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Abstract 

There is growing research interest on identification of CT Perfusion (CTP) parameters that predict the outcome in acute ischemic 
stroke patients. The aim of this study is to produce the model, based on core-penumbra related parameters assessed by CTP 
processing and commonly used clinical prediction factors, to predict the final infarct volume in thrombolysis-treated anterior 
circulation wake-up stroke (WUS) patients. The study was conducted on 51 consecutive wake-up ischemic stroke patients. The 
model for the predictive estimation of final ischemic volume was determined by using the Least Absolute Shrinkage and 
Selection Operator (LASSO) regularized least-squares regression. The results showed that CTP core volume and CTP total 
ischemic volume at admission, together with ASPECT score predict the final infarct lesion volume. In particular, the identified 
model presented 5-fold cross-validation root mean square error RMSE of 8.1 ml and the coefficient of determination (R2=0.94) 
on our dataset. The results should be confirmed in a lager study. In conclusion, in this study we preliminarily identified a 
predictive model to estimate final ischemic lesion volume in thrombolysis treated wake-up stroke patients. 
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1. Introduction 

Ischemic stroke, which is caused by blockage of a blood vessel, is still one of the principal causes of disability 
and mortality worldwide, despite advances in disease prevention and acute treatment [1]. This neuroemergency 
condition currently is highly treatable using thrombectomy and intravenous thrombolysis in selected patients [2]. 
Thrombolysis is widely adopted to perform to facilitate reperfusion in patients with acute ischemic stroke and its 
benefits are well established [2], [3], also in wake-up stroke (WUS) patients [4]. Wake-up Stroke represents around a 
quarter of acute ischemic stroke events [5].  

Early post-stroke prognosis is important for guiding treatment and rehabilitation strategies, in order to improve 
recovery and minimize disability. Different demographic, clinical and neuroimaging factors were associated with 
functional outcome. Early prediction of post-stroke outcome is still challenging since there is large inter-subject 
variability. The functional outcome is highly related to the final extent of the ischemic infarct [6-8], although this is 
of course also dependent on lesion location.  

Neuroimaging has been proving to be pivotal in ischemic stroke diagnosis and it is of paramount importance for 
patients’ eligibility for treatment [9]. CT Perfusion (CTP) technology allows fast assessment of the extent ischemic 
core and salvageable hypoperfused penumbra area and is increasingly adopted in emergency setting [10], [11]. CTP 
provides good diagnostic accuracy in the identification of acute ischemic stroke [12-14] allowing the identification 
of patients eligible for the reperfusion treatment [11], also in cases of wake-up stroke [4].  

There is growing research interest on identification of CTP parameters which predict the functional and 
morphological outcome in acute ischemic stroke patients. A recent study showed that total CTP hypoperfused 
volume and core volume are strong independent predictors of the final infarct volume in thrombolysis-treated WUS 
patients [15]. The aim of this preliminary study is to produce the model, based on core-penumbra related parameters 
assessed by CTP processing and commonly used clinical prediction factors, to predict the final infarct volume in 
thrombolysis-treated anterior circulation WUS patients. 

 
Nomenclature 

ASPECTS Alberta Stroke Programme Early CT Score 
CBF Cerebral Blood Flow  
CBV Cerebral Blood Volume  
CTP CT Perfusion  
LASSO Least Absolute Shrinkage and Selection Operator 
mRS Modified Rankin Score  
MTT Mean Transit Time 
NECT Non-Enhanced CT  
NIHSS National Institutes of Health Stroke Scale 
RMSE Root Mean Square Error 
rtPA Recombinant Tissue Plasminogen Activator  
WUS Wake-up Stroke 

 

2. Materials and methods 

2.1. Study population and protocol 

The study was conducted on 51 consecutive wake-up stroke patients (23 M/28 F; age 74±12 years) admitted to 
the Stroke Unit of the Trieste University Hospital, Italy. Patients with acute ischemic stroke developed at morning 
awakening who underwent CTP assessment and reperfusion treatment, and admitted within 4.5 hours from 
awakening were included. Both genders were included in the study sample and no age limit was applied.  Exclusion 
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criteria were hemorrhagic stroke and previous brain lesion. Due to lower sensibility of CTP, patients with posterior 
circulation stroke were also excluded [16]. Stroke mimics were excluded by a complete diagnostic work-up 
including clinical and CT or MRI follow-up assessment.  

