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ABSTRACT

BACKGROUND AND PURPOSE: Prominent space-occupying cerebral edema is a devastating complication occurring in some but not all
patients with large MCA infarcts. It is unclear why differences in the extent of edema exist. Better knowledge of factors related to
prominent edema formation could aid treatment strategies. This study aimed to identify variables associated with the development of
prominent edema in patients with large MCA infarcts.

MATERIALS AND METHODS: From the Dutch Acute Stroke Study (DUST), 137 patients were selected with large MCA infarcts on follow-up
NCCT (3 = 2 days after stroke onset), defined as ASPECTS =4. Prominent edema was defined as a midline shift of =5 mm on follow-up.
Admission patient and treatment characteristics were collected. Admission CT parameters used were ASPECTS on NCCT and CBV and
MTT maps, and occlusion site, clot burden, and collaterals on CTA. Permeability on admission CTP, and day 3 recanalization and reperfusion
statuses were obtained if available. Unadjusted and adjusted (age and NIHSS) odds ratios were calculated for all variables in relation to
prominent edema.

RESULTS: Prominent edema developed in 51 patients (37%). Adjusted odds ratios for prominent edema were higher with lower ASPECTS
on NCCT (adjusted odds ratio, 1.32; 95% Cl,1.13-1.55) and CBV (adjusted odds ratio, 1.26; 95% Cl, 1.07-1.49), higher permeability (adjusted odds
ratio, 2.35; 95% Cl,1.30 —4.24), more proximal thrombus location (adjusted odds ratio, 3.40; 95% Cl, 1.57-7.37), higher clot burden (adjusted
odds ratio, 2.88; 95% Cl, 1.11-7.45), and poor collaterals (adjusted odds ratio, 3.93; 95% Cl, .78 —8.69).

CONCLUSIONS: Extensive proximal occlusion, poor collaterals, and larger ischemic deficits with higher permeability play a role in the

development of prominent edema in large MCA infarcts.

ABBREVIATIONS: ACA = anterior cerebral artery; ECASS = European Cooperative Acute Stroke Study

rominent space-occupying edema can occur after acute large

MCA ischemic stroke. The prominent space-occupying
edema can cause herniation, increased intracranial pressure, and
rapid neurologic deterioration. These occur in approximately 8%
of MCA infarcts and have mortality rates of up to 80% with con-
servative treatment.' Current treatment options are limited; the
only treatment of proved value is large hemicraniectomy within
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48 hours after stroke onset.*® The results from the hemicraniec-
tomy trials showed a large decrease in mortality but with an in-
crease in number of patients with severe disability.*

Although risk factors for prominent space-occupying edema
have been identified, it is still unclear why only some patients with
a large MCA infarct on follow-up develop prominent space-oc-
cupying edema.” Identification of associated variables is impor-
tant to identify possible new targets for treatment development.®

The extent of the disturbance of the blood-brain barrier
may play a role in the development of prominent space-occu-
pying edema.” A measure of the BBB permeability is the per-
meability surface-area product, which can be obtained from an
extended CTP acquisition.'® Other known risk factors for the
development of prominent space-occupying edema include
proximal occlusion site, greater infarct size, involvement of >1
vascular territory, basal ganglia involvement, increased ratio of
CBV lesion volume/CSF volume, female sex, and higher

NIHSS score on admission.” ' '*
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The aim of this study was to identify clinical and CT imaging
variables that are associated with the development of prominent
space-occupying edema in patients with large MCA infarcts on
follow-up.

MATERIALS AND METHODS

Patient Selection

All patients participated in the Dutch Acute Stroke Study
(DUST), and the study protocol has been published previously.">
Patients were included in the DUST study if they had a NCCT,
CTA, and CTP within 9 hours after stroke onset. The local med-
ical ethics committees of the participating centers approved this
study. All patients or their families gave signed informed consent
unless a patient died before consent could be obtained; in that
case, the need for consent was waived by the medical ethics
committee.'”

