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Gerhard Schön,3 Jens Minnerup,4 Götz Thomalla,5 Jens Fiehler1 and Andre Kemmling1,6,7

The impact of endovascular vessel recanalization on patients with a low initial Alberta Stroke Program Early Computer

Tomography Score (ASPECTS) is still uncertain. We hypothesized that vessel recanalization leads to an improvement in mortality

and degree of disability by reducing brain oedema and malignant mass effect. In this multicentre observational study, patients with

acute ischaemic stroke due to large vessel occlusion in the anterior circulation and an ASPECTS of � 5 were analysed. Patients

were assembled into two groups: successful vessel recanalization (thrombolysis in cerebral infarctions, TICI scale 2b/3) or per-

sistent vessel occlusion (no endovascular procedure or TICI scale 0–2a). Observers were blinded to clinical data. Net water uptake

within brain infarct, a quantitative biomarker based on CT densitometry, was used to quantify oedema in admission and follow-up

CT and �-water uptake was calculated as difference between water uptake at both time points. Occurrence of malignant infarc-

tions and secondary parenchymal haemorrhage was documented. Furthermore, modified Rankin scale score at 90 days was used

for functional outcome. We included 117 patients admitted between March 2015 and August 2017 in three German stroke centres:

71 with persistent vessel occlusion and 46 with successful recanalization. The mean water uptake in the admission imaging was not

different between both groups: 10.0% (�4.8) in patients with persistent vessel occlusion and 9.0% (�4.8) in patients with vessel

recanalization (P = 0.4). After follow-up CT, the mean �-water uptake was 16.0% (�7.5) in patients with persistent vessel

occlusion and 8.0% (�5.7) in patients with vessel recanalization (P50.001). Successful reperfusion was independently associated

with a lowered �-water uptake of 8.0% (95% confidence interval, CI: �10.5 to �5.3%; P50.001) and lowered modifed Rankin

scale score after 90 days of 1.5 (95% CI: �2.2 to �0.8; P5 0.001). The prevalence of malignant infarctions was 44.3% in

patients with persistent vessel occlusion and 26.1% in patients with vessel recanalization. There was no significant difference for

secondary haemorrhage in both groups (P = 0.7). In conclusion, successful recanalization in patients with low initial ASPECTS

resulted in a significant reduction of oedema formation and was associated with a decreased prevalence of malignant infarctions

and an improvement of clinical outcome.
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Introduction
Endovascular thrombectomy is of benefit to patients with

acute ischaemic stroke caused by an occlusion of the prox-

imal anterior circulation (Goyal et al., 2016). However, this

benefit is based on common inclusion criteria of previous

trials that apply to patients with an Alberta Stroke

Program Early Computed Tomography Score (ASPECTS)

of 6 or more; hence, the American Heart Association

(AHA) recommends mechanical thrombectomy in acute

stroke patients with an ASPECTS of 45 (Gupta et al.,

2012). Yet, few actual data exist that indicate the effect of

vessel recanalization in patients with lower ASPECTS

(Gilgen et al., 2015; Goyal et al., 2016; Yoo et al., 2016;

Mourand et al., 2018; Roman et al., 2018). Potential clinical

benefit or harm of mechanical thrombectomy in patients

with low inital ASPECTS therefore remain a subject of cur-

rent debate (Goyal et al., 2016; von Kummer, 2016; Yoo

et al., 2016; Mourand et al., 2018; Roman et al., 2018).

There is an increasing trend to select patients with a low

ASPECTS for mechanical thrombectomy supported by the

recently published subanalysis of the HERMES meta-analysis

suggesting that patients with an ASPECTS of 3–5 may benefit

from mechanical thrombectomy (Goyal et al., 2018; Roman

et al., 2018). Although there are various individual reasons to

treat these patients, for instance younger patient age, short

time interval from symptom onset, or specific request by

familiy members, the decision for treatment still depends on

the interventional neuroradiologist on duty after weighing

patient individual factors and personal experiences.

