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ABSTRACT 

Introduction: Head movement during CT brain Perfusion (CTP) acquisition can deteriorate 

the accuracy of CTP analysis. Most CTP software packages can only correct in-plane 

movement and are limited to small ranges. The purpose of this study is to validate a novel 

3D correction method for head movement during CTP acquisition.   

Methods: Thirty-five CTP datasets that were classified as defective due to head movement 

were included in this study. All CTP time-frames were registered with non-contrast CT data 

using a 3D rigid registration method. Location and appearance of ischemic area in summary 

maps derived from original and registered CTP datasets were qualitative compared with 

follow-up non-contrast CT; A quality score (QS) of 0 to 3 was used to express the degree of 

agreement. Furthermore, experts compared the quality of both summary maps and 

assigned the improvement score (IS) of the CTP analysis, ranging from -2 (much worse) to 2 

(much better).   

Results: Summary maps generated from corrected CTP significantly agreed better with 

appearance of infarct on follow up CT with mean QS 2.3 versus mean  QS 1.8 for summary 

maps from original CTP (p=0.024). In comparison to original CTP data, correction resulted in 

a quality improvement with average IS 0.8; 17% worsened (IS= -2, -1), 20% remained 

unchanged (IS=0) and 63% improved (IS=+1, +2). 

Conclusion: The proposed 3D movement correction improves the summary map quality for 

CTP datasets with severe head movement.    

 

Keywords: Computed Tomography, Stroke, Perfusion imaging 



3D Movement Correction of CT Brain Perfusion Image Data |85 
 

 
 

Introduction 

CT Brain Perfusion (CTP) enables the depiction of irreversibly damaged ischemic core and 

salvageable ischemic penumbra in the initial evaluation of patients with acute ischemic 

stroke [1-3]. The size of the ischemic core and penumbra are considered to be important 

determinants of clinical outcome and may add relevant clinical information compared to 

traditional stroke CT workup, including only non-contrast CT (NCCT) and CT Angiography 

(CTA) [4].  

 Perfusion analysis with CTP is performed by monitoring the dynamic behavior of 

iodinated contrast agent through the cerebral vasculature and tissue. Time–attenuation 

curves of individual voxel in the image are generated to estimate local perfusion parameters 

such as cerebral blood volume, cerebral blood flow, and mean transit time. Using pre-

defined thresholds and contra-lateral comparison, these parameters are combined to create 

a summary map estimating the volume and location of the ischemic core and penumbra 

[5,6].  

 In CTP analysis, it is assumed that a certain position in the CTP source images is 

associated with a single anatomical position for each time frame. In clinical practice, this 

assumption may not hold due to patient’s head movement during CTP acquisition. Head 

movement may deteriorate time attenuation curves and cause the analysis to be inaccurate. 

The pattern and severity of head movement during CTP acquisition have been described 

previously, showing variation in timing, magnitude, and direction[7].  

 Head movement during CTP acquisition can partly be limited by a foam headrest that 

provides the patient with a comfortable position [8,9]. However, despite these precautions, 

sudden or gradual head motion is frequently observed during image acquisition [10,11]. 

About 25% of acute ischemic stroke patients experience quite severe head movement 

during CTP acquisition[7], and result in CTP datasets that do not allow accurate perfusion 

analysis. 

 In clinical practice, a radiologist or a specialized technician inspects the CTP datasets 

to ensure that it is not affected by severe head movement, and decides whether the data 

set is suitable for accurate perfusion analysis. In some cases, certain time frames of the CTP 

acquisition that could disturb the perfusion analysis can be removed. The inspection for all 

25-50 time frames is performed visually and sometimes 2D maximum intensity projection is 
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used. The selection of out-of plane head movement acquisitions with this method is 

difficult, and relies on the subjective interpretation. A previous study proposed an 

automatic detection of unsuitable CTP data due to head movement[12]. Nevertheless, 

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

would be the preferred solution to deal with head movement. 

 Most CTP analysis software packages provide an option for image registration to 

correct for movement. However, current registration techniques can only correct in a 

limited range of movement and can only deal with in-plane movement only. A previous 

study showed that a commercially available software package only allowed for adequate 

correction of rotational movements when the rotational angles were below a mere 10, 20, 

and 70 degree for respectively pitch, roll and yaw movement, and that larger rotation 

caused major flaws in the CTP analysis[13].  

