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ABSTRACT

Background and purpose The impact of the cerebral
collateral circulation on lesion progression and clinical
outcome in ischaemic stroke is well established. Moreover,
collateral status modifies the effect of endovascular
treatment and was therefore used to select patients for
therapy in prior trials. The purpose of this study was

to quantify the effect of vessel recanalisation on lesion
pathophysiology and clinical outcome in patients with a
poor collateral profile.

Materials and methods 129 patients who had an
ischaemic stroke with large vessel occlusion in the
anterior circulation and a collateral score (CS) of 0-2

were included. Collateral profile was defined using an
established 5-point scoring system in CT angiography.
Lesion progression was determined using quantitative
lesion water uptake measurements on admission and
follow-up CT (FCT), and clinical outcome was assessed
using modified Rankin Scale (mRS) scores after 90 days.
Results Oedema formation in FCT was significantly lower in
patients with vessel recanalisation compared with patients
with persistent vessel occlusion (mean 19.5%, 95% CI: 17%
to 22% vs mean 27%, 95% Cl: 25% to 29%; p<0.0001). Ina
multivariable linear regression analysis, vessel recanalisation
was significantly associated with oedema formation in FCT
(3=-7.31,SD=0.015, p<0.0001), adjusted for CS, age and
Alberta Stroke Program Early CT Score (ASPECTS). Functional
outcome was significantly better in patients following
successful recanalisation (mRS at day 90: 4.5, IQR: 2—6 vs 5,
IQR: 5-6, p<0.001).

Conclusion Although poor collaterals are known to be
associated with poor outcome, endovascular recanalisation
was still associated with significant oedema reduction and
comparably better outcome in this patient group. Patients
with poor collaterals should not generally be excluded from
thrombectomy.

INTRODUCTION

Mechanical = thrombectomy in acute
ischaemic stroke is of benefit to patients
with a large vessel occlusion in the ante-
rior circulation.' * The impact of cerebral
collateral circulation on lesion progression
and clinical outcome in ischaemic stroke is
well established.? Moreover, collateral status
modifies the effect of endovascular treatment
and was therefore used to select patients for

therapy in prior studies.* Although current
guidelines do not recommend the exclu-
sion of patients with poor collaterals from
thrombectomy, the selection protocols for
treatment still differed among the major
thrombectomy trials. The ESCAPE and
ESCPAE-NAL trial, for example, specifically
excluded this patient population from the
endovascular treatment arm.*®

Recently, it has been described that endo-
vascular recanalisation is associated with
oedema reduction, which was in contrast
to prior studies observing higher oedema
formation following revascularisation.’ !
However, the mechanisms of this phenom-
enon remain unclear. Considering the
known relationship between the status of
intracranial collaterals and ischaemic lesion
water uptake, collateral status may be an
important link between recanalisation and
the effect on oedema formation.® Yet, the
impact of endovascular vessel recanalisation
on oedema progression according to the
collateral status remains unknown. A positive
effect of endovascular treatment on oedema
formation in patients with poor collaterals
might have a direct impact on the occur-
rence of malignant infarctions with consecu-
tive very poor outcome, which would deliver
arguments for treatment despite poor intra-
cranial collaterals.

The purpose of this study was (1) to quan-
tify the effect of endovascular recanalisation
in patients with a poor collateral profile
on lesion pathophysiology measured by
quantitative lesion water uptake; and (2) to
compare clinical outcome in these patients
according to the status of vessel recanali-
sation. We hypothesised that endovascular
vessel recanalisation in patients with poor
collaterals is associated with improved clin-
ical outcome by directly altering lesion water
homeostasis.
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METHODS

Patients

All patients who had an ischaemic stroke with acute large
vessel occlusion in the anterior circulation admitted
between February 2015 and March 2019 to our high-
volume tertiary stroke centre were analysed. The study
was conducted in accordance with the ethical guidelines
of the local ethics committee and in accordance with the
Declaration of Helsinki. The data that support the find-
ings of this study are available from the corresponding
author on reasonable request.

The a priori defined inclusion criteria were: (1) acute
anterior circulation stroke in the territory of the middle
cerebral artery (MCA) and MCA occlusion or distal occlu-
sion of the internal carotid artery; (2) multimodal CT
imaging protocol at admission including CT angiography
(CTA) and CT perfusion (CTP); (3) a collateral score
(CS) of 0-2 in admission CTA; (4) known time window
from symptom onset to admission imaging within 6 hours;
(5) follow-up CT (FCT) after 24 hours; (6) admission
National Institutes of Health Stroke Scale (NIHSS) score
>3; (7) absence of intracranial haemorrhage and pre-
existing thromboembolic or haemodynamic infarctions
in admission non-enhanced CT (NECT) or pre-existing
significant carotid stenosis; (8) absence of significant
motion artefacts. Baseline patient characteristics were
retrieved from the medical records, including modi-
fied Rankin Scale (mRS) after 90 days. Successful vessel
recanalisation was defined as Thrombolysis in Cerebral
Infarction Scale (TICI) 2b or 3.