For the current study, patients were selected with a large
infarct in the MCA territory defined as ASPECTS =4 on a
follow-up NCCT performed 3 = 2 days after stroke onset.'®
Exclusion criteria were hemorrhagic transformation with sub-
stantial mass effect (European Cooperative Acute Stroke Study
[ECASS] parenchymal hemorrhage type 2) and poor-quality
admission CTP.'” The selection process is clarified in the flow
chart (Fig 1). We collected clinical data on age, sex, history of
stroke or atrial fibrillation, admission NIHSS, IV-rtPA treat-
ment, intra-arterial treatment, and time from symptom onset
to admission CT.

Imaging Protocol

NCCT and CTP of the brain and CTA of the cervical and cerebral
arteries were performed on admission. Follow-up NCCT was
planned at 3 * 2 days and in case of clinical deterioration.
Additional follow-up CTA and CTP were also performed if
possible. Multidetector row CT scanners were used, with the
number of detectors ranging from 40 to 320 (LightSpeed VCT,
GE Healthcare, Milwaukee, Wisconsin; Brilliance 40, Bril-
liance 64, and Brilliance iCT 256, Philips Healthcare, Best, the
Netherlands; Sensation 64, Siemens, Erlangen, Germany; Aq-
uilion ONE, Toshiba Medical Systems, Tokyo, Japan). NCCT
was performed with 120 kV, 300-375 mAs, and a section thick-
ness of 5 mm.

The CTP, performed before CTA, was acquired with 80 kV
and 150 mAs per rotation and a section thickness of 5 mm and
involved successive gantry rotations in cine mode (every 2 sec-
onds for 50 seconds and 6 additional rotations 30 seconds apart)
during intravenous administration of 40 mL of nonionic contrast
material followed by 40 mL of saline with a flow of 6 mL/s. CTP
coverage included at least the level of the basal ganglia to the
lateral ventricles to allow assessment of both ASPECTS levels.'®
MTT and CBV maps were classified only with ASPECTS levels to
ensure that uniform assessment on all CTP scans was performed,
despite differences in scan range (40—320 sections).

CTA was acquired from the aortic arch to the vertex with
50-70 mL of contrast followed by 40 mL of saline, with a flow of
6 mL/s. The individual CTA scan delay after intravenous injection
was calculated from time-to-peak arterial enhancement on CTP
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FIG1. Inclusion flow chart. PH indicates parenchymal hemorrhage.

or by a trigger-based Hounsfield unit threshold measurement of
contrast enhancement in the aortic arch.

Imaging Analysis

NCCT. On the admission scan, we evaluated the ASPECTS score
to quantify the presence of early CT signs of infarction.'® On day
3 = 2 of follow-up, the infarct size was classified with ASPECTS
and the presence of prominent space-occupying edema was de-
fined as a midline shift of =5 mm (Fig2).""'®'? Any hemorrhagic
transformation on the follow-up scan was classified according to
the ECASS criteria to identify patients with a parenchymal hem-
orrhage type 2 (hemorrhage of >30% of the infarcted area with



FIG 2. Large MCA infarct on follow-up, with and without prominent
space-occupying edema. Patient A (87-year-old man, follow-up day 5)
has a large MCA infarct and generalized atrophy but does not show a
midline shift. Patient B (58-year-old man, follow-up day 3) has a large
MCA infarct with a midline shift of =5 mm, representing prominent
space-occupying edema.

substantial space-occupying effect), because the midline shift in
those patients is considered secondary to the large hemorrhage."”

CTP. CBF, CBV, MTT, and TTP were automatically calculated
from CTP data using commercially available CTP software (Ex-
tended Brilliance Workstation 4.5; Philips Healthcare). The pres-
ence of a perfusion deficit on admission was defined as a focal
asymmetry on the CBF, CBV, or MTT maps matching a part of or
the complete MCA flow territory. MTT and CBV maps were clas-
sified with ASPECTS.?° Involvement of the lentiform nucleus and
additional anterior cerebral artery (ACA) vascular territory (in-
cluding the caudate nucleus) was also evaluated separately.'"*'
Reperfusion was evaluated quantitatively by assessment of the
change in MTT abnormality (Soares et al**) and categorized into
reperfusion and no-reperfusion groups. Reperfusion was defined
as a resolution of =75% of the abnormality on the MTT maps
comparing admission and follow-up CTP.**

To estimate the permeability surface area, we used a nonlinear
method, with a mathematic response model to describe an im-
pulse response function obtained from the extended acquisition.
The permeability surface area was calculated relative to the non-

affected hemisphere.'’

