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Abstract
Computed tomography perfusion (CTP) is used as a tool to select ischemic stroke patients for endovascular treatment (EVT) 
and is currently investigated in the setting of extensive stroke with low Alberta Stroke Program Early CT scores (ASPECTS). 
The purpose of this study was to perform a comprehensive quantitative analysis of cerebral blood flow within the ischemic 
lesion compared to threshold-derived core lesion volumes. We hypothesized that the degree of cerebral blood volume (CBV) 
reduction within the ischemic lesion is predictive of irreversible tissue injury and functional outcome in patients with low 
ASPECTS. Ischemic stroke patients with an ASPECTS ≤ 5 who received multimodal CT on admission and underwent 
thrombectomy were analyzed. The ischemic lesion on CTP was identified, and CTP-derived parameters were measured as 
absolute means within the lesion and relative to the physiological perfusion measured in a contralateral region of interest. 
The degree of irreversible tissue injury was assessed using quantitative net water uptake (NWU). Functional endpoint was 
good outcome defined as modified Rankin Scale (mRS) scores 0–3 at day 90. One hundred eleven patients were included. 
The median core lesion volume was 71 ml (IQR: 25–107), and the median quantitative NWU was 9.5% (IQR: 6–13). Relative 
CBV (rCBV) reduction and ASPECTS at baseline were independently associated with NWU in multivariable linear regression 
analysis (ß: 12.4, 95%CI: 6.0–18.9, p < 0.0001) and (ß: − 0.78, 95% CI: − 1.53 to − 0.02; p = 0.045), respectively. Furthermore, 
rCBV was significantly associated with good outcome in patients with core volumes > 50 ml (OR: 0.16, 95% CI: 0.05–0.49, 
p = 0.001). Our study shows that rCBV reduction serves as an early surrogate for increase of NWU as a marker of irreversible 
tissue injury and lesion progression. Thus, the analysis of rCBV reduction within ischemic lesions may add another dimension 
to acute stroke triage in addition to core volumes or ASPECTS as indicators of the infarct extent and viability.
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Introduction

The benefit of endovascular treatment (EVT) for acute 
ischemic stroke with extensive signs of infarction (i.e., low 
ASPECTS) is yet uncertain and currently investigated in 
several randomized clinical trials [1]. Accordingly, patient 
selection and treatment decision-making is a matter of 
current debate, as there is still no reliable threshold of 
infarct extent to guide EVT based on ischemic core vol-
ume, ASPECTS, or other neuroimaging tools. In the ongo-
ing SELECT-2 trial (NCT03876457), CT perfusion (CTP) 
is utilized to guide EVT in patients with low ASPECTS 
(3–5), or high core volumes (≥ 50 ml). Even though CTP 
can quantify cerebral blood flow (CBF) and volume (CBV) 
within an area of hypoperfused brain tissue, in daily clinical 
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practice, it is mainly confined to estimate total volumes of 
irreversible tissue injury (i.e., ischemic core) in relation to 
the volume of metabolically viable brain tissue that may be 
salvageable with rapid CBF restoration (i.e., penumbral tis-
sue). This concept has been increasingly criticized for two 
reasons: (1) CTP-derived core lesion volumes may overes-
timate the true volume of irreversibly injured tissue (i.e., 
ghost core) and consequently lead to an exclusion of endo-
vascular treatment in patients potentially benefitting from 
acute reperfusion therapy-options; and (2) the utilization of 
binary thresholds to assess viability of tissue on CTP (i.e., 
voxel infarcted yes/no) represents an oversimplified concept 
that does not encompass the complexity of pathophysiologi-
cal processes, especially in transition zones of infarcted to 
normal tissue [2, 3].

Quantitative lesion net water uptake (NWU) is a CT imag-
ing tool that quantifies the degree of edematous water uptake, 
which is the hallmark of ischemic brain undergoing infarction 
[4]. Recently, it has been observed that NWU is highly spe-
cific to capture irreversible tissue injury in anterior circula-
tion large vessel occlusion (LVO) stroke [5]. Notwithstanding 
the latter, the quantification of NWU still requires manual 
post-processing and is therefore not yet available as an ad hoc 
imaging biomarker in acute stroke triage. In contrast, CTP is 
widely used in the assessment of stroke patients, and the rela-
tionship of quantitative brain perfusion and NWU could help 
to understand the early dynamics of ischemic hypoperfusion, 
reduction of CBF and CBV, and the formation of vasogenic 
edema as indicator of irreversible infarction.

