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Vasogenic Edema in Experimental Cerebral Fat Embolism

Byung-Rae Park'" and Bong-Oh Koo’

'Department of Radiological Science, “Department of Physical Theraphy,
Catholic University of Pusan, Busan 609-757, Korea

To evaluate the magnetic resonance imaging and electron microscopic findings of the hyperacute stage of cerebral fat
embolism in cats and the time needed for the development of vasogenic edema. Magnetic resonance imaging was
performed at 30 minutes (group 1, n=9) and at 30 minutes and 1, 2, 4, and 6 hours after embolization with triolein
(group 2, n=10). As a control for group 2, the same acquisition was obtained after embolization with polyvinyl alcohol
particles (group 3, n=5). Electron microscopic examination was done in all cats. In group 1, the lesions were iso- or
slightly hyperintense on T2-weighted (T2W) and diffusion-weighted (DWIs) images, hypointense on the apparent
diffusion coefficient (ADC) map image, and markedly enhanced on the gadolinium-enhanced Tl-weighted images
(Gd-T1WIs). In group 2 at 30 minutes, the lesions were similar to those in group 1. Thereafter, the lesions became more
hyperintense on T2WIs and DWIs and more hypoinfense on the ADC map image. In group 3, the lesions showed mild
hyperintensity on T2WIs at 6 hours but hypointensity on the ADC map image from 30 minutes, with a tendency toward
a greater decrease over time. Electron microscopic findings revealed discontinuity of the capillary endothelial wall,
perivascular and interstitial edema, and swelling of glial and neuronal cells in groups 1 and 2. The lesions were
hyperintense on T2WIs and DWIs, hypointense on the ADC map image, and enhanced on Gd-T1WIs. On electron

microscopy, the lesions showed cytotoxic and vasogenic edema with disruption of the blood-brain barrier.
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INTRODUCTION

Fat embolism is associated primarily with osseous frac-
tures of long bones (Drew et al., 1995) and the clinical fat
embolism syndrome has been reported in up toll 11% of
cases (Fabian et al., 1990). Neurological signs have been
reported in up to 100% of patients with the fat embolism
syndrome (Bouaggad et al., 1995) including paresis or pa-
ralysis, convulsions, delirium, confusion, and stupor, which
may progress to coma (Weisz et al., 1971) Magnetic reson-
ance imaging (MRI) studies using T2-weighted (T2WT)
and diffusion-weighted (DWI) images are well-established
tools for the evaluation of acute ischemic infarction.
Diffusion-weighted imaging studies offer a new approach
for imaging abnormalities rapidly after the onset of ische-
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mia (Moseley et al., 1990). The high signal intensities seen
on DWIs and the differences in the diffusion coefficient of
biological water in different environments suggest cytotoxic
edema (Moseley et al., 1990). However, T2WIs are less
useful in the diagnosis of hyperacute ischemia because they
require several hours from the onset of stroke before demon-
strating abnormalities. Furthermore, gadolinium-enhanced
Tl-weighted images (Gd-TIWIs) show no lesional enhan-
cement in hyperacute infarction. A study of cerebral arterial
fat embolism in rats with the use of radioisotopes (Drew et
al., 1998) has shown that the blood-brain barrier is dama-
ged and opened within the first 15 minutes due to the fat
embolus. Our hypothesis is that if cerebral - fat embolism
causes an early breakdown of the blood-brain barrier, then
MRI findings would differ from those described in ischemic
infarction. However, there have been no experimental or
clinical reports studying the hyperacute stage of cerebral
fat embolism by MRI. The triglyceride triolein is the pre-
dominant fat in bone marrow and is reported to be the
major constituent of embolized fat in humans (Jones et al.,
1982). It has a freezing point of 40°C, and thus, it remains
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liquid at body temperature and is immiscible with plasma.
This study was performed to evaluate the findings on MRI,
including T2WI, DWI, the apparent diffusion coefficient
(ADC) map image, and Gd-TIWI and to correlate them
with electron microscopic findings with the aim of evalua-
ting the changes in the blood-brain barrier in a cat model of
cerebral fat embolism.