The primary therapeutic target of mechanical thrombec-

tomy defined by the salvageable tissue at risk is minimized

in patients with low ASPECTS. In contrast, the risk of de-

veloping malignant infarctions is maximized in patients

with a large early ischaemic core, which can lead to

severe complications by progressive ischaemic oedema

within the first days after stroke onset with mortality up

to 80% (Hacke et al., 1996; Thomalla et al., 2003, 2010;

Hofmeijer et al., 2009; Minnerup et al., 2011; Neugebauer

and Juttler, 2014; Ong et al., 2017). The effect of endovas-

cular vessel recanalization on patients with a large ischae-

mic core is ambiguous with regard to developing

oedematous mass effects and the risk of malignant infarc-

tions and haemorrhage (Sporns et al., 2017; Broocks et al.,

2018c). Lately, the effect of revascularization in patients

with a diffusion weighted imaging (DWI) derived

ASPECTS of �5 was reported and an increased rate of

patients with a favourable clinical outcome compared to

patients without reperfusion was observed. Moreover, sur-

gical decompression was performed less frequently

(Mourand et al., 2018).

According to a recently introduced CT-based method, the

volume of net water uptake (NWU) in ischaemic tissue can

be directly quantified as a pathophysiological imaging bio-

marker of ischaemic oedema (Dzialowski et al., 2004;

Minnerup et al., 2016; Broocks et al., 2018b). Elevated

levels of early NWU in ischaemic core lesions assessed by

this quantitative biomarker were associated with the devel-

opment of malignant oedema (Broocks et al., 2018c).

Although there are prior ex vivo experimental studies dis-

cussing the relationship between vessel recanalization and

quantitative oedema formation in rat stroke models, the

effect of vessel recanalization on the progression of ischaemic

oedema by quantitative measurement of lesion water uptake

in patients with a large ischaemic core has not been investi-

gated so far (Dzialowski et al., 2004; Gerriets et al., 2004;

Broocks et al., 2018b). We hypothesized that successful reca-

nalization may improve mortality and degree of disability by

reducing oedema formation and malignant mass effect. Our

aim was therefore to investigate potential therapy effects of

vessel recanalization in patients with low ASPECTS by a

2-fold hypothesis-driven approach: (i) evaluate effects on

lesion pathophysiology by quantifying the progression of is-

chaemic oedema using NWU between admission and follow-

up CT; and (ii) evaluate effects on patient outcome and risk

of maligant infarction on clinical follow-up.

Materials and methods

Patient characteristics

In this study, anonymized registry data of three high-volume
German stroke centres were assessed retrospectively. The study
was conducted in accordance with the ethical guidelines of the
local ethics committee and in accordance with the Declaration
of Helsinki. The institutional review board waived informed
consent (WF-04/13; 04.07.2013). All ischaemic stroke patients
with an acute large vessel occlusion (LVO) in the anterior cir-
culation admitted between March 2015 and August 2017 were
screened based on the following a priori defined inclusion cri-
teria: (i) acute ischaemic stroke with occlusion of the M1 seg-
ment of the middle cerebral artery or distal occlusion of the
internal carotid artery; (ii) admission multimodal CT protocol
with non-enhanced CT (NECT), CT angiography and
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perfusion CT performed within 12 h from symptom onset;
(iii) an initial ASPECTS� 5 in admission CT; (iv) follow-up
CT after 24 h; (v) admission National Institutes of Health
Stroke Scale (NIHSS) score 43; and (vi) absence of intracra-
nial haemorrhage and pre-existing thromboembolic or haemo-
dynamic infarctions in admission NECT or pre-existing
significant carotid stenosis.

Baseline clinical characteristics and demographic information
were extracted from the medical records, including the mod-
ified Rankin Scale (mRS) after 90 days. Malignant middle cere-
bral artery infarctions were defined by imaging with clinical
assessment: infarct lesions with significant space-occupying
mass effect with 41/2 affected middle cerebral artery territory
(at follow-up CT imaging targeted 24–48 h after admission)
with imaging signs of herniation (significant midline shift)
and/or and clinical signs of herniation (worsening symptoms
with decline of consciousness and anisocoria) requiring decom-
pressive hemicraniectomy and/or leading to death due to direct
implications of stroke (Hacke et al., 1996; Thomalla et al.,
2010; Minnerup et al., 2011; Souza et al., 2012; Neugebauer
and Juttler, 2014). The follow-up CT was screened for second-
ary parenchymal haemorrhage according to Fiorelli et al.
(1999). Parenchymal haematoma type 1 was defined as homo-
genous hyperdensity occupying 530% of the infarct zone;
parenchymal haematoma type 2 was defined as homogenous
hyperdensity occupying 430% of the infarct zone with signifi-
cant mass effect (Fiorelli et al., 1999).

