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General Discussion 

In this thesis, several topics on CT Perfusion for patients with acute ischemic stroke have 

been investigated and discussed, including the lack of standardization of CTP analysis 

software and the influence of head movement during CTP acquisition on CTP maps. 

Potential solutions were developed to increase the overall accuracy of CTP analysis results. 

We also explored the possibility of using time-invariant CTA generated from CTP dataset for 

automatic ASPECTS scoring. In this chapter we will discuss the main outcomes of the 

underlying studies, their impact on the interpretation of brain perfusion imaging results and 

the new research questions raised by our work. 

 

Standardization of CTP method   

Since CTP is potentially useful to select patients for acute reperfusion, there is a need for 

standardization in CTP especially in relation to the core and penumbra assessment1. In our 

study we found that there was severe lack of agreement between two commercially 

available analysis packages reflected by the large differences in infarct areas. We found 

discrepancies up to 100 cm2, (equal to 48 ml of infarct core volume with 4.8mm slice 

thickness), which is meaningful compared to the crucial threshold of 70 cm3 of infarct core 

as highly predictive of a poor clinical outcome as proposed by Sanek et al2. These differences 

potentially influence treatment decision in clinical practice since the ratio of infarct core and 

penumbra is one of the indicators for giving further reperfusion treatment to patient.   

  One of the explanations for the large variations is the difference between methods 

used in the two investigated software packages, i.e. deconvolution versus non-

deconvolution method, and sensitive versus delay insensitive methods3. These differences 

in CTP analysis are crucial in determining the different perfusion parameter values 

represented in CBV, CBF and MTT/TTP maps even on the same image data 4.  

  There is also a difference in the definition of estimated infarct core and penumbra. 

For example, for one approach the infarct core is defined as the area with a higher relative 

MTT value compared to the other hemisphere (i.e. relative MTT > 1.5) and a CBV value 

lower than 2.0 ml/100 gr. While another approach defines an infarct core as the area with 

CBF value below 20 ml/100 gr/min and CBV value below 2.0 ml/100 gr. Here, reduced CBF 

has been associated directly with ischemia. The concern regarding the differences therefore 
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is how to estimate MTT as well as CBF. The difference we found therefore does not 

disqualify contrast dynamics techniques, but should inspire us to identify optimal ways to 

estimate local perfusion, and furthermore to standardize it.  

  Evaluating the accuracy of CTP (summary) maps is important but might be a difficult 

task. CTP results can be compared with MRI Diffusion weighted Imaging (DWI), which is the 

current widely accepted de facto clinical reference standard for the determination of the 

infarct core 5, 6. Recently, CTP-derived CBF was found to have the highest accuracy 

comparing to DWI7. Other studies showed that CTP maps were highly correlated with DWI8-

10, but with large measurement errors due to low SNR/CNR, which limited the reliability of 

CTP11.  

  Similar to our study, some other researchers also found that the differences in the 

main perfusion maps, instead of the summary map, were also considerable among different 

software packages4, 12-14. Apart from the method used for CTP analysis, CTP analysis results 

may also vary due to variation in scan parameters 15, user-defined parameters such as those 

influencing the input and output function, segmentation of the brain , and mirror line 

definition 16-18.  

 

Measurement of head movement during CTP acquisition 

We presented a method to quantify head movement during CTP acquisition based on a 3D 

registration technique utilizing non contrast CT (NCCT) data. To our knowledge, this is the 

first study that quantifies head movement during CTP acquisition using available image data 

only. Other proposed techniques to measure head movement during acquisition use sensor 

tracking system19, transducers20, an infra red camera 21 or optical markers22, which are not 

suitable for acute settings. It is therefore preferable to develop an image-based method to 

measure the movement.   