Image acquisitions

All patients received multimodal stroke imaging at admis-
sion with NECT, CTA and CTP performed in equal order
on 256 dual slice scanners (Philips iCT 256). NECT: 120
kV, 280-340 mA, 5.0 mm slice reconstruction, 1 mm
increment; CTA: 100-120 kV, 260-300 mAs, 5.0 mm slice
reconstruction, 1 mm increment, 80 mL highly iodinated
contrast medium and 50 mL NaCl flush at 4 mL/second;
CTP: 80 kV, 200-250 mA, b mm slice reconstruction
(maximum 10 mm), slice sampling rate 1.50 s (minimum
1.33 s), scan time 45 s (maximum 60 s), biphasic injec-
tion with 30 mL (maximum 40 mL) of highly iodinated
contrast medium with 350 mg iodine/mL (maximum
400 mg/mL) injected with at least 4 mL/s (maximum 6
mL/s) followed by 30 mL sodium chloride chaser bolus.

Image analysis

The anonymised imaging data was processed at an
external core laboratory. Image analysis including volu-
metric and densitometric analysis was performed using
commercially available software (Analyze 11.0, Biomed-
ical Imaging Resource, Mayo Clinic, Rochester, Minne-
sota, USA).

Total lesion volume was measured in FCT using semi-
automatic volumetric segmentation of the infarct lesion.
Collateral status (CS) was assessed using an established
5-point scoring system.” Intracranial CTA maximum

intensity projections were used for scoring: O=absent
collaterals in >50% of an MCA-M2 branch (superior or
inferior division) territory; l=diminished collaterals in
>50% of an MCA-M2 branch territory; 2=diminished
collaterals in <50% of an MCA-M2 branch territory;
3=collaterals equal to the contralateral hemisphere and
4=increased collaterals compared with the contralateral
hemisphere. Good collaterals were defined as CS 3—-4 and
poor collaterals as CS 0-2 according to Kim et al."’

Quantitative ischaemic lesion net water uptake (NWU)
was determined as imaging biomarker to measure cere-
bral ischaemic oedema according to a published stan-
dardised procedure, as reported elsewhere."™'® In
admission NECT, the early hypoattenuated core lesion was
assessed by densitometric measurements (D, , ). This
region of interest (ROI) was mirrored to the contralateral
hemisphere within normal tissue (D . CTP was used
to improve the precision of ROI definition of the isch-
aemic core lesion by simultaneously presenting cerebral
blood volume parameter maps at a fixed window between
0 and 6 mL/100 mL. ROIs in NECT were segmented
with semiautomatic edge detection and sampled between
intensity values of 20-80 Hounsfield Units (Analyze 12.0,
AnalyzeDirect). Both density measurements (D and
o) Were then used to calculate quantitative NWU
(GNWU=1-(D, .../ D,,,..)  100).

In FCT, NWU was quantified by defining D, . using
semiautomatic segmentation of the infarct lesion, as
published.'? Figure 1 illustrates the impact of vessel reca-
nalisation on lesion progression in patients with poor
collaterals.

Statistical analysis

Kolmogorov-Smirnov tests were used to determine
whether data were well-modeled by a normal distribution.
Variables were presented as means with SD or medians
with IQRs. Student’s t-tests (normal distribution) with
SD or Mann-Whitney U tests (non-normal distribution)
with IQR were used to assess differences of the acquired
parameters separately for patients with vessel recanalisa-
tion versus persistent vessel occlusion. The impact of age,
NIHSS, ASPECTS, recanalisation status, NWU at admis-
sion and CS on functional outcome was investigated using
univariable and multivariable logistic regression analysis
(online supplemental table I) with backward selection
and functional independence (mRS 0-2 after 90 days) as
dependent variable.