Patients were dichotomized by vessel status: (i) vessel reca-
nalization after mechanical thrombectomy [thrombolysis in
cerebral infarctions (TICI) 2b or 3]; (ii) persistent LVO in pa-
tients with failed recanalization after mechanical thrombec-
tomy (TICI 0–2a) or patients who did not receive treatment.
In patients who did not undergo an endovascular procedure,
the persistence of LVO was confirmed via dense artery sign in
follow-up CT and/or transcranial colour-coded duplex ultra-
sonography. There were several individual reasons for attempt-
ing endovascular thrombectomy in patients despite a low
initial ASPECT score. Due to former focusing on time
window guidelines, patients presenting early within a time-
frame up to 4.5 h or 6 h from symptom onset (Hacke et al.,
2008; Nogueira et al., 2018) were often treated although signs
of large ischaemia might have already been recognizable.
Further factors were perfusion mismatch despite large early
ischaemic core with tissue at risk in eloquent regions beyond
areas contributing to the low ASPECTS, younger patient age,
or specific request for therapy by family members.

Image acquisition

All patients received a comprehensive stroke imaging protocol
at admission with NECT, CT angiography, and dynamic time
resolved perfusion CT performed in equal order on 128 or 256
dual slice scanners (Philips iCT 256, Siemens Somatom
Definition Flash). NECT: 120 kV, 280–340 mA, 5.0 mm slice
reconstruction, 1 mm increment; CT angiography: 100–
120 kV, 260–300 mAs, 5.0-mm slice reconstruction, 1-mm in-
crement, 80 ml highly iodinated contrast medium and 50 ml
NaCl flush at 4 ml/s. Perfusion CT: 80 kV, 200–250 mA, 5-
mm slice reconstruction (max. 10 mm), slice sampling rate
1.50 s (min. 1.33 s), scan time 45 s (max 60 s), biphasic injec-
tion with 30 ml (max 40 ml) of highly iodinated contrast
medium with 350 mg iodine/ml (max 400 mg/ml) injected

with at least 4 ml/s (max 6 ml/s) followed by 30 ml NaCl
chaser bolus. All perfusion datasets were inspected for quality
and excluded in case of severe motion artefacts.

Revascularization protocol

Intravenous lysis was administered to patients within 4.5 h
after symptom onset. Laboratory and conventional clinical in-
clusion and exclusion criteria for intravenous thrombolysis
were applied. Mechanical thrombectomy was performed via
a femoral artery approach under general anaesthesia or con-
scious sedation. Mechanical thrombectomy procedures were
performed standardized in each centre using either clot re-
trieval or direct aspiration. The choice of thrombectomy
device was left to the operator.

Image analysis

The initial ASPECTS in admission CT was rated by two
experienced neuroradiologists separately with subsequent con-
sensus reading. The anonymized CT images were processed at
an external core lab and were segmented manually using com-
mercially available software (Analyze 11.0, Biomedical
Imaging Resource, Mayo Clinic, Rochester, MN).

To determine effects of vessel recanalization on the progres-
sion of brain oedema we used a recently described imaging
biomarker of ischaemic lesion water uptake, which is based
on CT densitometry as described elsewhere (Minnerup et al.,
2016; Broocks et al., 2018a, b) (Equation 1). Ischaemic water
uptake at the time of admission and follow-up imaging was
assessed in each patient. CT images were skull stripped and
realigned if necessary. A visually evident circumscribable
hypoattenuation was identified for quantifying water uptake
within early infarct. We used CT perfusion images to confirm
our judgement of NECT hypoattenuation when identifying oe-
dematous infarct lesions (Minnerup et al., 2016; Broocks et al.,
2018b). In brief, within the area of maximum ischaemic per-
fusion extent (mean transit time maps), we identified the cere-
bral blood volume core lesion as early infarct and used this
visual cue to further identify and specify the ischaemic lesion in
NECT for region of interest placement for density measure-
ments. Dischaemic was measured in a region of interest defining
the hypoattenuated ischaemic lesion in NECT. The corres-
ponding normal density (Dnormal) was determined in a region
of interest mirrored symmetrically to the normal non-ischaemic
hemisphere and adjusted anatomically to exclude sulci. The
region of interest histogram was sampled between 20 and 80
Hounsfield units (HU). Based on Dischaemic and Dnormal we
calculated NWU per volume of infarct (Minnerup et al.,
2016; Broocks et al., 2018b). In the follow-up CT, Dischaemic

was determined in a region of interest representing the demar-
cated hypoattenuated ischaemic lesion and was mirrored sym-
metrically to obtain Dnormal as described above.