CTA. Admission CTA provided data on intracranial thrombus
location, clot burden score, and collateral score.”>>> Thrombus
location was classified as the most proximal site of occlusion, un-
less there was a combined extracranial ICA occlusion and a more
distal MCA occlusion with an open ICA top (tandem lesion),
which was classified at the level of the MCA occlusion (proximal
flow maintained through circle of Willis collaterals).*® The clot
burden score was obtained by evaluating the anterior circulation
to the symptomatic hemisphere and subtracting segments with
absent contrast opacification from the maximum score of 10, with
10 representing absence of any thrombus, and zero, a complete
occlusion of all the segments. The score assigns 1 point to the
infraclinoid ICA, the ACA, and each M2 branch (with a maxi-
mum of 2) and 2 points to the supraclinoid part of the ICA and the
proximal and distal part of the M1 segment.>”

The collateral score of the symptomatic hemisphere was eval-
uated by visual assessment of MIP images and the scoring system

applied by Tan et al.** Leptomeningeal collaterals were graded on
admission CTA by the extent of collateral filling in the MCA ter-
ritory of the affected hemisphere in comparison with the con-
tralateral side: 0 = absent; 1 = filling =50%; 2 = filling 50% to
<100%; 3 = filling 100%. For analysis, the scores were dichoto-
mized into poor collaterals (0—1) and good collaterals (2-3). Tan
et al found a very good interobserver correlation of 0.87 for this
scoring system. Recanalization was evaluated by comparing ad-
mission and follow-up CTAs and was defined qualitatively as re-
canalization or no recanalization. This scoring system compares
with a TICI score of 0—2a for the no-recanalization group and a
TICI score of 2b or 3 for the recanalization group.?’

All imaging data were collected and evaluated centrally by 1 of
3 observers (I.C. van der Schaaf, B.K.V., and ].W.D), all with at
least 5 years of experience in stroke imaging. Only the symptom-
atic side was provided for the evaluation.

Statistical Analysis

For all analyses, patients with prominent space-occupying edema
were compared with patients without prominent space-occupy-
ing edema. The clinical variables were age, sex, history of stroke,
history of atrial fibrillation, admission NIHSS, IV-rtPA treatment
or intra-arterial treatment, and time to admission scan series. Im-
aging variables were the following: early CT signs of infarction
(ASPECTS 0-10), decreased CBV (ASPECTS 0-10), prolonged
MTT (ASPECTS 0-10), the presence of decreased CBV in the
lentiform nucleus (yes/no), the presence of decreased CBV in the
caudate nucleus and/or ACA vascular territory (yes/no), clot bur-
den score (cutoff of =6), thrombus location (ICA/proximal M1
versus distal M1, M2, or >M2), and collateral score (good or
poor).”* Permeability estimates, recanalization (recanalization
versus no recanalization), and reperfusion (reperfusion versus no
reperfusion) were analyzed in a subanalysis because these data
were not available in all patients.

To compare variables, we used the X test, ¢ test, or Mann-
Whitney U test. The association between variables and prominent
space-occupying edema was analyzed by using univariate and
multivariate regression. Odds ratios were adjusted for age and
admission NTHSS score (adjusted OR) with multivariate logistic
regression. Significance was predefined at P < .05. Statistical
computations were performed by using SPSS 23.0 (IBM, Armonk,
New York).

RESULTS

Inclusion criteria for this study were met in 137 patients. Not all
patients in the DUST study underwent follow-up imaging, for the
following reasons: no permission for follow-up, no follow-up due
to discharge within 24 hours in patients with rapid recovery, poor
condition of the patient, or impaired renal function. Admission
NIHSS and 3-month mRS scores were not significantly different
between patients with or without follow-up imaging.