 The purpose of this study is to introduce a new approach to correct for head 

movement during CTP acquisition by 3D registration of the CTP dataset with NCCT data, and 

to evaluate its performance compared to currently available registration methods. 

 

Materials and Methods 

Patient Population 

CTP datasets from patients suspected of acute ischemic stroke were collected from a multi-

center national trial: the DUST (DUtch acute Stroke Trial, ClinicalTrials.gov NCT00880113, 

[14]), between 2011 and 2012. All DUST patients underwent CT-scanning with non-contrast 

CT (NCCT), CT angiography (CTA), and CTP within nine hours after onset of suspected 

ischemic stroke. Inclusion criteria for the current study were whole brain coverage CTP 

datasets (6cm or more) defective due to head movement. Only CTP datasets with follow up 

CT were included. Based on inspection of the source data, CTP datasets with image quality 

defects due to other problems than head movement were excluded. These included 

incomplete CTP datasets, part of brain out of field of view, and low contrast to noise ratio 

(CNR). This resulted in a total of 35 datasets available for this study (Figure 1). All patients or 

legal representatives signed informed consent and permission of the medical ethics 

committee was obtained. 
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Fig.1 Inclusion and exclusion criteria 

 

CT Acquisition 

Out of 35 CTP datasets, 27 were acquired with a Philips scanner (iCT256, Philips Medical 

System, Best, The Netherlands) and 8 with a Toshiba scanner (Acquilion One 320, Toshiba 

Medical System, Tokyo, Japan). All included CTP datasets consisted of at least 25 time 

frames with 12 to 32 slices of 5 mm thickness with a whole brain coverage ranging from 6 to 

16 cm in the z-direction. During acquisition, a standard foam headrest was used to provide 

the patient with a comfortable position and to minimize head movements. An admission 

NCCT scan was conducted as part of the standard stroke CT workup. The follow-up NCCT of 

the patients was performed within 1-5 days after admission. 

 

Head Movement Correction  

The proposed method to correct for head motion is based on 3D registration of each CTP 

time frame to the NCCT of the same patient. The registration is performed using Elastix[15] 
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with the normalized correlation coefficient as a similarity measurement and a gradient 

descent algorithm to solve the optimization problem. The rigid registration yields 6 motion 

parameters: three angles of rotations: pitch, roll, and yaw; and three translations in the x-, 

y- and z-direction. These motion parameters are subsequently used to align all frames using 

tranformix, a toolbox included in the Elastix software. All aligned time frames are 

subsequently combined into a complete CTP dataset ready to be used for CTP analysis. An 

illustration of the head movement correction procedure is shown in Figure 2.  

 

 

Fig.2 Proposed method: start with 3D rigid registration between CTP dataset with NCCT. 

The registration processes are applied for each time-frame volume set and produce n x 6 

transformation parameters (by Elastix). Correction step: Transforming all CTP volume for 

each time frame using inverse transformation parameters (by Transformix). All 

corrected volume set are then combined into a corrected CTP dataset for further CTP 

analysis 

 

CTP Analysis 

Both original and corrected datasets were processed using dedicated software: Philips 

Extended Brilliance Workspace version 3.5, Brain CT Perfusion Package (Philips Healthcare, 

Cleveland, OH). The built-in registration function was switched off for the corrected CTP 

dataset and used only for the uncorrected image data. 
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 The perfusion analysis was performed by a single trained author (FF) and checked by 

experienced radiologists (LB & CM ) to ensure accurate analysis. The midlines were set 

manually, as input parameters, the arterial input function was mostly defined in the anterior 

cerebral artery, the venous output function was mostly defined in the superior sagittal 

sinus, and a hematocrit factor of 0.45 was used. The labeling of the voxels as ischemic core 

and penumbra was performed using the factory settings: Cerebral Blood Volume (CBV) 

threshold 2 ml/gr and relative Mean Transit Time (MTT) threshold value of 1.5. The ischemic 

core was defined as pixels with a measured relative MTT > 1.5 and measured CBV<2.0 

ml/100 gr, and the ischemic penumbra defined with a measured relative MTT > 1.5 and 

measured CBV>2.0 ml/100 gr [16]. Ischemic volumes for both the original and the corrected 

summary maps were recorded for comparison.   