Additionally, the impact of recanalisation and collateral
status on clinical outcome was investigated and displayed
using multivariable linear regression analysis with mRS
at 90 days at dependent variable, as logistic regression
analysis may be underpowered due to the expectedly
low number of patients with poor collaterals, persistent
vessel occlusion and good clinical outcome (figure 2).
Among others, Sajobi ¢t al'” have exemplified that ordinal
90-day mRS outcome measures may be treated as scale
variable and employed in linear regression models.
Univariable and multivariable linear regression analysis
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lllustration of recanalisation versus persistent vessel occlusion in two patients. Both patients presented with a low

Alberta Stroke Program Early CT Score (ASPECTS) and poor collateral status at admission. The patient in the upper row did not
undergo endovascular treatment and exhibited a significantly aggravated oedema formation in follow-up imaging. The patient
in the lower row presented with an even lower ASPECTS of 3, but showed less oedema formation in follow-up imaging. CTA,CT
angiography; MIP, maximum intensity projection; NECT, non-enhanced CT; NMU,net water uptake.

was performed to test the impact of CS, ASPECTS, age,
recanalisation status and intravenous alteplase on total
lesion volume and ischaemic lesion water uptake in FCT
with backward selection (online supplemental table I),
figure 2).

A statistically significant difference was accepted at a p
value of <0.05. Analyses were performed using MedCalc
(V.11.5.1.0; Mariakerke, Belgium), Python seaborn 0.9.0
(Michael Waskom) and R (R Core Team, R: A Language
and Environment for Statistical Computing, R Founda-
tion for Statistical Computing, Vienna, Austria, 2017).

Data availability statement
The data that support the findings of this study are available
from the corresponding author on reasonable request.

RESULTS

One hundred and twenty-nine patients with a CS of 0-2
were included (CS 0=37; CS 1=50; CS 2=42). The mean
(SD) age of these patients was 73 (12), and the median
NIHSS was 18 (IQR: 15-20). Admission imaging was
performed after a median time of 3 hours after symptom

onset (IQR: 2—4). The median initial ASPECTS was 5
(IQR: 4-8). Patients’ characteristics are shown in table 1.

One hundred and four (81%) patients with poor collat-
erals received mechanical thrombectomy, of which 87
patients received successful vessel recanalisation (TICI =2
b). Forty-two patients had persistent vessel occlusion: for 17
patients, a TICI <2 b was observed after thrombectomy, 14
patients did not receive intravenous lysis or an endovascular
procedure and were assigned to the persistent vessel occlu-
sion group and 11 patients received intravenous lysis but
not endovascular procedure. In these patients, a persisting
vessel occlusion was confirmed via dense artery sign in
FCT and/or transcranial colour-coded duplex ultrasonog-
mphy.18 Table 1 shows patient characteristics for the study
cohort separated by status of vessel recanalisation.

Clinical outcome

Median mRS for patients with vessel recanalisation was
4.5 (IQR: 2-6), which was significantly different from the
median mRS of patients with persistent vessel occlusion
(median 5, IQR: 5-6; p<0.001). Within the study cohort,
there was one patient with poor collaterals and persistent
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Figure 2 Regression analyses for clinical outcome and lesion pathophysiology. The impact of endovascular recanalisation
in patients with poor intracranial collaterals (X axis) on modified ranking scale (mRS) score at 90 days (left), ischaemic lesion
water uptake (middle) and total lesion volume (right) based on multivariable linear regression analysis. Ordinal mRS values were

treated as scaled variable for linear regression. FCT, follow-up CT.

vessel occlusion with functional independence after 90 days
(mRS 2), while there were 16 patients (8/52) receiving
vessel recanalisation who reached functional independ-
ence after 90 days (online supplemental figure I).

Univariable and multivariable logistic regression models
were used to investigate the impact of baseline parameters
and treatment on clinical outcome for patients with poor
collaterals (CS 0-2). In univariable logistic regression
analysis, CS, early lesion water uptake, ASPECTS, NIHSS,
age, vessel recanalisation and application of intravenous
lysis were associated with functional independence after
90 days (online supplemental table I). In multivariable
logistic regression analysis, age, NIHSS, ASPECTS, CS
and early lesion water uptake were significantly and
independently associated with functional independence,
adjusted for recanalisation status and application of intra-
venous lysis (online supplemental table I). In a model
without ASPECTS, recanalisation was significantly associ-
ated with functional independence (OR 14.6, 95% CI: 1.6
to 133.3; p=0.02), adjusted for early lesion water uptake,
NIHSS and age (figure 3). In multivariable linear regres-
sion analysis, successful recanalisation was associated with
a significantly lower mRS at 90 days for patients with CS of
1 and 2 (online supplemental table I, figure 2).

