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Background and Purpose Many patients with stroke cannot receive intravenous thrombolysis 
because the time of symptom onset is unknown. We tested whether a simple method of computed 
tomography (CT)-based quantification of water uptake in the ischemic tissue can identify patients 
with stroke onset within 4.5 hours.
Methods This retrospective analysis of the MissPerfeCT study (August 2009 to November 2017) 
includes consecutive patients with known onset of symptoms from seven tertiary stroke centers. 
We developed a simplified algorithm based on region of interest (ROI) measurements to quantify 
water uptake of the ischemic lesion and thereby quantify time of symptom onset within and 
beyond 4.5 hours. Perfusion CT was used to identify ischemic brain tissue, and its density was 
measured in non-contrast CT and related to the density of the corresponding area of the 
contralateral hemisphere to quantify lesion water uptake. 
Results Of 263 patients, 204 (77.6%) had CT within 4.5 hours. Water uptake was significantly 
lower in patients with stroke onset within (6.7%; 95% confidence interval [CI], 6.0% to 7.4%) 
compared to beyond 4.5 hours (12.7%; 95% CI, 10.7% to 14.7%). The area under the curve for 
distinguishing these patient groups according to percentage water uptake was 0.744 with an 
optimal cut-off value of 9.5%. According to this cut-off the positive predictive value was 88.8%, 
sensitivity was 73.5%, specificity 67.8%, negative predictive value was 42.6%.
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Introduction

Current guidelines recommend thrombolysis with intravenous 
alteplase (IV-tPA) for acute ischemic stroke up to 4.5 hours 
from stroke onset.1 Following these guidelines patients with 
unknown time of symptom onset, representing up to 25% of 
all stroke patients, are excluded from IV-tPA treatment.2 There 
are currently two imaging approaches to identify those pa-
tients likely to benefit from IV-tPA treatment among those 
“wake-up stroke” patients. The first approach uses the identifi-
cation of the potentially salvageable penumbra by perfusion 
imaging.3 The second approach quantifies the mismatch be-
tween diffusion weighted imaging (DWI) and fluid attenuated 
inversion recovery (FLAIR) sequences on magnetic resonance 
imaging (MRI) to identify those patients with a symptom onset 
of less than 4.5 hours.4 Both imaging methods have crucial 
limitations; the first approach requires the application of dedi-
cated software and is reported to identify a lower proportion of 
patients compared to the “tissue-clock” approach.5 The second 
approach is limited by the restricted availability and increased 
logistic effort of MRI for acute stroke triage.

Recently, we have established a computed tomography (CT) 
based method for the quantification of lesion water uptake on 
admission that is able to identify patients within the 4.5-hour-
time window with high accuracy.6 The aim of this study was to 
develop a simple method that identifies patients within the 
4.5-hour-time window based on simple region of interest (ROI) 
measurements as a proxy of lesion water uptake in admission 
CT. This approach is easily and rapidly applicable with standard 
radiological software worldwide and without requiring addi-
tional software tools. We therefore performed a multicenter 
cohort study including patients with known symptom onset 
and hypothesized that our ROI-based method would be able to 
identify those patients in the 4.5-hour-time window eligible 
for thrombolysis.

Methods

Study design and patients
This analysis of the retrospective multicenter MissPerfeCT study 
(August 2009 to November 2017) includes consecutive patients 

with a known onset of symptoms from seven tertiary stroke 
centers who were clinically diagnosed with acute ischemic 
stroke and received multimodal CT on admission including 
standard non-contrast computed tomography (NCCT), comput-
ed tomography angiography (CTA), and computed tomography 
perfusion (CTP). Consecutive patients were included to reduce 
the risk of bias. Consecutive patients from the following uni-
versity medical centers were included: Bochum (October 2016 
to August 2017), Goettingen (October 2016 to November 
2017), Dresden (May 2015 to December 2016), Greifswald 
(September 2015 to October 2017), Luebeck (March 2015 to 
December 2016), LMU Munich (August 2009 to June 2012), 
Muenster (May 2016 to November 2017). Inclusion criteria 
were: (1) evidence of acute intracranial vessel occlusion (any 
supratentorial proximal or peripheral artery of the anterior ce-
rebral artery, middle cerebral artery, or posterior cerebral artery 
territory) by ischemic perfusion deficit and/or CT hyperdense 
thrombus and/or CTA vessel occlusion; (2) acute symptoms at-
tributable to the ischemic CTP lesion; and (3) sufficient NCCT 
quality for judgment of early ischemic hypodensity (potential 
limitations were old infarcts, severe white matter disease and 
movement artifacts), sufficient CTP quality for judgment of the 
ischemic core lesion (potential limitations were insufficient 
contrast bolus or movement artifacts). 

