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ABSTRACT  

Introduction: In patients with acute ischemic stroke, time invariant CTA (tiCTA) has benefits 

because of its insensitivity of delayed contrast arrival. The ASPECTS method for assessing 

early ischemic changes was found superior when applied to contrast-based image 

modalities. We hypothesize that ASPECTS as determined on tiCTA has an improved 

association with neurological scores compared to ASPECTS as determined on CTA.  

Method: TiCTAs were generated from 25 CTP datasets. An automated ASPECTS method was 

applied to both standard CTA and tiCTA. The scores were compared with each other and 

with manual ASPECTS, in terms of total ASPECTS, dichotomized ASPECTS (≤7 and >7), and 

per ASPECTS region. Statistical analysis using Intra-class Correlation Coefficient (ICC), 

percentage of agreement and Bland-Altman analysis was calculated. Furthermore, the 

association of all ASPECTS scores with NIH Stroke Scale (NIHSS), final infarct size, and 

modified Rank Scale (mRS) was determined using the calculation of the Spearman 

correlation coefficient.  

Results: The agreement of the automated ASPECTS on CTA and tiCTA with manual ASPECTS 

on CTA provided an ICC of 0.2-0.5 and 0.1-0.3 respectively. This was in the range of ICC of 

0.3 for the interobserver CTA ASPECTS. The automated ASPECTS scores for CTA and tiCTA 

were identical for 40% of the patients, and 60% in dichotomized ASPECTS. The tiCTA 

ASPECTS correlated slightly better with final infarct size and mRS score compared to 

standard CTA but this difference was statistically not significant (p=0.18).  

Conclusion: While all ASPECTS scores have a limited association with outcome, our study 

illustrates non-inferiority of tiCTA compared to CTA, allowing simplifying the CT workflow 

for acute ischemic stroke patients.  

 

Keywords. Computed Tomography, Stroke, Perfusion Imaging  
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Introduction 

Neuroimaging plays a crucial role in the evaluation and management of patients suspected 

for acute ischemic stroke management1. Typically there are 3 admission CT examinations for 

acute ischemic stroke patients: Non contrast CT (NCCT) to rule out hemorrhage, CT 

Angiography (CTA) for visualization and analysis of the patency of vessels and CT brain 

perfusion (CTP) for cerebral perfusion analysis. To simplify the workup of patients suspected 

of acute ischemic stroke, it has been suggested to conduct only 2 series of image 

acquisition: one without and one with contrast2. This has advantages not only in the 

reduction of radiation dose and contrast medium load to patients, but also in a reduction in 

image acquisition time, which is important in the acute setting.  

 In this scenario, a CTA image could be generated from CTP images. This is possible 

since CTP acquisitions on modern multi-slice CT scanners can be considered as multi-time 

frame CTA. The result of this technique is sometimes referred to as timing-invariant CTA 

(tiCTA).  

 Compared to CTA, tiCTA has the advantage that it is independent of contrast arrival 

time, which makes it insensitive to any delay in contrast delivery. This delay insensitiveness 

of tiCTA is achieved by using the whole period from contrast inflow to outflow to find the 

maximum intensity for each voxel within the acquisition time interval. Smit et al have shown 

that this property of tiCTA provides a better visualization of slow collateral filling compared 

to standard CTA 3, 4. This potentially facilitates judgment of the volume of brain tissue that 

can be rescued. 

 The Alberta Stroke Program Early CT Score (ASPECTS) is a semi-quantitative method 

for description of early ischemic changes. This score is well established in the neuroimaging 

workup of patients suspected of acute ischemic stroke. ASPECTS quantifies early ischemic 

changes in specific areas supplied by the Middle Cerebral Artery (MCA), and is associated 

with functional outcome of acute ischemic stroke patients 5-7. In clinical research, it is 

applied on NCCT as well as on CTA. ASPECTS on NCCT assesses hypo attenuation due to 

formation of cytotoxic edema, while on CTA it determines hypo attenuation due to 

reduction of cerebral blood volume8. ASPECTS on CTA has greater sensitivity to ischemic 

changes and is more accurate in identifying infarct volume compared to NCCT9. The 
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ASPECTS with contrast-based imaging modalities in general has better inter-observer 

variability compared to non-contrast imaging 10.  