The purpose of this study was to perform a comprehensive 
analysis of the relationship of CBV and CBF within the 
ischemic lesion and quantitative NWU as indicator of 
irreversible tissue injury in extensive baseline stroke. We 
hypothesized that quantitative CBV and CBF analysis 
within the ischemic lesion in low ASPECTS stroke is (1) 
directly associated with the degree of NWU and (2) predicts 
functional outcome more accurately compared to CTP-
derived ischemic core volumes.

Methods

Patients

For this study, we retrospectively analyzed all consecutively 
treated patients with an acute ischemic stroke patients due to 
a LVO between June 2015 and May 2020 at a high-volume 
stroke center. Retrospective and fully anonymized data were 
analyzed after ethical review board approval, and the local 
ethics committee waived informed consent after review (WF 
04/13). The data that support the findings of this study are 
available from the corresponding author upon reasonable 
request. The study was conducted in accordance with the 

ethical guidelines of the local ethics committee and in 
accordance with the Declaration of Helsinki.

All patients were retrospectively screened based on 
the following a priori–defined inclusion criteria: (1) acute 
anterior circulation stroke (2) due to a LVO of the MCA 
(3) with an ASPECTS of 0–5; (4) multimodal CT imaging 
protocol at admission including CT angiography (CTA) 
and CT perfusion (CTP); (5) known time window from 
symptom onset to admission imaging; (6) EVT procedure 
performed; and (7) absence of intracranial hemorrhage 
with significant mass effect (parenchymal hemorrhage 
(PH) type 2) according to Fiorelli et al. [6] and preexisting 
thromboembolic or hemodynamic infarctions in admission 
non-enhanced CT (NECT) or preexisting significant carotid 
stenosis. There were individual reasons for attempting MT 
in case of low ASPECTS: early presentation after symptom 
onset, significant perfusion mismatch despite large early 
ischemic 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. 
All treatment decisions were made by a board-certified 
neurointerventionalist in consensus with a board-certified 
attending stroke neurologist.

ASPECTS was rated on admission-NECT by a board-
certified neuroradiologist and verified by an attending 
neuroradiologist. Discrepancies were settled in a joint 
discussion. A binary clinical good outcome was defined 
based on modified Rankin Scale (mRS) after 90 days with 
a score of 0 to 3 as previously reported in low ASPECTS 
patients [7]. The modified Thrombolysis in Cerebral 
Infarction (mTICI) scale was used to assess the degree of 
recanalization defining a result of mTICI 2b-3 as successful.

Image Acquisitions

All patients received multimodal stroke imaging at 
admission 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/s; and 
CTP, 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 injection with 30 ml (max. 40 ml) 
of highly iodinated contrast medium with 350 mg iodine/ml 
(max. 400 mg/ml) injected with 6 ml/s, followed by a 30-ml 
sodium chloride chaser bolus.

Image Analysis

Anonymized data was processed at an imaging core 
lab. All analyses were conducted by an experienced 
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neuroradiologist (> 10 years of experience). Subsequently, 
all cases were screened in a consensus reading with a sec-
ond experienced neuroradiologist. Infarct core and penum-
bra have been assessed using CT perfusion (CTP) with 
whole brain coverage. The hypoperfusion volume has been 
defined as the volume of tissue with a prolonged Tmax of 
at least 6 s (Tmax > 6 s), and infarct core has been defined 
by the volume of tissue with a relative cerebral blood flow 
(rCBF) of 30% or less of the maximum (rCBF ≤ 30%) as 
established gold standard [8, 9]. For quantitative analy-
sis of the perfusion parameters, the total ischemic area 
was first visually identified using MTT maps. Within this 
ischemic area of bolus delay, the core lesion for quantita-
tive analysis has been defined as lesion of high infarct 
probability by CBV parameter maps, and a region of inter-
est (ROI) was placed within the CBV lesion using Intel-
liSpace Portal analysis software (Philips Healthcare, Best, 
Netherlands). The mean CBV in ml × 100  g−1 of the lesion 
was quantified. The corresponding CBV-ROI was then 
placed automatically in the CBF/MTT and TTP param-
eter maps and used to measure CBF in in ml × 100  g−1/ 
min, MTT in s, and TTP in s, respectively. Simultaneously, 
every ROI was automatically mirrored to the contralateral 
hemisphere to measure the physiological cerebral perfu-
sion of every parameter in a corresponding ROI. Rela-
tive differences were calculated. In cases without certain 
CBV lesion, a CBF lesion was used to define the ROI for 
quantitative measurement of the perfusion parameters. 
This ROI was then placed equally on all parameter maps. 
Subsequently, NWU was quantified as described elsewhere 
[10, 11]. As previously reported by Minnerup et al., the 
ROI representing the core lesion was interpolated in the 
NECT map within the early hypoattenuated lesion, and 
densitometric measurements were performed (Dischemic) 
[10]. A mirrored ROI was placed within normal tissue of 
the contralateral hemisphere (Dnormal). ROIs in NECT were 
segmented with semiautomatic edge detection and sam-
pled between 20 and 80 HU using commercially available 
software (Analyze 11.0, Biomedical Imaging Resource, 
Mayo Clinic, Rochester, MN) [4].