 

Validation  

We conducted a quantitative analysis comparing the estimated size of ischemic core and 

penumbra in both summary maps to assess any differences. The size of ischemic core was 

measured from the red labeled area and ischemic penumbra size was measured from the 

green labeled area on the summary map. Both ischemic core and penumbra together 

constitute the total ischemic defect.  

 To validate the motion correction method, appearance and location of ischemic area 

in both summary maps resulting from the original and corrected CTP datasets were 

qualitatively compared with follow-up NCCT. A consensus reading was performed by two 

experienced radiologists (both with more than 10 years experience) to grade the agreement 

of the summary maps with the ischemic area on the follow up study. The quality grade was 

also based on other characteristics of the analysis map such as the completeness of Arterial 

Input Function (AIF) and Venous Output Function (VOF) and the validity of the ischemic core 

and penumbra labeled in the summary maps.  Both observers were blinded for information 

indicating which summary map was from the original or the corrected CTP dataset. A quality 

score (QS) of 0 to 3 was used to express the degree of agreement of the CTP analysis result 

with the follow up study: QS=0 indicated no relation, QS=1 indicated a poor match, QS=2 

indicated a moderate match, and a QS=3 indicated a good matching of ischemic area 

between the summary map and the appearance on the follow up study.   
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 Furthermore, in different sessions, the experts also graded the improvement of the 

adjustment resulting from the 3D registration. The Improvement Score (IS) ranged from -2 

to 2; with IS=2 representing a much better quality of the summary map using corrected CTP 

data compared to using the original CTP data, IS=1 for some improvement (better), IS=0 

reflecting equal quality, IS=-1 for worse, and IS=-2 for much worse quality. Also for this 

analysis, observers were blinded from information on the kind of CTP data that was used 

(original or corrected data).  

 

Statistical Analysis 

Means and Standard Deviation of the ischemic size from both summary maps consisting of 

the core, penumbra and total ischemic defect, were calculated. The difference was 

calculated by subtracting the ischemic size in the corrected dataset from the original. A 

Wilcoxon signed rank test was used to test whether the difference between two summary 

maps was significant.  

 We compared the QS for both summary maps. A Wilcoxon signed-ranked test was 

used to test the statistical significance of the difference in QS values between original and 

corrected CTP data. Kruskal-Wallis and Jonckheere-Terpstra tests were used to explore the 

relation of improvement score (IS) with the initial quality (QS) of the perfusion maps of the 

original CTP image data. A P-value <0.05 was considered to indicate statistical significance.   

 

Results 

Thirty-five CTP datasets were included. Nearly 75% of the patients (26/35) were male, and 

the average age was 63 years, ranging from 27 to 93 years. Average head movement of 

these CTP datasets was 2.30±2.50, 1.30±1.60, 3.20±5.20 for pitch, roll and yaw respectively, 

and 1.5±2.3 mm, 0.8±1.2 mm and 10±12 mm for translation in the x-, y- and z- direction. The 

maximum rotations were 110, 7.10 and 200 for pitch, roll and yaw respectively. Maximum 

translations were 10 mm, 5.6 mm and 44 mm in the x-, y-, and z- direction. Although the 

average values may seem quite low, maximal movement in some cases was much higher, 

precluding movement correction with the currently available registration. 

 Examples of summary maps generated from CTP dataset with and without correction 

are shown in Figure 3. Both summary maps provided a different estimation of the ischemic 
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core and penumbra as shown in Figure 3a. Quality improvement was obvious in Figure 3b 

where the movement was too large to be corrected by the available registration techniques.  

 

Fig.3 Two examples of summary maps with ischemic core (red) and ischemic penumbra 

(green) generated from original CTP dataset (left) and corrected CTP dataset (middle). 