MATERIALS AND METHODS

1. Animal model and experimental design of Fat
embolism and control groups

All experimental protocols were approved by the institu-
tional animal review board. Cats (2.8~3.3 kg) were ane-
sthetized with an intramuscular injection of ketamine HCI
(2.5 mg/kg; Korea United Pharm Inc., Seoul, Korea) and
xylazine (0.125 mg/kg; Bayer Korea, Seoul, Korea). Body
temperature was measured with a rectal probe (MGA-III
219, Shibaura Electronics Co. Ltd., Tokyo, Japan) and
maintained at 37°C to 37.5°C. Respiration rate was chec-
ked before, during, and after the procedure. Catheters were
placed in the left femoral artery to allow monitoring of
blood pressure and blood gas levels and in the left femoral
vein for injection of contrast material. The right femoral
artery was isolated and the distal portion ligated with 4.0
silk. An 18-gauge intravenous catheter (Insyte, Becton Dic-
kinson, Sandy, UT) was inserted into the artery. A 3.0F
microcatheter (MicroFerret-18 infusion catheter, William
Cook Europe, Bjaeverskov, Denmark) was passed through
the intravenous catheter into the lumen of the artery, and

either the right or the left internal carotid artery was selected.

The tip of the microcatheter was positioned just proximal
to the origin of the carotid plexus to limit extracranial accu-
mulation of fat.

The cats were divided into three groups: group 1 (n=9,
30-minute acquisition only) and group 2 (n=10, 30-minute
and 1-, 2, 4-, and 6-hour acquisitions) were given a single
dose of 0.1 ml of the neutral triglyceride triolein (1,2,3tri
[cis-9-octadecenoyl]-glycerol, 99% purity, d=0.91 g/ml;
Sigma, St. Louis, MO) followed by 2 mi saline over a
period of 30 seconds; group 3 (n=5) was given 10 mg of
45- to 150-pm polyvinyl alcohol immersed in 10 ml saline
instead of the triolein as a nonfat control group. The trio-
lein, which was stored, sealed, and frozen between use to
minimize chemical denaturation, was warmed to body tem-

perature just before injection.
2. Magnetic resonance imaging

Magnetic resonance scanning commenced 30 minutes
after embolization. The cats were placed in a prone position
within a pediatric MR infant restrainer, and a small FOV
coil (Siemens, Erlangen, Germany) was placed above the
head. All studies were performed on a 1.5-T MR Vision
scanner using standard hardware. For T2W sequences, scan
parameters were as follows: repetition time = 3000 ms, echo
time = 96 ms, section thickness = 4 mm with a 0.1-mm gap
field of view = 70 to 75 mm, two excitations, acquisition
matrix = 210X256. Diffusion-weighted imaging was per-
formed using an echo planar sequence. The imaging para-
meters were as follows: field of view = 130 mm, phase-
encoding steps = 128, section thickness = 4 mm with a 0.1-
mm gap, acquisition matrix = 96<160. The diffusion-sen-
sitizing gradient was oriented along the y axis (ventral to
dorsal) with b values of 0 and 1000 seconds/mm’. The ADC
mapping was done with custom software on a pixel-by-
pixel basis with the aid ofthe following equation: ADC = In
(So/S1) / (bi-by), where Sy and S, are the signals of the two
DWIs. Gadolinium-enhanced T1 Wls were acquired with
0.2 mmol/kg gadopentetate dimeglumine (Magnevist, Sche-
ring, Germany) with the parameters as follows: repetition
time = 320 ms, echo time =20 ms, section thickness =4
mm with a 0.1-mm gap, field of view =70 to 75 mm, two
excitations, acquisition matrix = 210%<256. In group 1,
T2WIs, DWIs, the ADC map image, and GdT1 WIs were
obtained 30 minutes after embolization, after which the
animals were humanely killed. In groups 2 and 3, T2WIs,
DWIs, the ADC map image, and Gd-Tl WIs were obtained
serially at 30 minutes and 1, 2, 4, and 6 hours after embo-
lization, after which the animals were humanely killed. All

images were acquired in the coronal plane.
3. MRI analysis

1) Signal intensity

All MRIs acquired for all three groups were analyzed
with respect to the presence or absence of abnormal signal
intensity and the size of any abnormalities. Also, the tem-
poral change in signal intensity was evaluated in groups 2
and 3.