Collateral status was assessed using an established 5-point 
scoring system [12]. Intracranial CTA maximum intensity 
projections (MIPs) were used for grading: 0 = absent 
collaterals in > 50% of an MCA-M2 branch (superior or 
inferior division) territory; 1 = diminished collaterals 
in > 50% of an MCA-M2 branch territory; 3 = collaterals 
equal to the contralateral hemisphere; and 4 = increased 
collaterals [12]. Good collaterals were defined as CS 2–4 
and poor collaterals as CS 0–1 according to Kim et al. and 
modified by Broocks et al. [13, 14].

(1)%NWU =

(

1 −
Dischemic

Dnormal

)

× 100

Statistical Analysis

Variable distribution was described by medians and inter-
quartile ranges (IQRs). Absolute and relative frequen-
cies are given for categorical data. In order to compare 
independent samples of metric or categorical outcome, 
Mann–Whitney U test or χ2 test was used, respectively 
(Table 1). Primary outcome was quantitative NWU and 
dichotomized NWU (malignant versus non-malignant 
NWU). Malignant NWU was defined as baseline quantita-
tive NWU > 12.7%, which has previously been described 
as accurate predictor of malignant infarction [11]. Sec-
ondary endpoint was favorable functional outcome 
defined as mRS 0–3 at day 90. We tested the correlation 
of absolute and relative cerebral perfusion parameters 
as well as the correlation of the covariables (ASPECTS, 
hypoperfusion volume, ischemic core volume, time from 
onset to imaging, and NIHSS) with NWU. Subsequently, 
the medians of the aforementioned independent variables 
were tested separately for patients with malignant NWU 
versus non-malignant NWU using Mann–Whitney U tests. 
Multivariable linear regression was performed with NWU 
as dependent parameter and relative CBV reduction, 
ASPECTS, age, sex, hypoperfusion, and core volume as 
independent parameters. Moreover, receiver-operating 
characteristic (ROC) curve analyses were performed to 
assess the diagnostic accuracy of the independent vari-
ables with malignant NWU as binary outcome. Multivari-
able logistic regression analysis was used to assess the 
independent association of the baseline variables with 
malignant NWU. Regarding functional outcome, logistic 
regression analyses were performed to assess the associa-
tion of the independent variables with favorable outcome. 
To compare the diagnostic accuracy to classify outcome 
of NWU and rCBV reduction versus core and penumbra 
volume, the AUC of two models were compared (model 
1, NWU + rCBV; model 2 = core volume and hypoperfu-
sion volume). Additionally, the association of the base-
line variables and outcome were analyzed only including 
patients with an rCBF-derived core volume of > 50 ml (as 
defined in SELECT-2 [15]). Finally, a sub-analysis was 
performed to assess the impact of the collateral status.

A statistically significant difference was accepted at a 
p value of less than 0.05. Analyses were performed using 
Stata 17.0 (StataMP, StataCorp, TX, USA).

Data Availability Statement

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

Patients

A total of 111 patients were analyzed. The median age was 
77 years (IQR: 66–84) and 53 (48%) patients were female. The 
median NIHSS of this low ASPECTS cohort was 17 (IQR: 
14–20). The median time from symptom onset to imaging was 
3.5 h (IQR: 2.3–5.5). 14 patients (13%) had an ASPECTS of 
0–2 (ASPECTS 0: 2, ASPECTS 1: 7, ASPECTS 2: 5), while 
13 patients (12%) had an ASPECTS of 3, 27 (24%) patients an 
ASPECTS of 4, and 57 (51%) an ASPECTS of 5. The median 
core volume based on rCBF ≤ 30% was 71 ml (IQR: 25–107) 
and the hypoperfusion volume based on Tmax > 6 s was 91 ml 

