could be seen in the
corresponding ARG specimens.
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Fig.3 Microscopic findings of the rat cold injured brain: control
(a, x 40), 6 hour- (b, x 40), 24 hour- (c, x 40) and 48 hour-
examination (d, x 40) with higher magnification (e, X 400). Loss
of cellularity (b—d), infiltration of macrophage and extravasa-
tion of erythrocytes are observed (d, ), which corresponds to the
high accumulation area obtained from the perfusion images.

Table 1 Percentage of high SI areas (MRI) and low perfusion
area (ARG)

Time after cold injury
6 hours 24 hours 48 hours
% High SI areas 47+0.69* 5.6+0.92%*% 341%(.84***
% Low perfusion area 4.6+ 123" 56+ 1.721F  2.4+0.70%
(n=5) (n=4) (n=4)

mean * s.d.
* %% Tand ' indicates p = 0.038, p=0.012, p=0.016 and p = 0.014,
respectively
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DISCUSSION

These experiments revealed that, at 48 hours after cold
injury, a perfusion study was able to demonstrate high
accumulation surrounding the lesion, corresponding with
macrophage infiltration, but MR study failed to detect this
change.

MRI is a noninvasive means for ascertaining the char-
acteristics of biological tissues, especially water content
and status. The images rely on the signal generated by the
proton hydrogen ('H), and, as a simplification, they can
reflect the water concentration in the tissues. Most of the
brain lesions related to water accumulation such as in-
flammation, tumor and edema, as well as necrosis have a
high SI due to the prolongation of T2 relaxation time,!~5
but T2-weighted images cannot differentiate inflamma-
tion foci from necrotic areas.

In cold injury models, other studies showed abnormal
SI after 3—6 hours and reached a maximum volume at 24
hours.>1%13 Enhanced study with gadolinium hydrogen
a,o/,0”,a -tetramethyl-1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetate (DDA-DO3MA-Gd) showed more
enhancement at 24 hours than at 3 hours after cold
injury.!® This study detected an accumulation of DDA-
DO3MA-Gd even at 3 hours, possibly due to disruption of
the blood-brain-barrier (BBB). In our perfusion study,
because no obvious uptake was observed until 48 hours,
high accumulation of '*C-IAP was mostly in the inflam-
matory foci, i.e. infiltration of macrophages. Cold injury
has been applied for the model of brain edema; it mainly
consists of neuronal death and subsequent removal of the
necrosis. To the best of our knowledge there have been no
reports on perfusion study indicating high accumulation
of the tracer around the edema area.

On histological studies of cold injury, it was reported
that neuronal necrosis became noticeable after 30 minutes
and continued for 2-10 days depending on the extent of
the injury.'*!5 Inflammatory cells (neutrophils and mac-
rophages) can be observed at 24 hours.!® Our findings
showed the same tendency as in other study. On the other
hand, neovascularization was observed more than 5 days
after cold injury.!+17.18

In this study, perfusion images were obtained from
anesthetized rats immediately after MR imaging. There-
fore, in some images, cortex uptake is different from that
in the fully awake rats. It might be true, however, for the
relative accumulations between necrotic and inflamed
tissues because there were pathological consequences
which were not controlled by the normal brain function.

It is concluded that there is a dissociation between
perfusion and T2WI because the inflammatory tissues and
necrotic lesions show the same signal intensity on MRI
and high and low accumulations in perfusion studies,
respectively.
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