Net water uptake ¼ 1�
Dischaemic

Dnormal

� �
� 100 ð1Þ

Subsequently, �NWU was calculated as difference of NWU
in follow-up CT and NWU in admission CT. Moreover, total
infarct volume was captured using manual segmentation of the
hypoattenuated infarct lesion in the follow-up CT. We further
measured midline shift in millimetres in admission CT and
follow-up CT at the level of the septum pellucidum.
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Statistical analysis

Continuous variables were presented as means, confidence

intervals (CI) of means, standard deviations (SD) or medians
and ranges. Kolmogorov-smirnov tests were used to determine

if the datasets were well modelled by a normal distribution. To

compare the groups (patients with vessel recanalization or per-

sistent vessel occlusion) Student t-tests (normal distribution)
with confidence intervals or standard deviation or Mann-

Whitney U-tests (non-normal distribution) with interquartile

range (IQR) were used to determine differences of acquired
parameters (Table 1). The impact of vessel recanalization on

the progression of ischaemic brain oedema (�NWU) and clin-

ical outcome assessed by mRS was examined using multivari-
ate lineare regression analysis. The dependent variable was

�NWU (Fig. 3), adjusted for ASPECTS, age, sex and

NIHSS. In Fig. 4, the dependent variable was mRS after 90

days, again adjusted for ASPECTS, �NWU, age, sex and
NIHSS. Functional outcome was displayed using bar plots

(Fig. 5). A statistcally significant difference was accepted at a

P-value of 50.05. Analyses were performed using MedCalc
(version 11.5.1.0; Mariakerke, Belgium) and R (R Core

Team. R: A Language and Environment for Statistical

Computing. R Foundation for Statistical Computing. Vienna,
Austria, 2017).

Data availability

The anonymized data that support the findings of this study
are available from the corresponding author upon reasonable

request.

Results
One hundred and seventeen patients fulfilled inclusion

criteria and were analysed. Patient characteristics are

listed in Table 1. In 46 patients, successful vessel recana-

lization was achieved (TICI score of 2b and 3). Seventy-

one patients suffered from persistent LVO. Of those, 20

patients received endovascular treatment with TICI

score of 0–2a. The remaining 51 patients did not receive

endovascular treatment and were only treated with intra-

venous lysis (24 patients) or did not receive thrombolytic

treatment (27 patients). In these patients, persistent LVO

was confirmed by persistent dense artery sign in follow-up

CT and/or transcranial colour-coded duplex ultrasonog-

raphy. Comparing both groups there were no significant

differences in time from symptom onset to admission

imaging or application of intravenous lysis. The median

initial ASPECTS in patients with persistent LVO was 4

(IQR: 3–5). In patients with successfull recanalization,

the median initial ASPECTS score was 5 (IQR: 4–5).

Figure 1 shows follow-up infarcts of exemplary pa-

tients (two with and two without vessel recanalization)

who were equally affected by early infarct with low

ASPECTS.

The mean (SD) NWU of early infarct in the admission

imaging was not different between both groups: 10.0%

(4.8) in patients with persistent LVO and 9.0% (4.8) in

patients with vessel recanalization (P = 0.4). In follow-up

CT, the mean (SD) �NWU was 16.0% (7.5) in patients

with persistent LVO and 8.0% (5.7) with vessel

Table 1 Patient characteristics

Baseline characteristics Vessel recanalization Persistent vessel occlusion Group comparison

P-value

Subjects, n (%) 46 (39.3) 71 (60.7)

Age in years, median (IQR) 71 (58.8–81.0) 74 (69.3–86.5) 0.10

Female sex, n (%) 19 (40.5) 35 (49.2) 0.27

Admission NIHSS, mean (SD) 17.5 (5.0) 17.9 (5.0) 0.74

ASPECTS, median (IQR) 5 (4–5) 4 (3–5) 50.01

Systolic blood pressure on admission, mmHG, mean (SD) 159.7 (27.3) 160.9 (24.4) 0.88

Blood glucose on admission, mg/dl, median (IQR) 133 (110–156) 128 (110–145) 0.45

Time from onset to imaging, h, median (IQR) 4 (3.0–4.8) 3.9 (2.5–4.8) 0.70

Administered intravenous lysis, n (%) 28 (60.9) 36 (50.1) 0.29

Mechanical thrombectomy, n (%) 46 (100) 20 (28) 50.01

Follow-up infarct volume, ml, median (IQR) 82.0 (37.9–129.1) 122.2 (56.0–200.6) 0.01