2) Quantitative assessment

For quantitative assessment, signal intensity ratios (SIRs)
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on T1WIs, the ADC map image, and Gd-T1WIs were mea-
sured in groups 2 and 3. The SIR was defined as the in-
tensity ratio of a region of interest (ROI) of an obviously
abnormal cortical lesion to that of the normal contralateral
cortex. Signal abnormality at 6 hours after embolization
was used to determine the ROI location used for all sequ-
ences at all acquisition times, including the high signal in-
tensity seen on T1WIs, the low signal intensity on the ADC
map image, and enhancement on the Gd-T1WIs. The size
of the circular ROI used was 0.5 to 3 mm’. In the assess-
ment of serial images of the same cat, the size and position
of the ROI were identical. This assessment was confined to
the superficial cortex owing to the uneven location of deep
gray matter in the lesions. The significance of difference in
SIR between groups 1 and 2 and of the change in SIR over
time was estimated from an analysis of variance on repea-
ted measurements.

4. Electron microscopic examination

Electron microscopic examination was done in all cats of
groups 1, 2, and 3. Immediately after the cats were huma-
nely killed, the brains were cut into 4-mm-thick blocks. Six
areas of gray and white matter of the lesion and of the
normal contralateral hemisphere were selected by correla-
tion with lesions seen on the MRIs. These areas were cut
into 1 mm cubes. Samples were infiltrated in 2.5% glutara-
ldehyde in phosphate-buffered saline at pH 7.2 for 2 hours
at 40°C, washed in 0.1 mol/L. phosphate-buffered salire,
dehydrated with alcohol, fixed en bloc overnight with resin
(Poly sciences, Warrington, PA), and stored for 12 hours at
37C followed by 48 hours at 45°C. After 1 um thin sec-
tions were made, the samples were stained with uranyl ace-
tate and lead citrate and examined with a transmission elec-
tron microscope (JEM 1200 EX-II; JEOL, Tokyo, Japan).

The presence of either vasogenic or cytotoxic edema and
the integrity of the blood vessels were evaluated. The fea-
tures considered to be characteristic of vasogenic and cyto-
toxic edema were those described by Fishman (Fishman,
1975). Compared with the normal hemisphere, if the extra-
cellular space was increased, it was described as vasogenic
edema. If endothelial, glial, or neuronal cells were swollen,
it was described as cytotoxic edema. Integrity of the blood
vessels was evaluated on the basis of whether the endothe-
lial wall was discontinuous or separated. When all layers of
the endothelial wall were cut, the wall was described as

discontinuous, and when the layers were separated along
the layers rather than through the cut, the wall was descri-
bed as separated.

RESULTS

1. MRI findings, signal intensity, and lesion conspi-
cuity groups 1 and 2: Fat embolization groups

In groups 1 (n=9) and 2 (n=10), the lesions were mostly
located at the ipsilateral posterior and upper lateral cerebral
superficial cortex. In some cats, the ipsilateral basal ganglia
or contralateral superficial upper lateral cerebral superficial
cortex was involved. On T2WIs at 30 minutes, the lesion
was either isointense, six in group 1 and seven in group 2,
or hyperintense, three in each group (Fig. 1A). In group 2,
all of the lesions were hyperintense at 1 hour, signal in-
tensities tended to increase over time, and the hyperinten-
sity extended to the subcortical white matter.

On DWIs at 30 minutes, the lesion was either isointense,
two in group 1 (Fig. IB) and three in group 2, or hyperin-
tense, seven in each group. Thereafter, intensity showed a
tendency to increase in group 2. The size of the hyperin-
tensity also increased slightly after 30 minutes.

The ADC map image showed either subtle hypointensity.
three in group 1 and four in group 2, or mild hypointensity,
six i each group at 30 minutes (Fig. 1C). The hypointen-
sity became more prominent after 30 minutes and was
observed in all cats at 6 hours in group 2.

On Gd-TIWTIs, the lesions were remarkably enhanced at
times (Fig. 1D). At 30 minutes and 1 hour, the lesion area
was larger on gadolinium-enhanced images than on T2WIs
or DWIs. The lesion contrast was more conspicuous on
Gd-T1WIs than on T1WIs or DWIs at those times. Enhan-
cement of the basal ganglia, brain stem, or contralateral
hemisphere was seen in several cats (Fig. 1D).

