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General Introduction  

 

The Role of CTP in diagnosis Acute Ischemic Stroke  

Stroke is still a dominant cause of mortality and morbidity, ranking third as cause of death 

and second as cause of disability worldwide1, 2. Acute ischemic stroke accounts for 73%-86% 

of all the stroke cases, while 8%-18% concerns intracranial hemorrhage3, 4.   

 Brain tissue lacks a sufficient energy store and therefore requires continuous supply 

of oxygen and glucose. Consequently, ischemic stroke causes very rapid deterioration of the 

brain tissue. Time is therefore a critical factor in diagnosis and treatment of acute ischemic 

stroke5-8. Moreover, recanalization methods are useful only in a restricted time window 

after onset of the stroke (4-6 hrs) because the intravenous and intra-arterial thrombolysis 

promote hemorrhagic risk increases with time9, 10. The limited time available in an acute 

setting combined with available treatment methods for acute ischemic stroke sets the 

requirements for better diagnostic imaging methods.  

 There are at least 3 issues that need to be addressed in diagnosis of acute stroke: the 

presence and extent of hemorrhage needs to be determined, the presence and location of 

intravascular thrombi has to be detected, and deficits in local tissue perfusion need to be 

determined11, 12.  A set of CT examination protocols form a standard workflow for 

addressing these issues in acute ischemic stroke patients13: Non contrast CT (NCCT) is used 

to exclude acute hemorrhage and large areas of clearly infarcted tissue and to select 

patients for thrombolysis 9, 14, CT Angiography (CTA) is used for thrombus analysis and CT 

Perfusion (CTP) measures brain perfusion  (Fig 1).  

 

Fig 1. Example of NCCT (a), CTA (b) and CTP analysis (c) 

 

 In CTP analysis, areas with brain perfusion defects can be detected directly after the 

onset of clinical symptoms. CTP enables the depiction of infarct core (sometimes referred to 

as Non Viable Tissue – NVT, irreversibly damaged core, red area in Fig. 1c) and infarct 
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penumbra (sometimes referred to as Tissue at Risk – TAR, salvageable brain part, green area 

in Fig 1c) of patients with acute ischemic stroke15-24. The location and size of infarct core and 

penumbra as well as the ratio of their sizes are important in choosing the most suitable 

therapy 22, 23, 25, 26 and also provide valuable information for predicting the benefit of 

treatment 27-31. 

 In addition, CTP is considered to be fast, increasingly available32, safe 33, affordable 34 

and provides ease of patient monitoring35. It typically takes less than 10 min to perform a 

CTP examination. This therefore does not hinder thrombolytic treatment, which can be 

started at the CT scanner table immediately following completion of the non-contrast CT, 

with appropriate monitoring. There is increasing evidence that these advantages allow a 

firm role for advanced CTP imaging in the management of stroke patients36, 37.  

 

Principles of Computed Tomography Perfusion (CTP) Imaging 

The method of brain perfusion imaging using Computed Tomography (CT) is still a relatively 

new concept compared to nuclear medicine and magnetic resonance (MR). The original 

principles and first framework of perfusion imaging on CT were published in 1980 by Leon 

Axel et al. 38 while practical CT perfusion (CTP) performed on modern CT equipment was 

described in the 90’s by Ken Miles et al. 39 and subsequently developed in many research 

groups around the world. Nowadays, almost all CT vendors provide post processing 

software packages to accommodate CTP application for clinical use.  

 CTP is based on the imaging of brain perfusion by monitoring the dynamic passage of 

an iodinated contrast agent bolus through the cerebral vasculature and tissue. CTP source 

images are acquired every 1 to 3 seconds for approximately 1 minute to record the first pass 

of contrast during wash-in and was-out, represented by time–attenuation curves of 

individual voxels (Fig. 2). Various mathematical models, based on deconvolution26 or 

alternative techniques38, are then used to derive quantitative estimates for local perfusion 

parameters.  
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Fig 2. Time Intensity Curve of different type of brain part (adapted from presentation of 

R.Gupta, “CTP: How to do it right”, AAPM 2011 Summit on CT Dose) 

  

 CTP result provide several maps indicating perfusion parameters: Cerebral Blood 

Volume (CBV) defined as the total volume of blood in a given unit volume of the brain 

(ml∙gr-1), Cerebral Blood Flow (CBF) defined as the volume of blood moving through a given 

unit volume of brain per unit time (ml∙gr-1∙s-1), Mean Transit Time (MTT) defined as the 

average of the transit time of blood through a given brain region (s), and Time To Peak (TTP) 

defined as time needed for maximal intensity of the curve (Fig 3).  