Of the 137 patients with large MCA infarcts on follow-up, 51
(37%) developed prominent space-occupying edema. Their base-
line clinical and imaging characteristics are shown in Table 1.
Median onset time to imaging was 100 minutes, and most patients
(88%) were imaged within 4.5 hours. Only 6% were imaged
within the 6- to 9-hour range. The median time to follow-up was
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Table 1: Clinical and imaging characteristics®

Prominent No Prominent
All Patients Space-Occupying Space-Occupying
Characteristics (N =137) Edema (n = 51) Edema (n = 86) P Value
Clinical parameters
Age (yr) (median) (IQR) 66 (53-73) 63 (52-72) 67 (54-73) 3l
Female sex (No.) (%) 48 (35) 19 (37) 29 (34) .68
Prior stroke (No.) (%) 20 (15) 10 (20) 10(12) 18
Atrial fibrillation (No.) (%) 16 (12) 8(16) 8(9) 27
NIHSS (median) (IQR) 15 (12-19) 18 (13-21) 14 (11-18) o
IV-rtPA (No.) (%) 94 (69) 32(63) 62(72) 25
Intra-arterial treatment (No.) (%) 29(21) 11(22) 18 (21) 93
Imaging parameters

Time to admission scan (min) (median) (IQR) 100 (64-152) 106 (70-240) 91(63-135) n
NCCT

Early CT signs of infarction, ASPECTS, (median) (IQR) 8 (6-10) 7 (4-9) 9 (7-10) .0001°
CTP

CBV deficit, ASPECTS (mean) (SD) 430 (2.57) 331(2.32) 4.89(2.54) .001°

MTT deficit, ASPECTS (median) (IQR) 1(0-3) 1(0-3) 2(0-3) n

CBV deficit in lentiform nucleus (No.) (%) 72(53) 32(63) 40 (47) 15

CBV deficit in caudate nucleus or ACA territory (No.) (%) 54 (39) 28(55) 26 (30) .004°

Permeability ratio (median) (IQR)® 136 (1.13-1.88) 1.66 (1.24-2.60) 1.30 (1.09-1.54) .002°
CTA

Clot burden score <6 (No.) (%) 99 (73) 44 (86) 55 (65) .006°

Thrombus location ICA/MT1 proximal (No.) (%) 63 (48) 33(67) 30(36) .001°

Poor collateral score (No.) (%) 62 (46) 34 (68) 28 (33) .0001°
Follow-up CTP and CTA

No recanalization® 26 (33) 6(32) 20 (33) .89

No reperfusion® 45(62) 16 (76) 29 (56) 10

Note:—IQR indicates interq uartile range.

2 x* was used to compare categoric variables, and a t test or Mann-Whitney U test, continuous variables.

P All P < .05.

€ The analysis of permeability ratio, recanalization, and reperfusion is a subanalysis on 101, 79, and 73 cases, respectively.

3.0 days (interquartile range, 2.0—4.0 days) and was not statisti-
cally different between patients with and without prominent
space-occupying edema. Permeability estimates were only avail-
able in 101 patients; and recanalization and reperfusion data, in
79 and 73 patients, respectively.

Patients who developed prominent space-occupying edema
had a higher NIHSS score on admission. In addition, early CT
signs of infarction (lower ASPECTS), larger CBV deficit (lower
ASPECTS), decreased CBV in the caudate nucleus or ACA terri-
tory, higher permeability estimates, ICA/proximal M1 occlusions,
higher clot burden, and worse collateral scores were more often
found in patients with prominent space-occupying edema (all,
P < .05). Time to admission scan, percentage of patients treated
with IV-rtPA or intra-arterial treatment, recanalization, and rep-
erfusion were not significantly different between patients with
large infarcts and prominent space-occupying edema and those
without prominent space-occupying edema (Table 1). The ORs of
univariate regression are summarized in Table 2.

After adjustment for age and NIHSS score, the adjusted OR
(Table 2) for prominent space-occupying edema remained signif-
icantly higher, with more early CT signs of infarction, larger CBV
deficit size, higher permeability estimates, more proximal throm-
bus location, higher clot burden, and poor collateral scores.

DISCUSSION

The main finding of this study was that in patients with a large
MCA infarct on follow-up, CT signs of infarction on admission
NCCT, larger CBV deficits and higher permeability estimates on
admission CTP, proximal thrombus location, a higher clot bur-
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den, and worse collateral scores on admission CTA are signifi-
cantly associated with the development of prominent space-occu-
pying edema. These findings suggest that patients who develop
prominent space-occupying edema already have an extensive
proximal clot and poor collaterals on admission.