(IQR: 50–145). Sixty-three patients (57%) had a core volume 
of ≥ 50 mL. The mean CBV of the ischemic lesion was 1.08 
(SD ± 0.64; range, 0.013–3.51) ml × 100  g−1 and the mean 
relative CBV (rCBV) reduction was 0.70 (SD ± 0.18; range, 
0.04–0.99). The median NWU was 9.5% (IQR: 5.9–13). 
Sixty-eight patients (61%) underwent successful EVT (mTICI 
2b-3). Out of 111 patients, pre-stroke mRS was known in 37 
cases. The pre-stroke mRS was known and documented in 37 
cases (33.3%). Eight patients showed a pre-stroke dependency 
with an mRS of 3. Nineteen patients had a known pre-stroke 
mRS of 0, 8 patients with mRS 1, and 2 patients with mRS 
2, respectively. Favorable outcome at day 90 (mRS 0–3) was 
observed in 20 patients (18%); 37 patients (33%) died. The 
rate of patients with functional independence defined as mRS 

Table 1  Patient characteristics

NIHSS National Institute of Health Stroke Scale; mTICI modified Thrombolysis In Cerebral Infarction Scale; ASPECTS Alberta Stroke 
Programme Early CT Score; NWU net water uptake; CBV cerebral blood volume in ml × 100  g−1; CBF cerebral blood flow in ml × 100 g.−1/min; 
MTT mean transit time in seconds; TTP time-to-peak in seconds; Tmax time-to-maximum

Patient population All patients
(n = 27)

Good outcome 
mRS 0–3
(n = 27)

Poor outcome 
mRS 4–6
(n = 79)

P value

Baseline characteristics
  Age (years), median (IQR) 77 (66–84) 65 (57–80) 78 (69–84) 0.007*   
  Female sex, n (%) 47.7 (53) 44.4 (12) 46.8 (37) 0.830
  Admission NIHSS, median (IQR) 17 (14–20) 14 (10–17) 19 (17–21)  < 0.001*
  ASPECTS, median (IQR) 5 (4–5) 5 (5–5) 4 (3–5)  < 0.001*
  Time onset-imaging, median (IQR) 3.0 (1.9–4.0) 3.5 (1.9–4.3) 3.0 (1.9–3.9) 0.16
  Collateral score, median (IQR) 1 (0–2) 1 (1–2) 1 (0–1) 0.005*

Imaging lesion volumes, *(mL), median (IQR)
  Relative CBV 0.74 (0.62–0.83) 0.65 (0.58–0.76) 0.77 (0.68–0.87)  < 0.001*
  Ischemic CBV 0.97 (0.65–1.36) 1.14 (0.85–1.39) 0.89 (0.57–1.35) 0.092
  Normal CBV 3.66 (2.83–4.52) 3.99 (2.74–5.67) 3.6 (2.84–4.45) 0.337
  Relative CBF 0.84 (0.79–0.90) 0.84 (0.79–0.90) 0.86 (0.79–0.9) 0.661
  Ischemic CBF 5.9 (4.08–8.48) 6.5 (4.23–8.91) 5.68 (3.82–8.22) 0.462
  Normal CBF 42.36 (30.41–57.06) 46.5 (28.61–61.44) 37.14 (29.03–53.5) 0.337
  Relative MTT 0.61 (0.50–70) 0.57 (0.45–0.68) 0.61 (0.51–0.7) 0.206
  Ischemic MTT 20.40 (18.72–21.69) 20.55 (20.16–21.88) 20.07 (18.27–21.64) 0.197
  Normal MTT 7.94 (5.91–9.94) 8.84 (6.12–10.92) 7.94 (5.87–9.88) 0.253
  Relative TTP 0.01 (-0.35–0.12) 0.03 (− 0.31 to 0.17) 0.01(− 0.38 to 0.1) 0.348
  Ischemic TTP 23.02 (17.32–30.0) 21.98 (17.18–30.66) 23.02 (17.32–29.45) 0.980
  Normal TTP 25.25 (21.64–29.24) 24.99 (20.27–27.58) 25.33 (21.72–30.41) 0.162
  Ischemic core volume * 71 (15–106.74) 35.38 (16.97–97.11) 72.04 (26.75–122.76) 0.041*
  Total ischemic volume* 172 (125.73–213.05) 174.63 (96.89–209.5) 132.18 (175.45–214.98) 0.556
  NWU, % 9.5 (5.9–13) 5.93 (4.01–9.1) 10.9 (6.7–14)  < 0.001*