Midline shift at admission imaging, mm, mean (SD) 0.5 (1.1) 0.5 (1.7) 0.84

Midline shift at follow-up imaging, mm, mean (SD) 2.7 (3.1) 3.6 (4.7) 50.01

Mortality, % 17.4 33.8 0.05

Malignant infarctions, % 26.1 44.3 0.048

Secondary parenchymal haemorrhage, n (%) 6 (13) 5 (7) 0.74

mRS, median (IQR) 3.5 (2–5) 5 (4–6) 50.001

0–2, n (%) 20 (42.8) 1 (1.6) 50.001

3–4, n (%) 11 (23.8) 21 (30.5) 0.83

5–6, n (%) 15 (33.4) 49 (68.9) 50.001
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recanalization (P5 0.001) (Fig. 2). In multivariate regres-

sion analysis, vessel recanalization was associated with a

lowered �NWU of 8.0% (95% CI: �10.5 to �5.3%;

P50.001) adjusted for ASPECTS, sex, age and NIHSS

(Fig. 3 and Table 2).

The median mRS score was 5.0 (IQR 4–6) in patients

with persistent LVO and 3.5 (IQR 2–5) in patients with

vessel recanalization (P5 0.001) (Fig. 5). In multivariate

regression analysis, vessel recanalization was associated

with a lowered mRS score of 1.4 (95% CI: �2.0 to

Figure 1 Example of low ASPECTS patients with and without vessel recanalization. Illustration of four patients with large vessel

occlusion (LVO) and low ASPECTS. On the left, patients are displayed with admission CT and follow-up CT without vessel recanalization

compared to the patients after successful vessel recanalization (right). CBV = cerebral blood volume; CTP = perfusion CT; NE CT = non-

enhanced CT.

Figure 2 Measurements of NWU. NWU measured in the admission imaging (left) and difference of NWU in follow-up and admission

imaging (�NWU) (right) compared in patients after successful recanalization versus patients with persistent LVO. FCT = follow-up CT.
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�0.7; P5 0.001) adjusted for ASPECTS, �NWU, age, sex

and NIHSS (Table 2). An increase of one point in a pa-

tient’s NIHSS score was associated with an mRS increase of

0.09 (95%CI: 0.03–0.15; P5 0.01), adjusted for

ASPECTS, recanalization status, age, sex and �NWU.

The prevalance of very poor outcome (mRS 5/6) was

68.9% in patients with persistent LVO and 33.4% in pa-

tients who received vessel recanalization (P5 0.001).

Overall, functional independence (mRS 0–2) occurred

rarely among patients (19/117; 16.3%). In these patients,

the median infarct volume was comparably low: 66.8 ml

(median infarct volume of all patients: 120.6 ml). In pa-

tients with persistent LVO, only one patient obtained a

mRS score of 2 after 90 days. This patient had an

ASPECTS of 5 but a comparably low infarct volume of

55 ml. Comparing the relative occurrence of functional in-

dependence in both patient groups, 1.6% of patients with

persistent LVO and 42.8% of patients with vessel

recanalization achieved functional independence after 90

days (mRS 0–2; P50.001).

The mean (SD) midline shift measured in the follow-up

CT was 3.6 mm (4.7) in patients with persistent LVO

versus 2.7 mm (3.1) in the group with vessel recanalization

(P5 0.01). The prevalence of malignant infarctions was

44.3% in patients with persistent LVO and 26.1% in pa-

tients with vessel recanalization. In successfully recanalized

patients, six patients sustained parenchymal haematoma

(13%), two of them with parenchymal haematoma type 2

(4.3%), which was not statistically different from the fre-

quency of secondary parenchymal haematoma in patients

without revascularization [n = 5 (7%), four of those pa-

tients with parenchymal haematoma type 2 (5.6%);

P = 0.74].

In a subanalysis of patients with an ASPECTS of 4–5

only, vessel recanalization was independently associated

with lowered water uptake (�NWU) of 8.5% (95% CI:

5.7–11.3%; P5 0.001). Correspondingly, vessel recanaliza-

tion in these patients was associated with a lowered mRS

score of 1.6 (95% CI: 0.8–2.4; P5 0.001) (Supplementary

material).