 Acquired CTP source images are fed into software package for detailed analysis, 

including construction and quantization of the above perfusion maps. Computation of 

quantitative perfusion maps typically requires some user-defined inputs, including the 

Arterial Input function (AIF), Venous Output Function (VOF), segmentation of the brain part 

and mirror line definition. The AIF is determined on the central portion of a large 

intracranial artery, preferably the anterior cerebral artery in order to minimize effects of 

volume averaging. An attempt should be made to select an artery with maximal peak 

contrast intensity. The venous output Function (VOF) is most commonly taken at the 

superior sagittal sinus. Segmentation of brain part is conducted by generating a cerebral 

mask using certain threshold values. Setting the mirror line bisecting the brain into 

hemispheres allows for comparison of the contrast passage between affected and 

contralateral hemisphere. These user-defined inputs must be chosen optimally since 

selection of appropriate inputs is critical for producing quantitatively accurate perfusion 

maps 40.   
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 Based on the recorded time-intensity plots and using the user input defined above, 

so-called summary maps are created that image the estimated infarct core and penumbra. 

These summary maps then allow for calculation of core and penumbra volumes15, 16, 27, 41 

(fig 3). 

 

Fig 3. Perfusion maps and a summary map 

 

Pitfalls in CTP  

With the increasing availability of CTP applications, it becomes important to better 

understand the potential pitfalls in the acquisition procedure. Most known pitfalls include 

lack of standardization, patient motion, volume averaging,  inappropriate and inconsequent 

user-defined input settings for AIF and VOF selection, segmentation of brain mask and 

mirror line position; chance of missing small infarcts due to the low resolution of CTP 

analysis, and changes in perfusion due to extracranial and intracranial stenosis 42.  

 Despite its wide availability, there is currently no standardized method for 

conducting the perfusion analysis43. Such lack of standardization impedes interpretation of 

individual studies and hampers multicenter clinical trials44. Several algorithms have been 

developed, applying different perfusion models26, 38, 45. Inter-vendor differences may 

contribute to the variability in CTP analysis results 46. Such vendor-specific differences 

include both specific hardware for CTP image acquisition and software settings47-49. An 

example is the inclusion or not of a bolus tracer delay factor in the respective algorithms50.  
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Different results for perfusion parameters produced from different commercial software 

packages have been observed51.  

 The lack of standardization may affect not only the primary perfusion parameters 

but obviously also the summary maps that increasingly form the basis for clinical decision 

making. The summary map uses all perfusion maps to quantitatively describe and locate 

both the infarct core and the penumbra area in a single depiction. However, it is unknown 

to what extent infarct core and penumbra volume estimates depend on the specific 

software packages supplied by the vendors.  

 A second important pitfall encountered during CTP acquisition is related to patient 

motion. CTP analysis relies on the assumption that a certain position in the source images is 

associated with the same anatomical position in each time frame52, 53. In clinical practice, 

this assumption is violated by the patient’s head movement during image acquisition. Head 

movement during perfusion image acquisition has been recognized as a source of 

inaccuracy in cerebral blood flow measurements in other modalities54, 55. Head movement 

during CTP acquisition may deteriorate the results as well. However, information of the 

extent of head motion during CTP acquisition as well as the effects on the accuracy is still 

lacking.  

 

Head Movement Compensation Strategy 

Some methods have been proposed to minimize head movement during CTP acquisition. 

Movement can partly be limited by a foam headrest that provides the patient with a 

comfortable position 54, 56. Other acceptable methods for use in human studies are molded 

plastic masks, tapes, orthopedic collars and straps, and vacuum-lock bags 54, 56. However, 

such methods are not able to eliminate movement entirely. The more restrictive methods 

may be uncomfortable, reducing their acceptability by patients and potentially even giving 

rise to further movement to relieve discomfort 57. From studies using Positron Emission 

Tomography (PET) it is concluded that even with headrests, sudden or gradual head 

movements are frequently observed during image acquisition 56-58.  

 CTP software packages are usually capable of correcting only small head movements. 

Thus, most software packages provide image registration features that allow compensation 

within a limited range of rotation and translation, sometimes even limited to only in-plane 

movement.  
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 In clinical routine, a radiologist usually first visually checks the CTP datasets for any 

head movement, and decides whether the set is suitable for accurate perfusion analysis. If 

the movement seems surmountable, registration available in software analysis packages is 

applied to correct the motion. Otherwise, those time frames of the CTP acquisition that 

disturb the perfusion analysis are removed from the series. In extreme cases with very 

excessive movement, the whole CTP dataset is discarded. This visual inspection is performed 

for all 25-30 time frames and is commonly conducted in 2D maximum intensity projections. 

This is considered to be a time consuming process, and the identification and correction of 

out-of plane head movement is sometimes difficult. The procedure also relies on the 

subjective interpretation whether CTP data sets are considered suitable for analysis or not. 

Automated procedures for exclusion of unsuited CTP data are therefore desirable, 

substituting manual work by radiologists.  

 Time frames within a CTP dataset when movement occurred are sometimes 

removed before the perfusion analysis. This results in a reduction of information and 

increases the uncertainties in calculating the perfusion parameters. Nevertheless, rejecting 

valuable patient data should be avoided if possible, and correction of the motion would be 

the best solution to compensate head movement. Considering the extent and range of 

typical head movement occurring during CTP acquisition, a fully 3D registration method 

seems to be the best solution to correct the motion for better CTP analysis.   