 Because of the advantage of tiCTA in visualizing delayed collateral filling close to the 

critical underperfused area, we hypothesize that ASPECTS obtained from tiCTA provides a 

better correlation with patient outcome than ASPECTS obtained from standard CTA. 

 

Material & Methods 

We determined ASPECTS on both CTA and tiCTA in patients with acute ischemic stroke using 

an automated approach. The automated ASPECTS was compared to manual ASPECTS on 

CTA to assess the accuracy of this method. Subsequently, automated and manual ASPECTS 

on CTA and automated ASPECTS on tiCTA were associated with baseline neurological score 

(National Institutes of Health Stroke Scale (NIHSS)) and patient outcome represented by 

final infarct volume and modified Rankin Scale (mRS).  

 

Patient Selection 

The study included patients suspected with acute ischemic stroke as registered in Dutch 

multi-center image database of the MR CLEAN clinical trial (Registries: NTR1804/ 

ISRCTN10888758; protocol available at www.mrclean-trial.org). Upon admission, patients 

were subjected to a set of routine CT-examinations (i.e. NCCT, CTA and CTP) within 6 hours 

after onset of suspected ischemic stroke. Only datasets with thin slices (<0.5mm) and large 

axial coverage (at least 16 cm) were included. Patients with datasets with less than 25 time 

frames, patients with a hemorrhage, and with a CTA that does not cover the whole MCA 

territory were excluded. In total, 25 patient dataset were included. The evaluation of the 

neurologic deficit performed upon admission was quantified according to NIHSS11. 

Functional outcome was examining using mRS, a ranking scale system for measuring patient 

outcome based on patient’s dependency in daily life at three months follow up12. All patient 

records, information and images were anonymized and de-identified prior to analysis. All 

patients or legal representatives signed informed consent. 
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CT Acquisitions 

All image acquisitions were performed on a Toshiba scanner (Acquillon One 320, Toshiba 

Medical System, Tokyo, Japan). All CTP datasets consisted of 25 time frames with 320 slices 

of 0.5 mm thickness with brain coverage of 16 cm in the z-direction. Admission NCCT was 

conducted as part of the standard workup. A follow up NCCT was performed within 1 - 5 

days after admission.  

 

Time Invariant CTA 

The tiCTA images were reconstructed from full CTP datasets. First, all time frames of the CTP 

acquisition were registered to NCCT to correct for head movement during acquisition 13. The 

tiCTA was subsequently generated from the registered CTP time frames by determining the 

maximal contrast enhancement over time for each voxel. A 3D spatial and temporal 

averaging filter was applied to reduce noise 2, 14.  

 

Manual CTA ASPECTS  

Two experienced radiologists independently determined the ASPECTS score on CTA images. 

The ASPECTS method is based on the analysis of brain part that is supplied from blood by 

the MCA, divided into 10 regions (Figure 1), by comparing the left and right hemisphere 7. 

For manual ASPECTS, the image is viewed at the optimal window and level setting that 

support the maximum contrast between normal and ischemic area. If an ASPECTS region 

with diminished contrast enhancement compared to the contralateral t hemisphere is 

scored as abnormal, one point is subtracted from a maximal score of ten 9. Therefore, a 

score of ten reflects normal brain parenchyma whereas a score of 0 indicates ischemia 

throughout the complete MCA territory.  
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Fig 1. ASPECTS region (adapted from Barber et al7) A=anterior circulation; P=posterior 

circulation; C=Nucleus Caudatus; L= Nucleus Lentiformis; IC=Internal Capsule; I=Insular 

Ribbon; M1=anterior MCA cortex; M2=MCA cortex lateral to insular ribbon; 

M3=posterior MCA cortex; M4, M5, and M6 are anterior, lateral, and posterior MCA 

territories immediately superior to M1, M2, and M3, rostral to basal ganglia. 