Non-enhanced CT (NECT), Angio-CT, CT Perfusion at admission and a follow-up NECT were performed in all 
included patients. Patients eligible for thrombolysis were treated with intravenous rtPA (0.9 mg/kg of body weight, 
maximum of 90 mg, infused over 60 minutes with 10% of the total dose administered as an initial intravenous bolus 
over 1 minute). The following data were collected for each included patient: demographic data (age, sex); NIHSS 
score at admission [17]; pre-morbid mRS [18]; ASPECT score at admission NECT [19]; Time from last seen well to 
admission; CTP scans at admission and follow-up NECT.  

The research was conducted according to the ethical principles of the Declaration of Helsinki.  All participants 
provided their informed consent. This study was approved by the Regional Ethical Committee (Comitato Etico 
Unico Regionale - CEUR, Friuli Venezia Giulia, Italy). 

 
 
 

2.2. CT acquisition and processing 

CT imaging was performed with 256-slices CT scanner (Brilliance iCT; Philips Medical Systems, Best, 
Netherlands). At initiation of scanning, 75 ml of contrast medium was injected intravenously at a rate of 4 ml/s, 
followed by a 40 ml of saline bolus. The three-dimensional axial acquisitions on a whole brain volume with a 
reconstruction of the slices set to 5 mm were performed. The acquisitions were carried out every 4 s, resulting in a 
total scanning time of 60 s. CTP source image processing was performed by Extended Brilliance Workstation v 4.5 
(Philips Medical Systems, Best, Netherlands) and in-house developed in Matlab (MathWorks Inc., Natick, MA), as 
previously described [12-15]. CTP analysis is summarized in Figure 1. The perfusion maps mean transit time 
(MTT), cerebral blood volume (CBV) and cerebral blood flow (CBF) were calculated from source CTP. Gaussian 
curve fitting by least mean squares method was applied to obtain mathematical descriptions of the time-density 
curves for each voxel. An arterial input function and venous output are selected and subsequently a closed-form 
deconvolution was applied to produce a MTT maps. CBV map was calculated from the area under the time 
attenuation curve and finally CBF map as a ratio between CBV and MTT.  Ischemic core and penumbra areas were 
identified by application of specific thresholds [17], i.e. MTT voxels >145% of the contralateral healthy area and 
CBV<2.0 mL/100 g, and MTT voxels > 145% of the contra-lateral healthy area and CBV>2.0 mL/100 g, 
respectively. Total ischemic volume (core + penumbra) excluding artifacts was calculated by integration of 
identified voxels as described in a previous study [12]. 

Final ischemic volume was segmented on follow-up NECT by using a seed-based region growing algorithm 
implemented in Matlab (MathWorks Inc., Natick, MA) and additionally manually outlined by two trained 
neurologists. 
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Fig. 1. Summary of CT Perfusion (CTP) analysis. From left to right: source CTP data; CBV, MTT and CBF calculated maps, from top to bottom, 
respectively; core (red) - penumbra (green) thresholded map; 3D representation of core, penumbra and total hypoperfused volume (core + 

penumbra). 

2.3. Predictive modeling 

A model to predict the final extent of ischemic lesion was developed by regularized least-squares regression 
using Least Absolute Shrinkage and Selection Operator (LASSO) method [21]. In this study, for the predictive 
estimation of final ischemic volume (Vollession) we proposed an initial model which included the CTP core-penumbra 
features and commonly used clinical prediction factors. In particular, the initial model included: CTP core volume 
(CTPcore), CTP total hypoperfused volume (CTPhypoperfused), NHISS at admission, ASPECTS, Age, premorbid mRS 
and time from last seen well to admission. LASSO regression minimizes the cost function which consists of residual 
sum of squares (RSS) and of a regularization term [21]: 

    (1) 

where θ is a parameter vector of all coefficients, p is number of coefficients (p = 7) and λ is a parameter which 
controls the model complexity. The regularization term prevents the coefficients of the model from having large 
absolute values, in order to avoid overfitting. Thus, besides shrinking the linear model coefficients, this modeling 
approach also performs variable selection according to λ. For determined relatively high values of λ, the coefficients 
of less predictive variables are approaching zeros, producing a sparse model and making the results easily 
interpretable [21]. The λ parameter was chosen using 5-fold cross validation in order to minimize cross validation 
mean square error [22]. 