Total lesion volume in follow-up imaging

Total lesion volume in FCT was 149.7 mL (IQR: 89.7-
206.6 mL) for patients with persistent vessel occlusion,
which was significantly higher than lesion volume in FCT
in patients with vessel recanalisation (median 43.3 mL,
IQR: 15.4-152.8 mL; p=0.0001) (figure 3).

In multivariable linear regression analysis for patients
with poor collaterals, vessel recanalisation (B: —48 mL,
SD 19.4, p=0.01), ASPECTS (8: -14 mL, SD 4.1, p=0.001)
and age (B: -1.6 mL, SD 0.7, p=0.02) were significantly
associated with total lesion volume in FCT, adjusted for
collateral status (figure 2)

Lesion water uptake in follow-up imaging

Ischaemic lesion water uptake for patients with poor
collaterals measured in FCT after treatment was 26.8% in
patients with persistent vessel occlusion (95% CI: 24.6%
to 28.9%) and 19.5% in patients with vessel recanalisa-
tion (95% CI: 17.3% to 21.6%), which was significantly
different (p<0.0001) (figure 3). In univariable linear
regression analysis for patients with poor collaterals (CS
0-2), vessel recanalisation, CS and ASPECTS were signifi-
cantly associated with lesion water uptake in FCT (online
supplemental table I). In multivariable linear regression
analysis, vessel recanalisation was significant (B: -7.31%,
SD 0.015, p<0.0001) and CS by trend (B: -1.8%, SD
1.0, p=0.08) associated with lesion water uptake in FCT
(online supplemental table I, figure 2).

DISCUSSION

The purpose of this study was to quantify the effect of
endovascular recanalisation in patients with a poor
collateral profile on lesion pathophysiology measured
by quantitative lesion water uptake and to compare
clinical outcome in these patients according to the
status of vessel recanalisation. The main finding of this
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Figure 3 Clinical outcome, quantitative lesion water uptake and total lesion volume in the study cohort. Boxplots to illustrate
differences in clinical outcome, indicated by modified ranking scale scores (mRS) at 90 days (left), per cent lesion water uptake
in follow-up CT (FCT, middle) and total lesion volume (right) in patients with successful vessel recanalisation versus persistent

vessel occlusion. NWU, netwater uptake.

study is that despite poor intracranial collaterals, endo-
vascular recanalisation was associated with improved
clinical outcome. The effect of vessel recanalisation on
ischaemic lesion water homeostasis using a quantitative
imaging biomarker was -7.3% in this patient cohort with
poor collaterals, which was similar to that of a previously
described cohort consisting of patients with a range of
collaterals scores (-6.3%).'2 The results of this study
emphasise that patients with poor intracranial collat-
erals, who are often excluded in stroke trials, may still
benefit from thrombectomy, with improved clinical
outcome.'” Although the effect of vessel recanalisation
on oedema formation has already been discussed, the
exact mechanisms of this phenomenon remain uncer-
tain. Factors such as age or blood glucose concentration
have been discussed as important mediators of oedema
formation, but the potential role of collaterals has not yet
been described.'’ * *' The status of the collateral circu-
lation may be of particular importance in patients with a
low initial ASPECTS, where a treatment benefit remains
uncertain. Selection for endovascular treatment in this
patient subgroup is therefore a controversial topic of
discussion.' A previous study described the proportion
of low ASPECTS patients with functional independence
to be approximately 20%."” Considering that 20%-30%

of all low ASPECTS patients exhibit good collaterals, one
might assume that only low ASPECTS patients with good
collaterals benefit from endovascular treatment, espe-
cially regarding oedema reduction.”® ** Conversely, the
results of the present study suggest that vessel recanalisa-
tion in patients with poor collaterals results in a similar,
or perhaps even higher, effect on oedema formation
compared with those with good collaterals. Regarding
the underlying pathophysiology, it is known that good
collaterals allow for maintained penumbral perfusion,
which has been linked to lower rates of oedema forma-
tion and hence lower interstitial pressure and lower
resistance of collateral and downstream perforating arte-
rioles. In patients with poor collaterals, on the contrary,
cerebral blood flow logically decreases faster and to a
greater extent, resulting in elevated interstitial pressure
and thereby contributing to more rapid aggravation
of ischaemic oedema and expansion of the ischaemic
core.** The lower persisting blood flow in patients with
poor collaterals that results in higher oedema formation
over time may explain the comparably higher impact of
vessel recanalisation on oedema formation in this patient
group. As the tissue-atrisk is not supplied by significant
collateralisation, its (re)perfusion mainly depends on
the occluded vessel itself. Hence, the relative effect of
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Table 1 Characteristics of patients with poor collaterals (n=129)