Subcortical structures are allotted 3 points (C, L, and IC). MCA cortex is allotted 7 points 

(insular cortex, M1, M2, M3, M4, M5, and M6)  

 

Automated ASPECTS 

The automated ASPECTS method was originally developed for NCCT by Stoel et al15, Yao et 

al 16, followed by application to CTA17. Based on this method we employed an atlas based 

approach to segment the MCA territory automatically into ten ASPECT regions per 

hemisphere. The atlas image consisted of an NCCT image of a healthy person without 

pathologies and image artifacts. Furthermore, a label image was created based on this atlas 

image contained all delineated ASPECT regions that were manually drawn and verified for 

correct anatomical locations.  

 The classification of the ASPECTS regions in patient CTA and tiCTA data was 

performed in a two-step approach. First, we registered the atlas image to the CTA/tiCTA 

image, which resulted in a set of transformation parameters. The rigid, affine and non-rigid 

registration were performed using open source software package Elastix18. These 
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parameters were used to transform the label image to delineate each ASPECTS region in the 

CTA and tiCTA images. This resulted in 20 patient-specific labels representing the 10 

ASPECTS regions for each hemisphere (Fig 2B).  

 To increase the accuracy of the registration, a brain mask was used to align only 

structures within the brain. Labeled voxels overlapping with ventricles or skull were also 

excluded by using ventricle and skull masks. These masks were semi-automatically 

generated based on region-growing and morphological operations. 

 Density values expressed in Hounsfield Units (HUs) of all voxel from specific ASPECTS 

regions were then collected and represented in histograms. Differences of histograms 

between contra-lateral hemispheres were described by 2 parameters: difference of the 

mean and the cross correlation function. ASPECT regions were classified as affected if one of 

these parameters exceeded preset threshold values. 

 

 

Fig 2. Preparation of label image (a) Registering atlas image to the CTA image; 

producing transformation parameters (Tx). (b) Transforming label image using Tx; 

producing deformed label (c) mapping of ASPECTS region on tiCTA/CTA dataset: axial, 

coronal and sagittal view.  
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Statistical Analysis 

We assessed the inter-observer agreement between manual ASPECTS on CTA image data of 

2 observers by creating scatter plots, calculation of the Intra-class Correlation Coefficient 

(ICC) and percentage of agreement. Furthermore, Bland-Altman analysis was conducted to 

determine the limit of agreement.  

 The same methods were also used to compare the automated ASPECTS on tiCTA and 

CTA with the manual scores. The Wilcoxon signed rank test was used to test the significance 

of difference between both scores and calculation of the Spearman correlation coefficient 

was conducted. To compare the classification as affected or unaffected for each ASPECTS 

region separately, the percentage of agreement was determined.  

 Furthermore, the ASPECTS scores were dichotomized into the ‘uncertain and unlikely 

to benefit’ group (ASPECTS 0-7) and ‘likely to benefit’ group (ASPECTS 8-10) with respect to 

the effect of endovascular thrombolytic therapy 19. The agreement for this dichotomized 

ASPECTS (≤7 and >7) between both automated ASPECTS on tiCTA and CTA using the manual 

ASPECTS scores as reference value, was assessed as percentage of agreement and by kappa 

analysis.   

 Finally, we assessed the association of all ASPECTS scores with NIHSS, final infarct 

size, and mRS by calculation of the Spearman correlation coefficient.  

 

Results 

A dataset of 25 patients was used in this study. The average age was 64.7±11.5 years with 

12 male patients. The median baseline NIHSS score was 20 (IQR 16-24), and average mRs 

score at 90 days was 3.8 (moderate to severe disability). The automated ASPECTS method 

was successfully applied to all tiCTA and CTA datasets.  

The scatter plot comparing the two manual ASPECTS on CTA is shown in Figure 3. 

The inter-observer agreement for the manual reading had an ICC of 0.5, with a limit of 

agreement from -7.88 to 7.80 (average paired difference -0.04).  
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Fig 3. Comparison of manual ASPECTS reading on CTA image between 2 observers 

 

The ICC of the automated and manual CTA ASPECTS was 0.2 and 0.5 for observer 1 

and observer 2, respectively, both with wider limit of agreement (table 1). The ICC for the 

automated tiCTA and manual CTA ASPECTS was lower with 0.1 and 0.3 for observer 1 and 

observer 2, respectively.  