Procedural & clinical outcomes
  Intravenous alteplase, n (%) 56.8 (63) 51.9 (14) 58.2 (46) 0.564
  Complete recanalization (TICI ≥ 2c), n (%) 61.3 (68) 74.1 (20) 58.2 (46) 0.143
  Modified Rankin Scale, median (IQR) 5 (3–6) 2 (1–3) 5 (5–6)  < 0.001*
  Parenchymal hemorrhage type 2, n (%) 9 (10) 7.4 (2) 10.1 (8) 0.060
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0–2 was 12 (11%). PH type 2 was observed in 10 patients 
(9.0%). Patient characteristics are displayed in Table 1. An 
example is illustrated in Fig. 1.

Comparing patients with favorable outcome at day 90 (mRS 
0–3) to patients with an mRS 4–6, we observed that patients with 
favorable outcomes were younger (65 versus 78 years, p = 0.007), 
showed a lower median NIHSS on admission (14 versus 19, 
p < 0.001), had a higher ASPECTS (5 versus 4, p < 0.001), and 
evidenced better intracranial collaterals (Table 1). The median 
NWU was lower in patients with favorable outcome (5.9% versus 
10.9%, p < 0.001). Regarding the CTP-derived parameters, rCBV 
reduction (0.65 versus 0.77, p < 0.001) and ischemic core lesion 
volume (rCBF < 30%; 35 ml versus 72 ml, p = 0.04) were differ-
ent when comparing both patient groups.

Quantitative NWU as Indicator of Irreversible Tissue 
Injury

Based on pairwise correlation analysis of the perfu-
sion derived parameters, hypoperfusion volume (− 0.24, 
p = 0.01), core volume (0.23, p = 0.02), CBV of the ischemic 
lesion (− 0.24, p = 0.01), and relative CBV reduction (0.45, 
p < 0.001) correlated significantly with quantitative NWU. 
Absolute CBF, TTP, MTT, and relative CBF, MTT, or TTP 
changes did not correlate with NWU. Among further base-
line parameters, ASPECTS correlated with NWU (− 0.28, 
p = 0.003). Subsequently, multivariable linear regression was 
performed with NWU as dependent parameter and relative 

CBV reduction, ASPECTS, age, sex, hypoperfusion, and 
core volume as independent parameters. Absolute CBV 
was excluded due to collinearity. The independent predic-
tors of NWU were relative CBV reduction (ß = 12.4, 95% 
CI: 6.0–18.9, p < 0.0001) and ASPECTS (ß =  − 0.78, 95% 
CI: − 1.53 to − 0.02, p = 0.045) (Fig. 2, Table 2).

Association with Early “Malignant NWU”

Twenty-nine patients (26%) showed “malignant NWU” at 
baseline (defined as NWU > 12.7% [11]). Relative CBV 
reduction was significantly higher in patients with malignant 
NWU (0.83 versus 0.71, p < 0.01). Further baseline parameters 
showed no statistical difference when comparing patients 
with malignant NWU versus non-malignant NWU. Using 
the median rCBV reduction (0.74) to distinguish two groups 
(high versus low rCBV reduction), the proportion of patients 
with malignant NWU was 72% for patients with high rCBV 
reduction compared to 42% for patients with low rCBV 
reduction (p < 0.01).

In univariable ROC curve analysis, rCBV (AUC: 0.70, 
95% CI: 0.6–0.78, p < 0.01) showed the highest values 
for discriminating between malignant and non-malignant 
NWU, with > 0.78 as optimal cut-off yielding a sensi-
tivity of 69% and specificity of 76%. Further baseline 
parameters showed an AUC between 0.51 and 0.63 (Sup-
plemental Table I).