Vessel

Persistent vessel

Group comparison

Patient characteristics recanalisation occlusion P value
Subjects, n (%) 87 (67) 42 (33) na
Age in years, median (IQR) 76 (65-82) 73 (69-84) 0.62
Female sex, n (%) 36 (42) 17 (41) 0.89
Admission NIHSS, median (IQR) 17 (15-20) 19 (17-20) 0.03
ASPECTS, median (IQR) 6 (5-8) 4 (3-5) <0.001
Time onset to imaging in hours, mean (SD) 2.9(2.1) 3.7 (1.6) 0.03
Mechanical thrombectomy, n (%) 87 (100) 17 (41) <0.01
Collateral Score, median (IQR) 1(1-2) 1(0-1) 0.003
Initial NWU in %, mean (SD) 11.0 (5.6) 10.6 (4.3) 0.69
Follow-up endpoints
Follow-up infarct volume in mL, median (IQR) 35 (13-129) 150 (90-206) <0.001
Follow-up NWU in %, mean (SD) 19.5 (6.0) 26.8 (6.4) <0.001
mRS, median (IQR)* 4.5 (2-6) 5 (5-6) <0.001
mRS 0-2, n (%) 23 (26) 12 <0.001
mRS 3-4, n (%) 19 (22) 7(17) 1.0
mRS 5-6, n (%) 42 (48) 33 (79) <0.001
*mRS score not available, n 8] 1

mRS, modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale; NWU, net water uptake.

vessel recanalisation on perfusion leading to oedema
reduction could be higher in patients with poor collat-
erals.

The positive effect of thrombectomy on clinical
outcome in this patient group may be caused by oedema
reduction, as previously described, although thrombec-
tomy was not significantly associated with functional
independence in a multivariable model that included
ASPECTS." On admission imaging, only 23,/129 (17.8%)
with poor collaterals showed an ASPECTS of 7-10, which
may emphasise why endovascular recanalisation was not
significantly associated with functional independence in a
multivariable model that included ASPECTS. Therefore,
the constellation of poor collaterals and higher ASPECTS,
which occurred in nearly 20% of patients with poor collat-
erals in this cohort should be interpreted as a call of rapid
endovascular treatment, especially in patients within a
hyperacute time window, according to the results of this
study.”

To our knowledge, this is the first study that investigated
the impact of vessel recanalisation on lesion progression
and clinical outcome in patients with poor collaterals,
and how recanalisation may be of benefit in this patient
group. Second, we observed that recanalisation was not
only associated with reduced total lesion volume but also
reduced ischaemic lesion water uptake in FCT, which was
determined using a quantitative imaging biomarker. The
effect of revascularisation on oedema formation might
result in reduced occurrence of malignant infarctions,
which could be the link to improved outcome in this
patient group.

Collateral status remained to be significantly and
independently associated with clinical outcome and by
trend with oedema formation in multivariable analysis
(statistically significant in univariable analysis), despite
preselecting only patients with a lower CS of 0-2. This
may suggest significant differences within the lower CSs.
Regarding selection for treatment, patients with poor to
intermediate collaterals should not be generally excluded
from treatment, as mentioned above. Instead, a very poor
CS, previously described as ‘malignant’ could be used as
a more specific tool to exclude patients from treatment,
especially in a scenario of admission to a primary stroke
centre without an opportunity of rapid endovascular
treatment™ (see figure 2). Figure 2 exemplifies how vessel
recanalisation was significantly associated with improved
mRS score at 90 days in patients with CS 1 and 2, while CIs
overlapped in patients with CS 0.

Limitations of our studyinclude the retrospective nature
of this study and the relatively small number of patients,
mainly caused by strict inclusion criteria to obtain a homo-
geneous patient cohort. Fourteen patients did not receive
intravenous lysis or an endovascular procedure and were
assigned to the persistent vessel occlusion group. In this
group of patients, spontaneous recanalisation might have
occurred, and therefore wrongly assigned. However, the
rate of spontaneous recanalisation in large vessel occlu-
sion stroke is low and has been described as being around
4%-20%.*" ** Therefore, the number of patients incor-
rectly matched is considered to be very low in this patient
cohort. Finally, different classifications and techniques of
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scoring the status of intracranial collaterals could affect
comparability.

CONCLUSION

In patients with poor collaterals, endovascular recanalisa-
tion was associated with a significant oedema reduction
and improved clinical outcome. Therefore, this group of
patients should not generally be excluded from endovas-
cular treatment. Alternatively, a ‘malignant’ CS of 0 could
be used as selection criterion.
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