Table 1. Comparison of Automated and manual ASPECTS on CTA image 

Comparison 

Automated and Manual ASPECT 

ICC Percentage of agreement Bland Altman 

Mean Difference; 

Limits of Agreement* 

CTAobs1 vs CTAobs2  0.3 (p=.21) 20% -0.04; 

[-7.88, 7.80] 

CTAauto vs CTAobs1 0.2 (p=.71) 12% 1.92; 

[-6.33, 10.1] 

CTAauto vs CTAobs2 0.5 (p=.84) 12% 1.88; 

[-6.73, 10.5] 

tiCTAauto vs CTAobs1 0.1 (p=.40) 16% 1.96; 

[-5.38, 9.30] 

tiCTAauto vs CTAobs2 0.3 (p=.18) 12% 1.92; 

[-4.89, 8.73] 

*95% Confidence Interval 
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 Figure 4 compares the automated ASPECTS on CTA and tiCTA. The ICC for the two 

automated ASPECTS was 0.3 (Table 2). There was no statistically significant difference 

between the automated tiCTA and CTA ASPECTS (Wilcoxon signed-rank test with limited 

samples, p=0.83). The spearman correlation coefficient was 0.30, which indicates a fair 

correlation. Figure 5 shows the Bland-Altman analysis comparing automated tiCTA and CTA 

ASPECTS. Average paired difference was 0.04 with limit of agreement of -6.01 to 5.93. The 

ASPECTS score was identical for 40% of the patients.  

 

 

Fig 4. Comparison of automated ASPECTS on tiCTA and CTA; dashed line indicates 

dichotomized ASPECTS analysis.  

 

Table 2. Comparison of automated ASPECTS on tiCTA and CTA 

Comparison 

tiCTAauto vs CTAauto 

ICC Percentage of agreement Bland Altman 

Limits of Agreement* 

Normal ASPECTS (1-10) 0.3 (p=.18) 40% -0.04 

[-6.01, 5.93] 

Dichotomized ASPECTS 

(0-7 vs 8-10) 

- 60% - 

*95% Confidence Interval 
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Table 3. Percentage of Agreement between automated ASPECTS on tiCTA and CTA, by 
regions. 

ASPECTS Regions Percentage of 
agreement 

Nucleus Caudatus 87.1% 

Nucleus Lentiforma 74.2% 

Capsula Interna 71.0% 

Insular cortex 83.9% 

M1 (anterior MCA cortex) 71.0% 

M2 (MCA cortex lateral to insular) 77.4% 

M3 (posterior MCA cortex) 67.7% 

M4 (anterior MCA territory) 74.2% 

M5 (lateral MCA territory) 80.7% 

M6 (posterior MCA territory) 83.9% 

 

 For the comparison of separate regions, the percentage of agreement was in the 

range of 67% (M3) to 87% (Caudate) with average value of 77% (Table 3). For dichotomized 

ASPECTS, the percentage of agreement between ASPECTS on tiCTA and CTA was 60% with a 

к coefficient of 0.1 (p=.69), indicating slight and statistically insignificant agreement.  

 

Fig 5. Bland-Altman plot for automated ASPECTS of tiCTA and CTA 
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 (a) (b) 

 
(c) 

Fig 6. Scatter plot between all ASPECTS score and NIHSS (a) and final infarct size (b) and 

mRs (c) 

 

Table 4. Spearman Correlation of ASPECTS score with NIHSS, Final Infarct Core and mRs 

 NIHSS Final Infarct size mRs 

CTAobs1 0.36 (p=.08) 0.13 (p=.60) 0.08 (p=.68) 

CTAobs2 0.23 (p=.26) 0.44 (p=.06) 0.48 (p=.01) 

CTAauto 0.32 (p=.12) 0.13 (p=.60) 0.04 (p=.87) 

tiCTAauto 0.24 (p=.25) 0.22 (p=.38) 0.10 (p=.99) 

 

 Figure 6 shows a scatter plot of all ASPECTS scores compared to NIHSS, final infarct 

size and mRS score. Compared to automated CTA ASPECTS, automated tiCTA ASPECTS 

correlated better with final infarct size (spearman correlation coefficients 0.22 vs 0.13) and 

mRS score (0.10 vs 0.04), even though these correlations were statistically insignificant, and 

less strong than the manual score of observer 2. The scores of observer 2 yielded correlation 
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coefficients of 0.23, 0.44, and 0.48 for the relation with NIHSS, final infarct size, and mRS 

score respectively (Table 4).   