 

3. Results 

Fifty-one patients (23 M/28 F; age 74±12 years) were included in the study. Patient’s demographic and clinical 
data at admission, as well as neuroimaging findings are summarized in Table 1. Median NIHSS score at admission 
was 7 (1 - 30) while median pre-morbid mRS was 0 (0 - 3). ASPECT score assessed on NECT was 10 (7 - 10). 
Median Core volume calculated on CTP was 0.0 ml (0.0 – 147.5), while median total ischemic volume calculated on 
CTP was 7.9 ml (2.5 – 280.0). 
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     Table 1. Clinical characteristics and neuroimaging findings at admission. 

Age (mean±1SD)  74 ± 12 years 

Gender M:F  23  : 28 

Last time seen well to Admission (median, range)  556 (341-1273) min 

ASPECT score (median, range)  10 (7 - 10) 

NIHSS admission (median, range)  7 (1 - 30) 

Pre-morbid mRS (median, range)  0 (0 - 3) 

Ischemic core volume (median, range)   0.0 (0.0  - 147.5) ml 

Total ischemic volume (median, range)  7.9 (2.5 – 280.0) ml 

 
 
The identified model, represented by following equation, was found for λ=0.79: 

   (2) 

The model presented 5-fold cross-validation root mean square error RMSE of 8.1 ml and the coefficient of 
determination (R2=0.94). In Figure 2, the estimated values of final ischemic lesion volume obtained using the 
identified predictive model are plotted against the measured ones, for all subjects. The results showed dispersion 
around identity line between predicted and measured values. A slight underestimation trend was observed for higher 
values. 
 

 

Fig. 2. Estimated values of final ischemic lesion volume obtained using the identified predictive model plotted against measured ones. 

 

4. Discussion 

The identification of individual factors modulating recovery after a stroke is important to personalize the 
therapeutic intervention and to improve the final functional outcome. The early prediction of stroke functional and 
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morphological outcome still represents one of the main focuses of stroke related research. Stroke outcome in treated 
patents was found to be related to early alterations of neurophysiological parameters, such as EEG spectral 
parameters [23] and CT Perfusion parameters [24], [25]. In particular, recent studies investigated the CTP 
parameters predictivity in known onset ischemic stroke patients who underwent thrombolysis therapy or 
endovascular treatment [24], [25]. However, only a few studies focused on final infract volume, especially in case of 
thrombolysis-treated WUS patients. 

The main finding of our study is the identification of the model, based on CT Perfusion core-penumbra 
parameters and clinical data, which can predict the final ischemic lesion volume in thrombolysis-treated WUS 
patients. In particular, CTP core volume, and CTP total ischemic volume at admission, together with ASPECT score 
predict the final infarct lesion volume at assessed on follow-up NECT.  

Our findings are consistent with studies on predictivity of CTP features on final infarct volume in known onset 
stroke patients [26, 27]. Shankar et al. found, investigating together treated and non-treated patients admitted <4.5 
from onset, that CBV volumes assessed on CTP were the best predictor of final ischemic volume; at the same time, 
CBF volume was also correlated with the final lesion [26].  

In CTP ASPECTS study, Padroni et al. reported that CBF, CBV and MTT ASPECTS were inversely associated 
with final infarct volume, while CTP ASPECT mismatch was slightly associated with lesion considering treated and 
non-treated patients together [27]. In our study LASSO modeling approach confirmed the significant predictive 
power of CTP core volume, CTP total hypoperfused volume and ASPECT score producing a sparse model 
eliminating age, NIHSS at admission, premorbid mRS and time last seen well to admission features. Indeed, the 
selected features are related to tissue clock more that on time clock. CTP Infarct Core volume, ASPECT on NECT 
at admission are related with irreversible necrotic brain injury [20], [28]. By attributing more importance to core 
related features, the results of our model support the hypothesis that the irreversible necrotic core, rather the extent 
of penumbra, is the main prognostic determinant in treated hyper-acute acute ischemic stroke patients.  

Our study has some limitations. Beside a limited sample size, our study population represent mainly 
mild/moderate stroke severity, with a significant prevalence penumbra compared to ischemic core. Thus, the results 
should be confirmed in a lager study and the produced predictive model should be considered taking into account 
the aforementioned dataset limitations.  

In conclusion, in this study we preliminarily identified a predictive model to estimate final ischemic lesion 
volume in thrombolysis treated wake-up stroke patients. 
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