Discussion
The aim of this study was to investigate the impact of

vessel recanalization on oedema formation and clinical out-

come in patients with ischaemic stroke who presented with

an initial ASPECTS of � 5 due to a large vessel occlusion in

the anterior circulation. The main finding of this study was

that measured ischaemic NWU on early follow-up was sig-

nificantly higher in patients with persistent LVO compared

to patients who received vessel recanalization, while at ad-

mission imaging, NWU was not different in both groups.

The effect of vessel recanalization on lesion pathophysi-

ology with lowered oedema progression was directly

related to the observed effect on clinical endpoints. Vessel

recanalization in patients with low initital ASPECTS lead to

clinical benefit with respect to the occurrence of malignant

infarctions and death. Moreover, vessel recanalization was

associated with improved functional outcome after 90 days.

Our results encourage further prospective studies for

endovascular treatment of low ASPECTS patients.

Post hoc analysis of recent large prospective stroke

trials recommended that patients with an ASPECTS5 6

should not be generally excluded from endovascular

treatment as there is no subtantially increased risk of

adverse events (Berkhemer et al., 2015; von

Kummer, 2016; Yoo et al., 2016). Specifically, a recent

subgroup analysis of the HERMES meta-analysis suggests

that patients with an ASPECTS of 3–5 may benefit from

mechanical thrombectomy (odds ratio 2.0; 95% CI: 1.16–

2.45) assessed by mRS shift at 90 days (Roman et al.,

2018).

In the present study, functional independence occurred

in 42.8% of patients with vessel recanalization and in

Figure 3 Multivariate regression analysis to display the

impact of recanalization on the formation of ischaemic

brain oedema. Effect plot for vessel recanalization on �NWU,

adjusted for ASPECTS, NIHSS, sex and age. Vessel recanalization

was associated with a lowered �NWU of 8.0% (95% CI: �10.5 to

�5.3).

Figure 4 Multivariate regression analysis to display the

impact of recanalization on functional outcome assessed by

modified Rankin scale after 90 days. Regression analysis dis-

plays the impact of recanalization on clinical outcome defined by

mRS after 90 days, adjusted for ASPECTS, NIHSS, sex and age.
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1.6% of patients with a persistent LVO. In the interven-

tion arm of the HERMES subanalysis, 23.3% of patients

with low ASPECTS were assessed with an mRS of 0–2

after 90 days versus 13.3% in the control group (Goyal

et al., 2016). The less pronounced differential effect on

clinical outcome between each treatment arm in the

HERMES analysis compared to our cohort may be attrib-

uted to the actual frequency of vessel recanalization. The

rate of recanalization (TICI 2b/3) in the MR CLEAN trial

in the intervention arm was only 58.7%, whereas intra-

venous thrombolysis also contributed to recanalization

within the control arm (up to 10% of all LVO are ex-

pected to recanalize with intravenous lysis) (Campbell

et al., 2018). In contrast, by study design we a priori

dichotomized all patients by definite recanalization status

(i.e. the rates of recanalization in each group were 100%

versus 0%).

With respect to imaging endpoints, it is known that

endovascular recanalization reduces final infarct volume,

but there are no studies describing the impact of recanali-

zation on the formation of ischaemic oedema in patients

with large early infarcts (Berkhemer et al., 2015; Yoo et al.,

2016; Coutinho et al., 2017; Broocks et al., 2018b). The

results of our study are in accordance with a recently pub-

lished study that investigated the effects of mechanical

thrombectomy on ischaemic brain oedema and observed

that succesful reperfusion reduced ischaemic oedema mea-

sured indirectly via midline shift (Kimberly et al., 2018). In

contrast to the referred study, we directly measured pro-

gression of brain oedema by a quantitative imaging bio-

marker of lesion water uptake that is based on CT

densitometry (Minnerup et al., 2016; Broocks et al.,

2018b).

Besides quantifying infarct by spatial extend (i.e. volume

or ASPECTS), the quantitative imaging biomarker of

oedema used in this study (i.e. NWU) introduces a

second imaging dimension of characterizing ischaemic

lesion pathophysiology. We investigated how vessel recana-

lization affects this second dimension, i.e. the progression

of oedema attributed to lesion water uptake. Our results

Figure 5 Modified Rankin scale scores at 90 days in the study cohort. Bar graph displays the distribution of mRS scores after 90 days in

patients with persistent vessel occlusion versus recanalization. Vessel recanalization was associated with improved clincial outcome with a mean

mRS decrease of 1.5 (95% CI: �2.2 to �0.8).