 In our proposed method, the head movement was quantified by registering every 

time frame within the CTP data set with the NCCT admission image data of the same 

patient. We choose NCCT here because it is always performed for patients suspected of 

stroke 23, 24. Therefore no additional scan was required. Since NCCT is scanned in a much 

shorter time period than the CTP acquisition, none or only minimal head movement is 

expected during the NCCT acquisition. NCCT also covers a larger volume than the CTP, thus 

it is suitable as a reference for 3D registration. 
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 We found that in patients with acute ischemic stroke, head movement during CTP 

acquisition is rather common (with prevalence around 24%). Head movement was more 

severe within the axial plane and translation occurred predominantly in the longitudinal z-

direction (scan direction). Depending on the imaging plane, rotation causes in-plane and out 

of plane movement that is variable but generally large. For CTP datasets that were 

qualitatively categorized as severe, rotations can have a range up to 15 degrees 25. We 

found no statistically significant correlation between head movement and patient baseline 

data such as NIHSS score, age and gender. Consequently, this study suggests that the degree 

of head movement during CTP acquisition cannot be predicted by these parameters.  

 Estimating the speed of movement during acquisition is also crucial and may give 

additional information in predicting flaws in CTP datasets 21. Using the quantitative 

movement assessment, we were able to estimate the speed of head movement during 

acquisition, which can be used as an indication of imaging artifacts.  

Since CTP analysis is based on the analysis of time-intensity curves of individual 

voxels, any motion of the head will alter these curves and thereby the CTP analysis result. 

We investigated this effect of head motion on CTP analysis results. We found in our study, in 

which we used a digital hybrid phantom data, that head movement, even for small rotation 

angles and z-axis displacements, strongly alters size and position of infarct core and 

penumbra in the CTP analysis. Out of plane movement such as pitch, roll, and translation in 

z direction deteriorated the summary maps more than in plane movement (yaw and 

translation in x and y direction). Nevertheless, it is somewhat surprising that in plane 

movement more than ±70 of yaw, which should be corrected properly by available 2D 

registration techniques, also contributes to inaccuracies in infarct volume and location in 

CTP analysis. This finding suggests that even for in plane head movement, the radiologist 

should be aware of possible errors in infarct core and penumbra size and location 

estimations.  

 

Motion compensation strategy 

The available registration techniques in CTP analysis software are in many cases not 

sufficient to correct patient’s head movement. We investigated two approaches to deal with 

this problem: detection of unsuitable CTP datasets due to excessive head movement and 3D 

motion correction for less severe movement.  
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The motion detection method allows measurement of head movement for each 

patient and is applied to the identification of datasets with excessive movement. We 

presented an automatic selection of unsuitable CTP data sets based on the quantification of 

motion between the time frames. These motion parameters were compared to threshold 

values based on simulations with digital hybrid CTP phantom data and optimized with ROC 

analysis. These values were defined as threshold values to accept or reject CTP data. 

Performance of this automatic selection method, as evaluated by comparison with manual 

qualitative classification by radiologists, was high (91.4% sensitivity and 82.3% specificity) 

and is therefore potentially a useful tool to improve the CTP analysis procedure.  

The main time consuming process of this study was the simulation of CTP phantom 

data in order to derive the threshold values for the motion parameters. Once the threshold 

values were defined, it requires only rigid registrations of a CTP dataset with NCCT image for 

CTP data selection. This process is computationally fast with adequate computer resources 

to allow application of the method in an acute setting.  

 The optimal solution to deal with head movement is a motion correction technique. 

A full-fledged 3D registration method has the potential to be integrated in clinical practice 

such that any movement during CTP acquisition could be corrected properly. The correction 

method we proposed is able to improve CTP analysis summary maps with an 83% of quality 

improvement for most patients with head movement. This method requires the CTP volume 

to have large whole brain coverage to compensate the motion properly, especially for the 

out-of-plane movement. The effectiveness of this method therefore depends on the 

availability of data beyond the region of interest, required in the transformation process. 