Space-occupying edema develops as a combination of swelling
of ischemic brain cells (cytotoxic edema) and leakage of fluid
through the BBB (vasogenic edema).”® It is known that the bal-
ance between this edema formation and the brain regulatory sys-
tems (cerebrovascular autoregulation) that normally maintains
cerebral perfusion pressure is impaired in patients with promi-
nent space-occupying edema.?” This imbalance possibly occurs
because of early involvement of a large ischemic area.

This is supported by the more extensive early CT signs of in-
farction and larger CBV deficits on admission in patients with
prominent space-occupying edema, while the time to scanning
was not significantly different from that in patients without
prominent space-occupying edema. We suggest that the early
development of a large ischemic area in patients with promi-
nent space-occupying edema is a consequence of an extensive
proximal clot in combination with poor leptomeningeal col-
lateral status, thereby causing a larger ischemic deficit and in-
creased permeability.

The large MCA infarcts on follow-up in patients without
prominent space-occupying edema are presumably the result of a
more gradually occurring process. The initial thrombus in these
patients is located more distally, and this thrombus may extend
more proximally with time. Therefore, areas that still maintained



Table 2: Univariate and multivariate regression

velop.” Although our findings support

OR (95% Cl)

aOR (95% Cl) the suggestion that collaterals are insuf-

Clinical parameters
Age (per yr)
Female sex
Prior stroke
Atrial fibrillation
NIHSS (per point)
IV-rtPA
Intra-arterial treatment
Imaging parameters
Time to admission scan (per min)
NCCT

(

(

(

179 (0.63-5.11)

(

0.65 (0.31-1.36)
(

0.99 (0.96-1.01)
117 (0.57-2.40)
1.90 (0.73-4.95)
112 (1.04-1.21°
1.04 (0.45-2.42)

1,002 (0.997-1.007)

Early CT signs of infarction, ASPECTS (0-10)

CTP

CBV deficit, ASPECTS (0-10)
MTT deficit, ASPECTS (0-10)
CBYV deficit in lentiform nucleus

CBV deficit in caudate nucleus or ACA territory

Permeability ratio®

CTA

Clot burden score =6
Thrombus location

ICA/M1 proximal versus M1 distal, M2, or >M2

Poor collateral score
Follow-up CTP and CTA
No recanalization®
No reperfusion®

1.32 (1.14-1.53)*

130 (112-152)

120 (0.98-146)
190 (0.93-3.85)
2.81(137-5.76)
2.08 (1.21-3.60)

343 (138-8.55)°
3.64(173-7.69)°

433(2.05-9.13)

0.92(031-2.79)
2.54 (0.81-7.96)

ficiently present in patients who develop
NA
0.88 (0.41-1.90)
2.08 (0.74-5.91)
274 (0.86-8.70)
NA
0.56 (0.25-1.22)
1.03 (0.42-2.49)

prominent space-occupying edema, we
did not find a significant difference in
the history of atrial fibrillation. There is
still much controversy about the role of
collaterals in both chronic and acute oc-
clusive disease and whether cerebral col-
laterals can develop with time. Our
1.003 {0.999-1.006) study cannot provide answers for this

132 (113-155)° discussion.
Jaramillo et al'* showed, in a post-

mortem analysis of 45 patients, that an-
terior cerebral artery territory infarcts

126 (1.07-1.49)°
114 (0.93-141)
153(0.72-3.22)
2.01(0.93-4.32)
2.35 (130-4.24)°

were associated with prominent space-
occupying edema. Moreover, another
study reported that ACA involvement
contributes to mortality as a mediator of
collateral circulation.'” Our results did

2.88 (1.11-7.45)°

3.40 (157-7.37)°
not show a significant relation between
3.93(1.78-8.69) additional ACA vascular territory, with

0.92(0.30-2.8]) or without caudate nucleus involve-

218 (0.67-7.07) ment, and prominent space-occupying

Note:—aOR indicates adjusted odds ratio (for age and NIHSS); NA, not applicable.
2All P < .05.