Fig. 1  Image example. Example of a patient with large core (75 ml) and high rCBV reduction with the ischemic core (0.85)
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Prediction of Favorable Outcome

Comparing patients with favorable and poor outcome, the 
median rCBV reduction was significantly higher in patients 
with poor outcome (0.77 versus 0.65, p < 0.01). After dichoto-
mization, the proportion of patients with favorable outcome 
was 30% for patients with high rCBV reduction compared 
to 55% in patients with low rCBV reduction. Only 4% of the 
patients with high rCBV reduction achieved functional inde-
pendence at day 90, compared to 18% in patients with low 
rCBV reduction (p = 0.01). In univariable logistic regression 
analysis with favorable outcome as dependent parameter, 
rCBV reduction (OR per 10% rCBV reduction: 0.77, 95% 
CI: 0.60–0.99, p = 0.047) and ASPECTS (OR: 2.37, 95% CI: 
1.12–4.99, p = 0.02) were significant predictors. Ischemic core 
volume was by trend associated with outcome (OR: 0.99, 95% 
CI: 0.98–1.00, p = 0.06). The association of rCBV reduction 
and functional outcome was significantly modified by baseline 
core volumes (Fig. 3). In patients with core volumes of > 50 ml, 

a rCBV reduction of 10% was associated with an OR of 0.16 
(95% CI: 0.05–0.49, p = 0.001), while there was no significant 
association between rCBV reduction and functional outcome 
in patients with a core volume < 50 ml (OR: 7.48, p = 0.34). 
The interaction term of rCBV reduction and core was signifi-
cant (p = 0.007) (Fig. 4). To compare the diagnostic accuracy 
to classify outcome of NWU and rCBV reduction versus core 
and penumbra volume, the AUC of two models were compared 
(model 1, NWU + rCBV; model 2 = core volume and hypoper-
fusion volume). The dependent variable was favorable outcome 
at day 90 defined as described using mRS scores 0–3. The AUC 
of the rCBV/NWU model was 0.83, and the AUC for the mis-
match model was 0.68.

Sub‑analysis Impact of Intracranial Collaterals

Thirty patients (27%) had intermediate-good collaterals, 
and 81 patients (73%) had poor collaterals. The median 
rCBV reduction was 65% (IQR: 47–76) if better collaterals 

Fig. 2  Relationship of rCBV 
reduction and quantitative 
NWU at baseline. Relationship 
of rCBV reduction (x axis) and 
quantitative NWU (y axis)

Table 2  Multivariable linear 
regression analysis to predict 
quantitative NWU

***  p < .01, ** p < .05, * p < .1

NWU Coef St.Err t-value p-value [95% Conf Interval] Sig

rCBV reduction 12.45 3.24 3.84 0 6.03 18.89 ***
ASPECTS  − .78 .38  − 2.03 .045  − 1.53  − .02 **
Tmax volume  − .02 .01  − 1.96 .05  − .03 0 *
Core volume  − .001 .01  − 0.11 .92  − .02 .02
Age .07 .04 1.93 .06  − .002 .15 *
Sex 1.25 .96 1.31 .19 -.64 3.15
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were present, which was significantly lower than the rCBV 
reduction in patients with poor collaterals (77%, IQR: 
68–85, p < 0.001). A better collateral score was inversely 
associated with a lower rCBV reduction (8%, 95% CI: 
5–12, p < 0.0001, for every 1-point increase) and lower 
baseline NWU (− 1.6%, 95% CI: − 2.8 to − 0.4, p = 0.01, 
for every 1-point increase).

Discussion

Our study assessing the relationship of quantitative NWU as 
marker of irreversible tissue injury and cerebral perfusion param-
eters in extensive baseline stroke revealed several findings: (1) 
rCBV reduction was the only CTP-derived parameter that was 
significantly associated with quantitative NWU together with 
ASPECTS; (2) rCBV reduction showed the highest diagnos-
tic accuracy as a classifier to discriminate between malignant 

Fig. 3  rCBV reduction accord-
ing to functional outcome 
in patients with a large core. 
Boxplots to illustrate rCBV 
reduction in patients with a core 
volume > 50 ml separately for 
mRS 0–3 versus 4–6

Fig. 4  Prediction of functional 
outcome by rCBV reduction and 
core volume. Impact of rCBV 
reduction (x axis) on the prob-
ability for favorable outcome at 
day 90 separately for patients 
with core volume < 50 ml 
and > 50 ml. There was no 
significant association between 
rCBV reduction and outcome 
in patients with a smaller core 
volume (blue graph)
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and non-malignant NWU as indicator of aggravated ischemic 
lesion progression; (3) rCBV reduction was significantly associ-
ated with favorable outcome at day 90 in patients with a large 
ischemic core, while core volume itself was no significant predic-
tor of outcome, emphasizing the value of rCBV reduction as a 
marker of “ischemia depth” in large cores; (4) better collaterals 
(occurring in 27% of this low ASPECTS cohort) were associ-
ated with significantly lower rCBV reduction highlighting the 
association of favorable collateral profiles and comparably lower 
ischemic edema development (i.e., NWU).