The study was approved by the local ethics committees of all 
centers. All study protocols and procedures were conducted in 
accordance with the Declaration of Helsinki. The MissPerfeCT 
study is registered with clinicaltrials.gov (NCT04277728). This 
study followed the Strengthening the Reporting of Observa-
tional Studies in Epidemiology (STROBE) reporting guideline. 

Imaging protocol
Patients received NCCT, CTA, and whole brain CTP performed 
on 64 or 128 dual slice scanners (Siemens Definition AS+; Sie-
mens Definition Flash, Siemens Healthcare, Forchheim, Germa-
ny; Philips Brilliance 64, Philips Medical Systems, Eindhoven, 
Netherlands)—CT: 120 kV, 280 to 320 mA, 5.0 mm slice recon-
struction; CTA: 100 to 120 kV, 260 to 300 mA, 1.0 mm slice re-
construction, 5 mm MIP reconstruction with 1 mm increment; 
CTP: 80 kV, 200 to 250 mA, 5 mm slice reconstruction (maxi-
mum 10 mm), slice sampling rate 1.50 seconds (minimum 1.33 

Conclusions Ischemic stroke patients with unknown time of symptom onset can be identified as 
being within a timeframe of 4.5 hours using a ROI-based method to assess water uptake on 
admission non-contrast head CT.
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seconds), scan time 45 seconds (maximum 60 seconds), bipha-
sic injection 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/sec (maximum 6 mL/sec) followed 
by a 30 mL NaCl chaser bolus. All perfusion parameter maps 
were calculated on a dedicated workstation (Syngo VE52A with 
VPCT-Neuro, Siemens Healthcare, Forchheim, Germany) based 
on a deconvolution model by least mean squares fitting includ-
ing cerebral blood volume (CBV), cerebral blood flow, mean 
transit time, and time to drain.7 

Image analysis
The imaging biomarker for lesion age, the water uptake (w), is 
based on ischemic and preischemic CT density and was calcu-
lated according to the following formula: 

w= ΔVwater =1- Dischemic
Vischemic Dpreischemic

 

as previously published.6 The algorithm to classify patients 
within the 4.5-hour-time window was based on placement of 
a ROI in the area of the NCCT that corresponded with the re-
gion with the lowest CBV. The ROI was chosen as large as pos-
sible but at least 1 cm2. As a reference a ROI of the same size 
was placed in the contralateral corresponding region in the 
NCCT and the ratio of the affected/unaffected side was calcu-
lated. Placement of the ROIs was done independently by two 
experienced readers (P.B.S. and M.H.) blinded to clinical infor-
mation (Figure 1 illustrates the method). When judgements 
were conflicting, images were rated by a third reader (J.M.) and 
then discussed until consensus was reached between all ob-
servers on the optimal ROI placement. The consensus judge-
ment was used for further analysis.

Statistical analysis
Patients within and beyond 4.5 hours were compared by use of 
Pearson chi-square test for categorial variables and Student 
t-test or Mann-Whitney U test for continuous variables. We 
calculated the area under the curve (AUC), sensitivity, specifici-
ty, positive predictive value and negative predictive value (with 
Wilson 95% confidence interval [CI]) for the identification of 
patients within 4.5 hours of symptom onset. Interobserver 
agreement based on Cohen’s kappa was calculated for both 
readers after ROI placement. Statistical analyses were carried 
out using SPSS version 26 (IBM Co., Armonk, NY, USA). 

Data availability
The data that support the findings of the MissPerfeCT study are 
available from the corresponding author, upon request. 