2. Group 3: Control group

In group 3 (n=5) on T2WIs, the lesion was isointense at
30 minutes and 1 hour in all five cats. At 2 hours, two cats
showed subtle hyperintensity. At 4 hours, two cats showed
mild and two cats showed subtle hyperintensity. At 6 hours,
all five cats showed mild hyperintensity. On DWIs, the
lesion was hyperintense from 30 minutes, and the hyperin-
tensity showed a tendency to increase thereafter. The ADC
map image showed mild hypointensity of the lesion at 30
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Fig. 1. Coronal magnetic resonance (A-D) and electron microscopic (E) imaging findings of a cat brain obtained 30 minutes after
embolization (group 1). The lesion is hyperintense on the T2-weighted (A; repetition time [TR] = 3000 ms, echo time [TE] = 96 ms) and
diffusion-weighted (B; & value = 1000 seconds/mm®) images, hypointense on the apparent diffusion coefficient map image (C), and
enhanced on the gadolinium-enhanced T1weighted image (0; TR/TE = 320/20) in the left superficial gray and white matter. Both basal
ganglia are also slightly involved. Electron microscopic examination (E; ><5,000) of the gray matter shows intraluminal fat (asterisk),
focal discontinuity of the capillary endothelial wall (arrows), microcystic change of neuropil processes (arrowheads), and edematous
swelling of mitochondria (open arrows).

minutes, and the hypointensity became more and more pro-
minent thereafter. On Gd-TIWIs, the lesion was not enhan-
ced in four cats, although one cat showed mild leptome-
ningeal enhancement from 2 hours.

3. Quantitative analysis of groups 2 and 3 on MRI

The change in SIR of both groups is shown in Figs. 4
through 6. The SIRs on T2WIs were above 1.0 from 30
minutes and tended to increase thereafter. Compared with
the 30-minute baseline, there was a statistically significant
elevation of the SIRs thereafter (P=0.0001). Compared
with the control group, the SIR of group 2 was statistically
higher (P<0.05). The SIRs of both groups increased over
time on the ADC map image. In group 2, the SIR decrea-
sed significantly from 2 hours compared with that at both
30 minutes and 1 hour (P=0.0002). In group 3, the SIR
decreased significantly from 1 hour (P=0.0001). However,

there was no statistical difference between groups 2 and 3
(P=0.6337). On the Gd-T1WIs, the SIR was statistically
higher in group 2 than in group 3 at all times (P<0.05). The
difference in SIR between these two groups was most pro-
minent on the Gd-T1WIs compared with T2WIs and DWIs
However, there was no significant change in the SIR over
time (P=0.3359). Enhancement of the lesion in group 2
was statistically higher than that of the control group at all
times (P=0.05).

4. Electron microscopic findings

1) Groups 1 and 2: Fat embolization groups

In groups 1 (n=9) and 2 (n=10), intravascular fat vacuo-
les and discontinuity of the endothelial walls were noticed
in all cats (Fig. 1E). The size of the endothelial wall defect
was about 1 to 3/um. Many vessels were dilated with fat
impacted in the vascular lumen, and the endothelial walls
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were flattened. In some areas, small extraluminal fat vacuo-
les were noted and some of them appeared to have been
phagocytized by macrophages. Extravasated red blood cells
were also seen sporadically. Microcystic changes of the
neuropil matrix and swollen neuronal and glial cells were
prominent. These findings were predominantly seen in the
gray matter. The neuronal processes and glial cells were
also swollen in the white matter, and the separation of
myelin sheaths was more prominent in the white matter
than in the gray matter. In three cats of group 2, the neu-
rons and glial cells were much more swollen and the sepa-
ration of myelin sheaths was more prominent.

2) Group 3: Control group

There was perivascular and interstitial edema, neuronal
cellular swelling, and separation of the endothelial wall in
four cases. These findmgs were moderate to severe in two
cases and mild in two cases. There were no discernible
abnormalities in one case. The separation of the endothelial
wall was infrequently seen; however, discontinuity of the
endothelial wall was absent.

DISCUSSION

The major finding in this study is that vasogenic edema
seems to occur earlier by way of the opened blood-brain
barrier in cerebral fat embolism compared with that repor-
ted in ischemic infarction. This concept is supported by
several observations. First, marked enhancement was noti-
ceable on Gd-TIWI, suggesting disruption of the blocd-
brain barrier. Second, the observed high signal intensity on

3 -
—— Group 2
—&— Group 3
2_
x
w
1_
30m 1h 2h 4 h 6h

Time

Fig. 2. Plot of signal intensity ratio (SIR) on T2-weighted ima-
ges. The SIRs of both groups increased over time, and the SIR of
group 2 was significantly higher than that of group 3 (P<0.05).