Currently, several ongoing trials evaluate the effect of 
thrombectomy in patients with low ASPECTS [1]. Yet, it 
remains uncertain how to select these patients for treatment, 
which is reflected by the different study protocols of the pre-
sent trials. In daily clinical practice, CTP is mainly used to 
estimate ischemic core volume (i.e., volume that is thought to 
represent irreversible tissue injury), compared to the total vol-
ume of hypoperfused brain tissue [16–18]. Accordingly, the 
presence of ischemic penumbra (metabolically viable brain 
tissue that may be salvageable with rapid CBF restoration) is 
the fundamental rationale for acute reperfusion therapy [19]. 
Still, the dynamics of early lesion progression and particularly 
the assessment of irreversible tissue injury remains ambigu-
ous also considering different inter-individual progression rates 
(i.e., slow versus fast progressors) [20]. Previously, thresholds 
of the perfusion derived parameters were determined that 
optimally estimate the aforementioned volumes, for instance, 
a relative MTT of 145% to define the penumbra or absolute 
cerebral blood volume below 2 ml × 100  g−1 as ischemic core 
[21], while currently, rCBF < 30% and Tmax > 6 s are used as 
gold standard, respectively. In SELECT-2, CTP is utilized to 
guide EVT in patients with low ASPECTS (3–5), or high core 
volume (rCBF/apparent diffusion coefficient ≥ 50 ml). A thresh-
old for voxel classification into “core” and “penumbra” may 
seem pathophysiologically appealing suggesting a switch-like 
cut-off that indicates whether the affected brain tissue evolves 
into infarction [2]. While some studies implied that these CTP 
thresholds may predict final infarct volume, others suggest that 
threshold-derived maps substantially overestimate ischemic 
changes, which may lead to an exclusion of patients for EVT, 
despite a potential clinical benefit [3, 22, 23]. If, and to what 
extent, CTP leads to an overestimation of the true volume of 
irreversible tissue injury in clinical routine is yet not well under-
stood. Accordingly, a previous analysis of the HERMES group 
showed that despite its prognostic value, core volumes were not 
helpful in the prediction of a treatment benefit of EVT [19].

In contrast, the data of the present study supports a more 
granular delineation of early lesion progression dynamics 
suggesting a multi-stage chronological approach [24]. After 
onset of an arterial occlusion, the affected brain tissue under-
goes oxygen deprivation, which leads to a compensatory CBF 
increase. After failure of these compensatory mechanisms and 
CBF decline, the metabolically viable tissue (i.e., penumbra) 

shows transformation to an irreversible stage over time. Sub-
sequently, water homeostasis disrupts even before breakdown 
of the blood–brain barrier resulting in net uptake of water 
and cations into the ischemic tissue. Hence, the assessment 
of quantitative CTP could help to reflect lesion progression 
particularly in patients with large lesion extent. These lesion 
characteristics within a defined ischemic core may show sig-
nificant variation which might be a hint of its viability. Con-
cretely, two patients with a similar ischemic lesion size but 
differences in rCBV reduction may have a different level of 
NWU and, therefore, irreversible tissue injuries. This patho-
physiological evolution of a multi-stage, chronological pro-
cess from hypoperfusion to unviable tissue, was supported by 
the results of our study showing that the rCBV reduction in 
patients with low ASPECTS and core volume > 50 ml ranged 
from 42 to 99% (median 79%, IQR: 71–88%) and were sig-
nificantly associated with quantitative NWU, as indicator of 
irreversible tissue injury, and functional outcome. This find-
ing is in-line with the results of previous studies observing 
an association of rCBV reduction and diffusion restriction, 
which is often considered as gold standard for defining early 
ischemic core volumes, in stroke patients within 9 h of onset 
[25]. In contrast, CBF, MTT, or TTP changes did not correlate 
with NWU, which emphasizes that these parameters are less 
suitable to define true irreversible tissue injury.