  

CTP based CTA: Time-Invariant CTA (tiCTA)  

An acute ischemic stroke CT work-up protocol consists of 3 examinations: NCCT to rule out 

hemorrhage, CT Angiography for visualization and analysis of vessels and CT brain perfusion 

(CTP) for perfusion analysis 13. The similarities between all of these examinations have 

suggested the idea to simplify the workflow 59-62: instead of having 3 CT examinations, there 

is a possibility to conduct only 2 types of examination: with and without contrast; or even 

one. This strategy not only reduces radiation dose and contrast medium load to patients, 

but most importantly saves precious time in this acute setting.   

 The difference between CTP and CTA is the dynamic aspect of CTP and the limited 

coverage of brain volume in CTP examination. For modern CT scanner settings with 

increased coverage and decreased slice thickness, the latter is no longer an issue. This now 

allows for combining all CTP time frames into a single CTA image that displays the maximum 
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of the contrast enhancement over time in each voxel, a process referred to as timing-

invariant CTA (tiCTA) 59.  TiCTA could provide more information since the CTP source images 

cover the whole time period of contrast flow, in contrast to the single time-frame 

conventional CTA image. TiCTA may therefore provide better predictors of clinical patient 

outcome. To test this idea, it is important to evaluate the functionality of tiCTA in clinical 

research settings. Several studies confirmed the usability of TiCTA in some clinical research 

applications: measuring clot burden 63, large vessel occlusion detection 61, arterial 

visualization 64, artery-vein separation 62 and also collateral flow analysis 60.  

 A final issue in the application of CTP and tiCTA is the translation of the images and 

summary maps to a score for stroke severity. A common strategy is the ASPECTS (Alberta 

Stroke Program Early CT Score). This is a quantitative 10-point region-based score, 

identifying areas in the middle cerebral artery perfusion territory for possible early ischemic 

changes65. ASPECTS is conventionally applied to non contrast CT and furthermore developed 

for CTA image and CTP maps. While the scoring seems robust and useful, automated rather 

than manual scoring is strongly needed in order to avoid interobserver variability, 

standardize the procedure and reduce handing time. This holds for CTP as well as tiCTA.  

 

Outline of the Thesis  

In this thesis, several topics in CTP imaging for acute ischemic stroke are discussed. The first 

topic is to study and in particular quantitate the pitfalls that arise from the use of CTP. We 

conducted studies related to two issues: lack of standardization (chapter 2) and motion 

during acquisition (chapter 3 and chapter 4).  

 In chapter 2, we study the quantitative differences between summary maps 

generated with two commercially available software packages for CTP analysis, using 

identical CTP source images. These two software packages represent the two mainstream 

algorithms: delay sensitive and insensitive 50; deconvolution and non-deconvolution.  

 In chapter 3 we qualitatively and quantitatively assess the head movement during 

CTP acquisition. We analyze and quantify the extent, frequency and severity of head 

movement during CTP acquisition in a population of patients suspected of acute ischemic 

stroke. This chapter also discusses the relation between the severity of head movement and 
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the neurological condition of patients at admission, as expressed by the baseline 

characteristics: the National Institute of Health Stroke Scale (NIHSS) score, age and gender.  

 To get a better understanding of the effect of head movement on the accuracy of 

CTP analysis, a study using a digital head phantom CTP dataset is discussed in Chapter 4. 

This dataset allows simulation of translation and rotation to various degrees. We evaluate 

the effects of such movement on predicted summary maps and quantitate the degree of 

overlap with the known ground truth. We also determine the limits of movement that can 

still be corrected by the in-built registration algorithms.  

 The second topic concerns solutions for compensating head movement during CTP 

acquisition. Two methods are proposed: automatic selection of unsuitable CTP data with 

excessive movement and 3D movement correction based on registration with non contrast 

CT.  

 In chapter 5, we propose an automated selection of unsuitable CTP data with 

excessive movement. This method utilizes an image registration based technique to quantify 

the extent and range of head movement. The 3D image-registration of CTP data with non-

contrast CT provides transformation parameters that identify rotation and translation. The 

results of the phantom study in chapter 4 are then used to define threshold values above 

which unacceptable deviations of perfusion analysis results occurred. The quantified 

transformation parameters are then compared to thresholds to come to an automated 

selection of CTP data that are unsuitable for analysis.  

 In chapter 6, we validate a correction method to compensate the head movement 

during CTP acquisition by again using the 3D registration of the CTP dataset with NCCT data. 

Improvements of the CTP result were compared to the result of 2D registration method 

available in the commercial software package.   

 The above strategies for head movement compensation allow the better use of time-

invariant CTA derived from CTP datasets. The third topic discusses the usability of tiCTA for 

clinical applications. We specifically study the advantage of using tiCTA for automatic 

ASPECT Score analysis. In chapter 7, the use of the automatic ASPECT score application is 

broadly discussed while the benefit of using tiCTA data is highlighted. 

 Chapter 8 provides a general discussion of the thesis with recommendations for 

future research and clinical application of the current findings.   
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