T2WI is, the authors believe, primarily due to vasogenic
edema. Third, on electron microscopic study, disruption of
the endothelial wall and interstitial edema were seen.

This study took advantage of the ability to detect alte-
rations in blood-brain barrier permeability by Gd-TIWIL
Gadolinium-enhanced images are able to show the site of
blood-brain barrier breakdown (Barzo et al., 1996). In the
presence of increased permeability or disruption of the
blood-brain barrier, gadolinium extravasates and diffuses
into the brain parenchyma. In the present study, Gd-TIWI
enabled the detection of lesions due to discontinuity of the
endothelial membrane as early as 30 minutes after emboli-
zation, as supported by the electron microscopic data. All
of the cats in the fat embolization groups showed discon-
tinuity of the endothelial wall, and in some areas, fat vacuo-
les extravasated through the discontinuous wall. Around
the defect, perivascular edema was also prominent. In the
control group, there was separation of the endothelial wall
in three cases, and one of them showed mild enhancement
starting at 2 hours. It appears important that the enhancing
pattern is quite different between the fat embolization groups
and the ischemic group. In most cases, the contralateral he-
misphere was not enhanced on Gd-T1WIL. However, several
cats showed small and focal enhancement in the contrala-
teral hemisphere, and this enhancement was believed to be
due to embolization of fat through the communicating
vessels and not due to the toxicity of gadolinium. This idea
is supported by the fact that the cats showing enhancing
contralateral lesions at 30 minutes revealed no additional
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Fig. 3. Plot of signal intensity ration (SIR) on the apparent
diffusion coefficient map image. In both groups, SIRs decreased
over time significantly from 2 hours (P<0.005). However, there
was no difference between groups 2 and 3 (P=0.6337).
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enhancing areas after 30 minutes. Neurotoxicity from the
repetitive gadolinium injection was not the cause of the
enhancement because the enhancing areas were the same
from 30 minutes to 6 hours. The hyperintensity on T2WI
was progressively prominent over time from 30 minutes in
group 2, while the ischemic lesions began to show mild
hyperintensity from 2 hours in the control group. At 30
minutes, seven of 10 cats in group 2 showed no hyperin-
tensity; however, the SIR was higher than 1.0 and was
significantly higher than that of the ischemic control group.
The SIR after 30 minutes also showed a significant diffe-
rence between group 2 and group 3 (Fig. 2). The observed
hyperintensity on T2WI may have been due to vasogenic
edema (Pierpaoli et al., 1993). Vasogenic edema seems to
be caused by free leakage of plasma fluid through the da-
maged capillary endothelial walls. The process of vasogenic
edema is different from cytotoxic edema. Cytotoxic edema,
which might be caused by depletion of high-energy pho-
sphates, appears first and is followed by a cascade of events,
resulting in vasogenic edema. T2WI taken immediately
after induction of ischemia by middle cerebral arterial
occlusion showed no abnormalities, and it took several
hours to notice the hyperintensity (Moseley et al., 1990). In
the present study, the early appearance of hyperintensity on
T2WT in groups 1 and 2 compared with the ischemic con-
trol group suggests the difference in time of onset of vaso-
genic edema between each group. The ADC map image
showed low signal intensity in groups 2 and 3. The signal
intensity further decreased over time (Fig. 3). This finding
suggests that cytotoxic edema also occurred early in both
the fat embolization and the ischemic control groups. The
swollen neuron and glial cells observed on electron mi-
croscopy provided additional evidence for the occurrence
of cytotoxic edema. This result is similar to that described
in the literature when ischemic models have been emplo-
yed.

In this study, & values in DWI were 0 and 1000 seconds/
mm’. The hyperintensity on DWI with a b value of 1000
was nearly equal to the hypointensity on the ADC map
image. Interpretation of DWIs obtained with 4 values grea-
ter than 1000 seconds/mm’ must consider the increasing
contribution of diffusion weighting and the diminished T2
effects (DeLano et al., 2000).

In conclusion, the lesions produced in this experimental
model of cerebral fat embolism were hyperintense on T2WI

and DWI, hypointense on the ADC map images, and enhan-
ced on Gd-TIWI in the hyperacute stage. Electron micro-
scopy of the lesion showed cytotoxic and vasogenic edema
with disruption of the blood-brain barrier. Vasogenic edema
seems to develop within 30 minutes through the disrupted
blood-brain barrier in cerebral fat embolism in cats.
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