Illustrated by the results of this study, further specifica-
tion of lesion properties could have high clinical relevance in 
extensive baseline stroke, particularly regarding the discrimi-
nation of reversible versus irreversible tissue injury, treatment 
decision-making, and long-term outcome. Moreover, early 
prediction of malignant infarction characterized by aggravated 
edema formation might be of high clinical interest. Recently, 
it has been observed that the overestimation of CTP-derived 
core volumes was significantly associated with quantitative 
NWU, particularly in patients with large core volumes [24]. 
However, the assessment of quantitative NWU still requires 
post-processing and is therefore not available as imaging tool 
in acute stroke triage. Therefore, the significant interrelation of 
rCBV with quantitative NWU might help to estimate the degree 
of irreversible tissue injury. In 34 patients of this cohort (30%), 
rCBV reduction was > 80%, which showed a specificity of 83% 
to classify early malignant edema in ROC curve analysis. Cor-
respondingly, the mean quantitative NWU of these patients was 
13.6% (compared to 9.8% of the total cohort). This is higher 
than the reported thresholds that predict malignant infarction 
(i.e., 12.7% [11]), or futile recanalization (i.e., 10% [26]). The 
comparably low sensitivity (69% when using the optimal cut-
off to classify early malignant edema) may be caused by par-
tially increased CBV as a result of autoregulation processes 
following arterial vessel occlusion, which results in a drop 
of the cerebral perfusion pressure. Subsequently, intracranial 
resistance vessels dilate to maintain blood flow, which results 
in a CBV increase. Therefore, severe ischemia may temporarily 
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be associated with normal to elevated CBV values which is 
often visually evident in an absence of a lesion in the CBV 
parameter map. Nonetheless, patients with low ASPECTS are 
characterized per definition by significant hypoattenuation in 
the brain tissue, which directly reflects edematous water uptake 
and is therefore most likely accompanied by significant CBV 
reduction. Still, the existence of good intracranial collaterals in 
low ASPECTS stroke should be considered (which might be 
linked to higher CBV values). Previously, it was reported that 
up to 1/3 of low ASPECTS stroke patients might show good 
collaterals, which has recently been linked to lower edematous 
water uptake and better functional outcome [27, 28]. In this 
study, 27% of the patients evidenced intermediate-good collat-
erals, which is similar to previous reports analyzing the impact 
of collaterals in patients with low ASPECTS [14, 27], and these 
patients showed a significantly lower rCBV reduction (65% ver-
sus 77%) and lower quantitative NWU (6% versus 11%).

The current patient cohort represents patients with a time 
window of < 6 h (median 3.5 h). Recently, Almallouhi et al. 
investigated the effect of recanalization in patients with 
extended time and lesion window and observed a poten-
tial treatment benefit with regard to 90-day outcomes [29]. 
Still, no randomized data exists whether thrombectomy 
may be beneficial in patients with extended time and lesion 
window. Several randomized trials are currently running to 
investigate the effect of thrombectomy in this patient group 
applying different inclusion criteria including patients up to 
24 h after onset and with different lower ASPECTS thresh-
olds. The reduction of rCBV might be an interesting tool 
for this patient subgroup as it may further classify lesion 
progression.

This study has all limitations that come along with a ret-
rospective study design including a relatively small num-
ber of patients, partially due to rigorous inclusion criteria. 
The monocentric analysis may contain selection bias and 
needs to be validated externally. The intention was to obtain 
a homogenous patient cohort (i.e., only including patients 
with CT-based ASPECTS 0–5). Further studies are needed 
to translate our findings in the clinical context including a 
more granular approach in functional endpoints, for instance, 
by using the NIHSS at day 90 and respective of the defini-
tive demarcation in follow-up imaging. Although quantita-
tive NWU is thought to reflect irreversible tissue injury, rare 
cases of edema reversibility have recently been discussed 
[30]. This phenomenon was associated with higher degree 
of reperfusion and faster times from imaging to reperfusion; 
however, its occurrence in patients with extensive infarc-
tion is unknown and requires further investigation. Patients 
with parenchymal hemorrhage type 2 were excluded and 
therefore not analyzed. The reduction of rCBV could also 
be used to predict secondary hemorrhage which constitutes 
the second major injury volume following stroke besides 
edema [31]. The present study may directly serve future 

efforts to implement quantifiable image parameters to be 
used for automated algorithms in acute stroke triage or clini-
cal studies [32].

Conclusion

In this study focusing on low ASPECTS patients, the reduction of 
rCBV was an indicator of quantitative NWU and, thus, irrevers-
ible tissue injury and lesion progression. The additional analysis 
of rCBV reduction as marker of the ischemia depth could be 
used as a complementary tool, especially together with NECT-
ASPECTS and collateral profiles, to assess lesion characteris-
tics in extensive baseline stroke (i.e., low ASPECTS or core vol-
umes > 50 ml) and to guide treatment decision-making. Future 
research is needed to investigate how rCBV reduction mediates 
treatment effects in low ASPECTS stroke.
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