The follow up NCCT from the same patient is provided (right). Summary maps from 

original and corrected CTP show different size of ischemic core and ischemic penumbra 

in example (a). Quality improvement is clearly noticed in example (b) 

 

 The comparison of the ischemic size, quantified from both corrected and original 

summary maps, is shown in Figure 4. Differences of size estimation have an average value of 

-4.3 ± 22.0 cm3 for ischemic core (P=0.25), -11.2 ± 28.6 cm3 for penumbra (P=0.02) and -15.3 

± 31.2 cm3 for total ischemic defect (P=0.01). Moreover, the correction resulted in 

significantly smaller ischemic core size estimation. Detailed results on ischemic size 

estimation from all summary maps and their differences are shown in Table 1. 
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Fig.4 Comparison of ischemic size, quantified from summary maps in both original and 

corrected CTP dataset   

 

Table.1 Comparison of infarct size for summary map from original and corrected CTP 

data 

N=30 
Original 

(Mean± SD, cm3) 
Corrected 

(Mean± SD, cm3) 

Differences (Original – Corrected) 
(Mean±SD,cm3),(95%CI, cm3), 

P-value 

Core 23.56 ± 37.73 19.26 ± 32.42 
-4.31± 22.0, (-26.3, 17.7), 

P=0.25 

Penumbra 29.67 ± 45.98 18.64 ± 25.81 
-11.2 ± 28.6, (-39.8, 17.4), 

P=0.02 

Total ischemic defect 53.23 ± 66.12 37.91 ± 48.24 
-15.3 ± 31.2, (-46.5, 15.9), 

P=0.01 

N=30 
Original 

(Mean± SD, cm3) 
Corrected 

(Mean± SD, cm3) 

Differences (Original – Corrected) 
(Mean±SD,cm3),(95%CI, cm3), 

P-value 

Core 23.56 ± 37.73 19.26 ± 32.42 
-4.31± 22.0, (-26.3, 17.7), 

P=0.25 

Penumbra 29.67 ± 45.98 18.64 ± 25.81 
-11.2 ± 28.6, (-39.8, 17.4), 

P=0.02 

Total ischemic defect 53.23 ± 66.12 37.91 ± 48.24 
-15.3 ± 31.2, (-46.5, 15.9), 

P=0.01 
 

 Distribution of quality scores of summary maps obtained from the original and 

corrected CTP data are presented in Table 2. The average quality score using the original 

CTP dataset was QS=1.8 (range 0-3) and the average quality score for using the corrected 

CTP was QS=2.3 (range 0-3), which was a statistically significant difference (p=0.025).  
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Table.2 Quality score for original and corrected CTP data 

 
 

Quality Score (QS) 
0 1 2 3 Total Score / Average 

Original CTP 5/30 4/30 11/30 10/30 56 / 1.8 
Corrected CTP 0/30 4/30 12/30 14/30 70 / 2.3 

  

 Figure 5 shows the association between the maximum motion parameters (rotation 

and translation) and the quality score (QS) for the original and corrected datasets. There 

was no statistically significant relation between the extent of head movement and quality 

improvement provided by the correction method. Although, in some cases with higher 

range of movement, the corrected method was able to provide a good quality score (QS=2).  

 

 

Fig.5 Correlation of motion parameter: maximum head rotation (a) and maximum 

translation (b) against the quality score (QS) of summary maps  

 

 The average improvement IS score was 0.8 (range -2 to 2). Of the 35 CTP datasets, 5 

were considered unsuitable for comparison due to unaccepted AIF and VOF, truncated 

curves and a different location of brain ischemic core shown at both summary maps. In 12 

cases (40%) the summary maps from the corrected CTP data were considered of much 

better quality than the ones from the original CTP data (IS= 2), in 7 cases (23%) the experts 

gave a score of IS=1 (better), in 6 cases (20%) both summary maps were of equal quality 

(IS=0), and in 5 cases the summary maps from the corrected CTP data were considered 

worse than the original CTP datasets (17%, IS=-1 or IS=-2). A summary of the improvement 

score analysis is shown in Figure 6.  
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Fig.6 Improvement score (IS) analysis, comparing quality of summary maps from 

corrected CTP dataset to summary maps from original CTP dataset 

 

 The Kruskal-Wallis test indicated that the IS was dependent on the initial QS 

(p=0.014), where IS was highest for low initial QS scores. However, the Jonckheere-Terpstra 

test showed that there is no statistically significant trend between IS and initial QS 

(p=0.162).  