 

Discussion 

Time invariant CTA image was generated from CTP data of all patients and used for ASPECTS 

analysis. The automated ASPECTS method could successfully be applied to both standard 

CTA and tiCTA datasets. Yet, the current results revealed that there is only a fair correlation 

of ASPECTS scores between automated and manual approaches, as well as between CTA 

and tiCTA data.  

 The ICC of automated and manual ASPECTS was in the range of the ICC of the inter-

observer agreement, indicating a good accuracy of the automated method. Previous work of 

Janssen et al also showed good accuracy of the automated method used compared to 

manual reading17. Nevertheless, our result revealed several concerns that need to be 

resolved in order to introduce this method in clinical practice. In this study, we applied the 

automated method by using only a single atlas image and one label image. Combination of 

multiple atlas images with more label images, adapting different brain shape and structure 

might be a better strategy that can provide better result for ASPECTS analysis.   

 We found that there was only fair correlation between automated tiCTA and CTA 

ASPECTS. Compared to the percentage of agreement for dichotomized ASPECTS, there was a 

better, but still poor, correlation between CTA and tiCTA for dichotomized ASPECTS, which 

differentiates groups of patients that are ‘likely to benefit’ and those who are ‘unlikely to 

benefit’ from treatment. For our patient population, the current results thus seem to show 

little advantage of using tiCTA compared to standard CTA. Further work is needed to unravel 

the causes of variability. In addition, tiCTA remains promising for subgroups of patients, 

notably those who have indications for delayed contrast flow.  

 The automated ASPECTS scores, whether based on CTA or tiCTA, has a less strong 

correlation with patient outcome, compared to observer 2. Automated ASPECTS of tiCTA 

correlates slightly better with the final infarct volume and mRS compared to automated 

ASPECTS of standard CTA. However, this difference is not statistically significant. This 

indicates that further development of the automated ASPECTS scoring method is needed in 

order to come to a reliable application of automated ASPECTS scores. At the same time, the 
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differences between both observers indicate that an automated approach is needed. This 

need is further stressed by the notion that a fast and standardized workflow is needed in 

clinical decision making in acute stroke.  

 We choose time maximum intensity projection method in generating tiCTA for its 

simplicity and suitability with the ASPECTS method. The 3D+t median filter that we used to 

increase the contrast to noise ratio has been used in other studies. There are alternatives 

described such as the Gaussian filter to maximize CNR on circle of Willis analysis 2 and the 

TIPS (Time Intensity Profile Similarity) filter 20.  

 There are also several other methods for producing tiCTA images from CTP datasets 

developed for other specific purposes 2, 21-33. Proposed methods include average CTA, 

arterial-venous weighted CTA and dynamic 4D CTA. To our knowledge none of these 

methods was used to analyze the ASPECTS and its comparison to patient outcome and 

might be considered to improve the automated ASPECTS score analysis.  

 The overall process of the automated ASPECTS required less than a minute. 

However, the preprocessing step including registration of CTP datasets with the labeling 

took in average 25-30 minutes. Since in this study we focused on establishing the proof of 

concept, we did not optimize the method in terms of computational time.  

 Similar to our work, several studies confirmed the usability of tiCTA in some others 

clinical application beside ASPECTS. These include the use of tiCTA in measuring clot burden 
28, 32, 34, detection of large vessel occlusion 28, arterial visualization 25, artery-vein separation 
22 and also collateral flow analysis 3. Together with our study, the simplification of the CT 

workflow in acute stroke setting is becoming more promising.  

 

Conclusion  

In this study we have used time invariant CTA generated from CTP datasets for automated 

ASPECTS analysis. This provides several advantages, with a non-inferiority compared to 

automated ASPECTS analysis on regular CTA. Yet, the associations with outcome were poor, 

requiring further improvement of the underlying algorithms. Despite this, our study 

emphasized the usability of tiCTA as a replacement for CTA, simplifying the workflow for 

acute ischemic stroke patients. 
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