The more severe the head movement, the greater the need for ‘extra-space’ required in the 

correction method. Therefore, acquiring a larger volume with a larger coverage will be 

advantageous when applying this method. In our experiments, we discovered that the CTP 

acquisition protocol should cover at least 6 cm or more, to allow the 3D movement 

correction method to be effective for large head movements. With increasing availability of 

faster scanners with many detector arrays the problem of limited axial coverage is expected 

to be less of an issue in future.  

The proposed correction method is fully automated without user intervention. The 

transformation for correction requires less than a minute. Again, the most time consuming 

process is the registration, which can take more than 15 minutes to proceed. Nevertheless, 
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with advances in hard and software such as parallel processing, the time limitation should 

solvable in order to incorporate the method in the clinical workflow. In some recent 

commercial CTP software packages, a 3D registration technique for movement 

compensation has recently been incorporated.  

 With the two methods presented in this thesis, i.e. motion detection and motion 

compensation, the best solution might be to combine both in a single strategy. Ideally, the 

CTP datasets should first be checked automatically to remove any time frames with 

excessive head movement that cannot be compensated, to be followed by a 3D correction 

method.  

 

Time Invariant CTA 

To investigate the potential benefit of using CTP time series for automatic ASPECTS score 

estimation, we generated time invariant CTA images from CTP datasets. Generating CTA 

from CTP would simplify the workup of patients suspected of acute ischemic stroke by to 

conducting only 2 CT acquisitions instead of the current 3 examinations. 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. 

 On the other hand, The Alberta Stroke Program Early CT Score (ASPECTS) is a semi-

quantitative method that can quantify early ischemic changes in specific areas supplied by 

the Middle Cerebral Artery (MCA) and associated with functional outcome of acute ischemic 

stroke patients26. In our study, an automated ASPECTS method was successfully developed 

and applied to CTA and tiCTA datasets. Our result revealed that there is still a large variation 

in the ASPECTS, both when applied with the automated and with the manual method, either 

using CTA or tiCTA datasets. We found no statistically significant correlation of all ASPECTS 

score with the NIHSS, final infarct size, as well as with mRS. Automated ASPECTS of tiCTA 

correlates slightly better with final infarct volume and mRS compared to standard CTA, 

however the additional benefit of using tiCTA is still unclear in this study. Further 

development is needed in order to allow reliable application of an automated ASPECTS 

scores.  

 The tiCTA might provide several advantages, while not performing ASPECTS analysis 

worse than analysis based on standard CTA as shown in our study. Therefore, our study 
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supports the usability of tiCTA as a replacement of CTA in order to simplify the workflow for 

acute ischemic stroke patients.  

 

Future research 

The future research of CTP analysis for patients with acute ischemic stroke should be in the 

direction of (1) standardization of CTP analysis method, (2) incorporation of fast 3D 

registration algorithms in CTP analysis and (3) simplification of work flow in the CT 

examination workflow for patients with acute ischemic stroke.  

 The standardization is a must before CTP analysis should be accepted and widely 

used in clinical routine for acute ischemic stroke patient. This is challenging considering the 

availability of commercial packages from different vendors that already exists in health 

centre around the world. Collaboration between research groups and commitment between 

vendors should be encouraged to solve this problem together.  

 The development of CT Scanners technology nowadays supports the use of our 3D 

registration algorithms in CTP analysis. Combined with advances in hard and software 

engineering e.g. parallel processing, our method will be able to help increasing the accuracy 

of CTP analysis in daily clinical routine.    

 The idea to simplify CT workflow for acute ischemic stroke patients will be the main 

approach in the future to answer the issue of dose and time. With a larger coverage and 

thinner slices, current CT scanner setting will enable the CTA-CTP combination to reduce the 

number of examinations conducted on patients. These advances in technology and in image 

processing of CT images will support clinicians to make faster, more accurate and more 

precise diagnoses of the status of patients with acute ischemic stroke.     
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