Results

Patient baseline characteristics
A total of 263 patients were included in our study of whom 204 
(77.6%) presented within and 59 (22.4%) patients later than 4.5 
hours of symptom onset. Table 1 shows their baseline character-
istics. Groups for patients presenting <4.5 and >4.5 hours were 
comparable regarding age (mean±standard deviation, 72.3±13.3 
years vs. 68.6±13.2 years, P=0.065), gender (women, 52.0% vs. 
50.8, P=0.526), and National Institutes of Health Stroke Scale 
score on admission (median 12.0 [interquartile range, IQR, 9.8 to 
14.2] vs. 12.0 [IQR, 9.5 to 14.4], P=0.416). Comorbidities like hy-
pertension (80.3% vs. 73.2%, P=0.252), diabetes mellitus (23.7% 
vs. 26.8%, P=0.639), and atrial fibrillation (51.0% vs. 39.3%, 
P=0.121) were also not significantly different between the 

A B C D

Figure 1. Illustration of the method of quantification of lesion water uptake for a patients with a symptom onset <4.5 and >4.5 hours. (A) Cerebral blood vol-
ume (CBV)-map (mL/100 g) showing low CBV lesion in the right posterior cerebral artery territory. (B) A region of interest (yellow circles) is placed in the area 
that corresponds to the lowest CBV lesion in the non-contrast computed tomography (NCCT). Mean computed tomography (CT) attenuation in of the lesion 
on the ischemic side (41.7 Hounsfield unit [HU]) is divided through mean attenuation on the contralateral side (42.1 HU) indicating a quotient of 0.99 which 
correctly determined the patient to be inside the 4.5-hour-time window. (C) CBV-map (mL/100 g) showing low CBV lesion in the right temporal middle cere-
bral artery territory. (D) A region of interest (yellow circles) is placed in the area that corresponds to the lowest CBV lesion in the NCCT. Mean CT attenuation 
of the lesion on the ischemic side (25.9 HU) is divided through mean attenuation on the contralateral side (36.8 HU) indicating a quotient of 0.70 which cor-
rectly determined the patient to be outside the 4.5-hour-time window.
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groups.

Receiver operating characteristic analysis
Median ratio of Hounsfield units (HU) for patients ≤4.5 hours 
was 6.7% (95% CI, 6.0% to 7.4%) and 12.7% (95% CI, 10.7% 
to 14.7%) for patients with an onset of >4.5 hours. The AUC 
discriminating patients within from those beyond 4.5 hours of 
symptom onset according to percentage of water uptake was 
0.744 (Figure 2). Interobserver agreement for ROI placement 
was 90.9 % with a κ of 0.807 (95% CI, 0.701 to 0.913) indicat-

ing an ‘almost perfect’ agreement. The ideal cut-off value for 
achieving the highest positive predictive value of 88.8% in our 
study was 0.095 (9.5% water uptake) leading to a sensitivity of 
73.5%, a specificity of 67.8%, and a negative predictive value 
of 42.6%, respectively (Figure 3).

Discussion

This multicenter study shows that a simple ROI-based assess-
ment of admission CTs identifies patients within 4.5 hours of 
symptom onset, thus eligible for thrombolysis. As discussed in 
the DWI-FLAIR mismatch for the identification of patients with 
acute ischemic stroke within 4.5 hours of symptom onset (PRE-
FLAIR) study, the observational study preceding the randomized 
Efficacy and Safety of MRI-Based Thrombolysis in Wake-Up 
Stroke (WAKE-UP) trial, the positive predictive value is likely to 
be most relevant measure for clinical practice.8 Thus, the ideal 
cut-off with a maximum positive predictive value of 88.6% 
would be 0.095 meaning a water uptake of 9.5% in our study. 
We have recently shown that the CT-based quantification of 
brain tissue water uptake identifies stroke patients with symp-
tom onset within 4.5 hours with high accuracy.6 The patho-
physiological basis for this observation is that tissue water up-
take after cerebral artery occlusion follows a characteristic 
course that is visualized by a decreasing CT density.9-11 Howev-
er, in our previous study we used specific post-processing soft-

Table 1. Baseline characteristics of patients

Characteristic
Patients with CT 
within 4.5 hours 

(n=204)

Patients with CT 
after 4.5 hours  

(n=59)
P

Demographics      

  Age (yr) 72.3±13.3 68.6±13.2 0.065

  Women 106 (52.0) 30 (50.8) 0.526

Comorbidities

  Hypertension 159 (80.3) 41 (73.2) 0.252

    Missing 6 3

  Diabetes mellitus 47 (23.7) 15 (26.8) 0.639

    Missing 6 3

  CAD 34 (23.0) 14 (31.8) 0.234

    Missing 56 15

  Atrial fibrillation 101 (51.0) 22 (39.3) 0.121

    Missing 6 3

  Hypercholesterolemia 48 (34.8) 23 (51.1) 0.051

    Missing 66 14

  Smoker 39 (19.7) 15 (27.3) 0.225

    Missing 6 4

Stroke etiology 0.139

  Atherothrombotic 38 (19.2) 13 (23.2)