Table 2 Multivariate regression models

Coefficient 2.5% 97.5% P-value

Multivariate linear regression model with mRS as dependent

variable

ASPECTS �0.02 �0.7 0.26 0.87

Recanalization status �1.49 �2.16 �0.82 50.001

�NWU 0.90 �3.61 5.42 0.69

Age, per 10 years 0.17 �0.06 0.39 0.15

Sex, male �0.21 �0.78 0.36 0.47

NIHSS 0.89 0.03 0.15 0.003

Multivariate linear regression model with �NWU as

dependent variable

ASPECTS �0.006 �0.017 0.006 0.325

Recanalization status �0.079 �0.105 �0.053 50.001

NIHSS 0.000 �0.003 0.003 0.945

Age, per 10 years 0.001 �0.010 0.011 0.876

Sex, male 0.031 0.005 0.056 0.018
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suggest that vessel recanalization directly affects the oe-

dematous component of large early infarct lesions by redu-

cing the volume of NWU on follow-up. Averting malignant

mass effect may therefore represent the primary therapeutic

target of mechanical thrombectomy in patients with low

ASPECTS in contrast to volume of salvageable tissue at

risk, which is the primary therapeutic target in patients

with high ASPECTS. Future studies should investigate if

large early infarct volumes (e.g. low ASPECTS) but low

levels of NWU represent a favourable constellation to

select patients for endovascular treatment to reduce further

water uptake and prevent malignant oedema. Moreover, in

these patients, assessing NWU may open new opportunities

to specifically monitor therapeutic effects of potential

agents targeting the formation of ischaemic brain oedema

(Sheth et al., 2016a, b).

Secondary parenchymal haemorrhage occurred rarely and

only marginally more often in patients after endovasular

thrombectomy and these results are similar to the findings

of Mourand et al. (2018). The low number of patients

suffering from secondary parenchymal haemorrhage sug-

gests that benefit after treatment of patients with a large

early infarct likely outweighs the risks, especially by avoid-

ing the development of malignant infarctions with a very

poor outcome.

Limitations of our study include the relatively small

number of patients, due to strict inclusion and exclusion

criteria. Moreover, overall a limited number of screened

patients with a large early infarct received endovascular

treatment. The reasons to perform thrombectomy in this

patient cohort were heterogeneous and patient selection

for endovascular treatment was not randomized, which

might cause a potential selection bias. Because of focusing

on time window guidelines, patients presenting in a hyper-

acute timeframe were treated in several cases even with a

low initial ASPECTS. Other factors were for instance per-

fusion mismatch with tissue at risk in eloquent regions (e.g.

primary motor cortex) beyond regions contributing to the

low ASPECTS, younger patient age (in this study, recana-

lized patients were 3 years younger in median) or specific

request for maximum therapy by family members. Other

limitations may arise from secondary diseases with per-

turbed water homeostasis, such as nephrotic syndrome,

which may affect dynamics of infarct oedema progression.

A representative cohort of typical stroke patients with

large vessel occlusion was screened, primarily due to car-

diac or arterio-arterial thromboembolism. We pooled pa-

tients with permanent LVO without treatment with patients

who were treated by mechanical thrombectomy without

successful recanalization (TICI 0–2a). This particular

group of patients was too small for a specific analysis

and require further research. Another limitation of this

study is based on the different admission ASPECTS of

both groups. Patients with persistent LVO had a slightly

lower ASPECTS, which might have influenced the study

results even though statistical analyses adjusted for

ASPECTS. A subanalysis of patients with equal ASPECTS

distribution in both groups (ASPECTS 4 and 5 only) con-

firmed the effect of vessel recanalization on oedema pro-

gression and clinical outcome.

Conclusion
In stroke patients with LVO and low initial ASPECTS of

� 5, vessel recanalization was associated with substantially

reduced ischaemic brain water uptake on early follow-up.

The observed effect of vessel recanalization on oedema pro-

gression was directly related to favourable effects on clin-

ical endpoints with a decreased rate of malignant

infarctions and improved mRS. The results encourage pro-

spective studies to investigate robust potential benefits of

mechanical thrombectomy in patients with low ASPECTS.

Large early infarct volumes with low lesion NWU could

serve as CT imaging marker to select patients who benefit

from mechanical thrombectomy.
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