5 The analysis of permeability ratio, recanalization, and reperfusion is a subanalysis on 101, 79, and 73 cases respectively.

sufficient cerebral perfusion on admission could become in-
farcted on NCCT on day 3. There was no significant association
between treatment with IV-rtPA on admission and recanalization
or reperfusion status at day 3 (though recanalization and reper-
fusion data were only available in 55%-74% of patients). This
finding also suggests that the early large extent of the MCA infarct
and not recanalization or reperfusion is of importance for the
development of prominent space-occupying edema.”® Moreover,
thrombolytic treatment cannot influence the early cascade of
events leading to prominent space-occupying edema.

Permeability estimates were a significant factor in univariate
regression and after adjusting for age and admission NIHSS. This
finding is in agreement with a retrospective study of 120 patients
(with 12 patients treated with a hemicraniectomy for prominent
space-occupying edema) that showed an association between in-
creased infarct permeability surface area and prominent space-
occupying edema occurrence.” A relation between the duration of
ischemia and the extent of damage to the BBB has also been shown
previously.”** The time between symptom onset and the scan
series was shorter in our data (100 minutes versus 310 minutes).
This difference suggests that the BBB damage already occurred
early in patients who developed prominent space-occupying
edema.

The cause of prominent space-occupying edema in patients
with large MCA infarction has not been clarified so far, to our
knowledge. A study of 818 patients with 208 large MCA infarcts
showed that atrial fibrillation was more frequent in these infarcts.
The authors suggested that a cardiac embolus, in contrast to ath-
erosclerotic thrombi from carotid stenosis, occludes a cerebral
artery abruptly, leaving little time for collateral pathways to de-

edema. A major difference between
our study and the study of Jaramillo et
al is that their assessment was per-
formed postmortem after a median of
18 days, while we assessed the admission CT scan obtained
within 9 hours of symptom onset.'> The ACA can infarct at a
later time point, secondary to ACA compression caused by
subfalcine herniation.” This scenario suggests that the ACA
involvement in their study was a consequence, rather than a
cause, of space-occupying edema formation.

Although age did not make a significant difference in the de-
velopment of prominent space-occupying edema, generalized at-
rophy in older patients (as demonstrated in Fig 2A) could protect
against the occurrence of substantial mass effect. However, we did
not collect these data to investigate this variable.

Strengths of this study are the prospective collection of a
large number of patients with prominent space-occupying
edema and the combined use of clinical data with NCCT, CTA,
and CTP data.

This study also has some limitations. First, our definition of
prominent space-occupying edema was based on follow-up
NCCT only. In other articles, clinical deterioration was quantified
and also considered in the definition of prominent space-occupy-
ing edema or malignant MCA infarction.'>'*?° It is, however,
unlikely that patients with prominent space-occupying edema or
substantial hemorrhage were missed because additional CT scans
were always obtained in case of clinical deterioration during the
hospital stay.

Second, the exact time of recanalization was unclear because
follow-up scans were obtained after 3 = 2 days because we had to
compromise between short- and long-term follow-up, to reduce
potential radiation risks associated with multiple scans. This po-
tential bias makes it necessary to interpret the results of our re-
canalization and reperfusion data with caution.
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Third, 9 patients were excluded because of poor-quality
CTP at admission due to technical issues (n = 4) and patient
movement (n = 5). The 3-month mRS score between these 9
excluded patients and the 137 included patients was not signif-
icantly different, so it is unlikely that these exclusions caused
any bias.

Fourth, patients with early spontaneous recanalization could
potentially have influenced our results because CTP and CTA
parameters may not always be accurate. However, in these pa-
tients, the ischemic changes on NCCT should still be indicative of
the severity of the ischemia and thereby associated with promi-
nent mass effect.

CONCLUSIONS

In patients with large MCA infarctions on follow-up, early CT
signs of infarction on admission NCCT, larger CBV deficits, and
higher permeability estimates on admission CTP and more prox-
imal thrombus location, higher clot burden, and worse collateral
scores on admission CTA were significantly associated with
prominent space-occupying edema. These findings suggest that
the prominent space-occupying edema in these patients develops
due to a combination of extensive proximal occlusion and poor
collaterals, which rapidly leads to a large area of ischemia with
increased permeability.
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