  

Discussion 

The motion correction method proposed in this study resulted in improved CTP analysis 

summary maps for most patients with movement during image acquisition. The ischemic 

area in the summary maps using corrected CTP data matched significantly better with follow 

up imaging (QS=2.3) than using original CTP data (QS=1.8, P=0.025). In a direct comparison 

of summary maps with and without correction, 83% of the maps using corrected CTP data 

had a better or equal quality.  

 In cases where severe head movement occurred, the correction method was still 

able to provide good quality summary map (Figure 5), even though there was no statistical 

significant relation between the severeness of head movement and the quality score 

provided by the correction method. In all cases with a very low initial quality (QS=0), the 

correction resulted in considerable improvement (IS=2).  
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 The proposed correction 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. 

Location of the ischemic core can also influence the success of this correction technique. 

Acquiring a larger volume with more coverage area will be advantageous when adopting 

this method. The CTP acquisition protocol should cover at least 6 cm or more, to allow the 

method to be effective for large head movements as in this study. 

 Although the corrected summary maps were of better quality, this does not indicate 

that the correction leads to a closer approximation of the true size and location of the 

ischemic core and penumbra. Therefore we did not use the follow-up NCCT at day 1-5 as the 

gold standard for a quantitative comparison because in the early stage infarct size may 

increase in the time period between the moments of CTP scanning and follow-up CT 

scanning.  

 In 17% of the datasets (5/30), correction worsened the quality of the summary map 

(IS= -1 and -2). This may be caused by cropping maps due to lack of space for correction 

regarding the position and extent of head movement. In other cases, streak artifacts were 

enhanced, since the registration strongly depends on the high intensity of the brain skull. 

However, in all these cases, the corrected summary maps were still considered as in good 

quality (QS=+1 and +2)   

 Our method is in line with other developments in the field of CT perfusion. The 

importance of alignment of the time frames in 3D images has been acknowledged in other 

studies [17,18]. Most of the 3D registration techniques use the first time frame of the CTP 

dataset as reference to aligned subsequent time frames. In contrast, the basic concept of 

our proposed method is to register 3-dimensionally the CTP dataset with the NCCT as a 

reference frame. This has the advantage of the large volume that NCCT covers; making it is 

more suitable for the registration of the CTP source data. By registering CTP data to NCCT 

volume, we have the ability to identify the head movement and correct out-of plane head 

movement. No extra scan is required as the NCCT scan is always present as part of the 

general work-up of patients suspected of acute ischemic stroke [19,20]. 
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 This study has several limitations. First, our study was based on only expert 

qualitative grading and may have lead to subjectivity of the evaluation. The scoring systems 

used (quality score-QS and improvement score-IS) have not been validated nor used in other 

studies. This scoring method assessed the quality of summary maps by visual evaluation of 

the ischemic area compared to the appearance of infarct as present in follow up NCCT. 

Despite that it is known that infarct may grow in time, the use of follow –up CT as reference 

standard is commonly used in various studies, beside the MRI-DWI and follow-up MRI [21]. 

Second, we did not assess the accuracy of the registration technique used as part of the 

correction technique. However, the Elastix software had been used in a variety of 

applications using different modalities. Several publications provide accuracy measurements 

of Elastix for specific purposes and this software is increasingly used as a benchmark [15,22].  

 The correction method is fully automated without user intervention. The 

transformation for correction requires less than a minute. However, the current 

implementation of the 3D registration requires quite some time: 25-30 minutes on a regular 

desktop. It should be noted that the aim of this study was to provide a proof of concept 

rather than a clinical application. Computation time optimization should be considered 

before implementing this method in clinical practice.  

 Previously, the same registration method was applied to automatically detect CTP 

datasets that were unsuitable for accurate analysis due to head movement[12]. This 

approach could be used to remove culprit time frames before the analysis. Considering the 

limitations of the current correction method, the best solution might be to combine these 2 

approaches in a single strategy. Ideally, the CTP datasets should first be checked 

automatically to remove any time frames with excessive head movement, followed by the 

correction method proposed in this study. However, it is still not clear to what extent frames 

can be removed without severely affecting the CTP analysis. Future work is needed to clarify 

this issue.  

 

Conclusion 

The proposed 3D movement correction method using a 3D registration of CTP dataset with 

NCCT images generally improves the quality of summary maps generated from CTP datasets 

with head movement.    
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