  Small vessel 7 (3.5) 1 (1.8)

  Cardioembolic 111 (56.1) 23 (41.1)

  Undetermined aetiology 39 (19.7) 16 (28.6)

  Other aetiology 3 (1.5) 3 (5.4)

    Missing 6 3

NIHSS score

  Median (IQR) 12.0 (9.8-14.2) 12.0 (9.5-14.4) 0.416

  Mean±SD 12.3±6.9 13.2±6.91 0.387

  Missing* 8 3

Time from symptom onset to 
CT (min)

123±59 430±217 <0.001

Values are presented as mean±standard deviation, number (%), or number.
CT, computed tomography; CAD, coronary artery disease; NIHSS, National 
Institutes of Health Stroke Scale; IQR, interquartile range; SD, standard de-
viation.
*4.2% missing for NIHSS.
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Figure 2. Receiver operating characteristic (ROC)-curve for identification 
of patients within 4.5 hours of symptom onset. AUC, area under the curve.
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ware to quantify water uptake within early infarct lesion that 
is not widely available in routine practice. We therefore devel-
oped the concept of a ROI-based assessment that translates 
the pathophysiological approach of water uptake quantifica-
tion into a clinically feasible and fast applicable algorithm not 
requiring a specific software. 

Until recently, imaging strategies for determining the time of 
symptom onset were primarily based on MRI, specifically, the 
DWI-FLAIR mismatch concept.8 Following this concept patients 
with visible changes on DWI but normal FLAIR are likely within 
the time window of thrombolysis. The multicenter, randomized, 
double-blind WAKE-UP trial showed that thrombolysis in pa-
tients with unknown time of symptom onset guided by MRI 
DWI-FLAIR mismatch results in a significantly better functional 
outcome.4 Overall, the WAKE-UP trial confirms the rationale of 
the “tissue-clock” approach for the identification of stroke pa-
tients with unknown time of symptom onset eligible for 
thrombolysis. However, compared with MRI, CT is less affected 
by contraindications (like pacemakers) and is more generally 
available in the acute setting in most hospitals that treat acute 
ischemic stroke patients and thus remains the primary imaging 
modality worldwide.

An alternative approach to identify patients who may bene-
fit from thrombolysis despite unknown time of symptom onset 
is based on imaging a favorable penumbral pattern in MRI or 
CT with infarct core-perfusion mismatch as a surrogate of sal-
vageable tissue.3 A recent systematic review and meta-analysis 
showed that patients with a favorable penumbral pattern op-
erationally defined by automated software in core laboratory 

analysis had a significant benefit from thrombolysis.12 However, 
automated imaging software required for perfusion mismatch 
quantification used in clinical studies limits its use in clinical 
practice. In addition, a recent MRI study found that the yield of 
a “tissue-clock” imaging approach to select patients eligible for 
thrombolysis in the unknown time window was double that of 
infarct core-perfusion mismatch based patient selection.5 In 
this context, our ROI-based method has several advantages 
over existing imaging based methods13 for the identification of 
patients with unknown time of symptom onset eligible for 
thrombolysis including the speedy accessibility of CT worldwide 
compared to MRI and the dispensability of automated software 
tools. 

A limitation of our study is the retrospective design. Howev-
er, all images were assessed by readers masked to clinical in-
formation. Moreover, the cut-off in this study was not validat-
ed in an external cohort. Further, the use of different perfusion 
imaging processing softwares may lead to distinct findings re-
garding ischemic volumes on CTP maps.14 A strength of our 
study is the almost perfect interobserver agreement for ROI 
placement that was much better than the interobserver agree-
ment reported for DWI-FLAIR mismatch detection on MRI.8

Conclusions

In conclusion, ischemic stroke patients with an unknown time 
of symptom onset can be identified as being within 4.5 hours 
after symptom onset using a simple ROI-based method of as-
sessment of admission CT. This can potentially guide the deci-

Sensitivity

Figure 3. Cut-off 0.095 for identification of patients within 4.5 hours of symptom onset. PPV, positive predictive value; NPV, negative predictive value. 
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sion to administration of thrombolysis in patients with un-
known time of stroke onset but the findings need to be vali-
dated by prospective, large-scale studies.
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