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Abstract 

Head movement is common during CT Brain Perfusion (CTP) acquisition of patients with 

acute ischemic stroke. The effects of this movement on the accuracy of CTP analysis has not 

been studied previously. The purpose of this study was to quantify the effects of head 

movement on CTP analysis summary maps using simulated phantom data. A dynamic digital 

CTP phantom dataset of 25 time-frames with a simulated infarct volume was generated. 

Head movement was simulated by specific translations and rotations of the phantom data. 

Summary maps from this transformed phantom data were compared to the original data 

using the volumetric Dice Similarity Coefficient (DSC). DSC for both penumbra and core 

strongly decreased for rotation angles larger than approximately 10, 20, and 70 for 

respectively pitch, roll and yaw. The accuracy is also sensitive for small translations in the z-

direction only. Sudden movements introduced larger errors than gradual movement. These 

results indicate that CTP summary maps are sensitive to head movement, even for small 

rotations and translations. CTP scans with head movement larger than the presented values 

should be interpreted with extra care. 
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Introduction 

CT Brain Perfusion imaging (CTP) is emerging as a promising diagnostic tool for initial 

evaluation of acute ischemic stroke patients [1-3]. In CTP images, areas of the brain with 

perfusion defects can be detected after the onset of clinical symptoms and it facilitates the 

distinction between the irreversibly damaged infarct core and the salvageable damaged 

infarct penumbra, which is important in choosing the most suitable therapy [3-5]. 

Perfusion images are obtained by monitoring the dynamic passage of an iodinated 

contrast agent bolus through the cerebral vasculature and tissue. The perfusion analysis is 

based on local time-attenuation curves during contrast in- and outflow. The analysis 

provides estimation for local perfusion parameters such as Cerebral Blood Volume (CBV), 

Cerebral Blood Flow (CBF), and Mean Transit Time (MTT). Using pre-defined thresholds and 

contra-lateral comparison, these maps are combined in a summary map estimating the 

volume of infarct core and penumbra [6,7].  

CTP analysis assumes that a specific location in the images is associated with a single 

anatomical position, ignoring the possibility of head movement. However, previous study 

revealed that 24% of acute ischemic stroke patients had considerable or severe head 

movement during CTP acquisition. As a result, almost 16% of CTP source data sets were 

judged unsuitable for accurate CTP analysis by experienced radiologists [8]. It is currently 

not clear to what extent the patients’ head movement actually affects the CTP analysis. The 

aim of this study was to quantify the relationship between the extent of rotation and 

translation to alternations in CTP summary maps using a digital dynamic head phantom.  

 

Methods 

 Digital Phantom Data 

All simulated CTP datasets were generated from a digital hybrid phantom, which was based 

on a combination of CT images of an anthropomorphic head phantom with clinically 

acquired MRI brain images to quantify the different tissues. These data were combined with 

processed high resolution 7T clinical MRI images to include healthy and diseased brain 

parenchyma, as well as the cerebral vascular system. Time attenuation curves emulating 

contrast bolus passage based on perfusion as observed in clinical studies were added. This 

resulted in a dynamic 3D, noise-free, non contrast- enhanced CT volume of 104 thin slices 
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(0.8mm), 25 time-frames with a 2 seconds interval [9]. Noise was not added to the images in 

order to study the effects of the movement solely. 

Infarct and penumbra volume was designated according to clinical experiences. The 

infarct volume used in this study was positioned at the right part of the brain. The volume of 

infarct core and penumbra were created proportionally by applying mask to the digital 

hybrid phantom data. The imposed size and location of infarct volume will be used as 

ground truth for further analysis.  

 

Fig. 1 Types of head rotation and translation. 

 

To simulate head movement, the CTP phantom data were rotated and translated 

using Transformix an accompanying toolbox in Elastix[10]. Translations and rotations were 

performed along and around each coordinate axis (Fig. 1). The ranges of the motion 

parameters applied in the simulations were based on a previous study that quantified the 

patients’ head movement during clinical CTP acquisition [8]. Based on these observations, 

the simulated rotation angles were set from -10 to +10 degrees around the z-axis (yaw), and 

-5 to +5 degree for the x-axis (pitch) and y- axis (roll), with steps of one degree. The 

translations were set from -10 to +10 mm for all three axes.  The head movement was 

simulated in the time frames 8 to 20.   

We simulated both sudden and gradual movement by applying different speeds of 

movement: gradual movements with rotation angle of 0.50/s (pitch and roll) and 10/s (yaw) 
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and sudden movement with rotation angle up to 20/s (pitch and roll) and 3.50/s (yaw). These 

movement profiles are illustrated in Fig. 2.  

 

Fig. 2 Sudden vs Gradual Movement, for 7 degree yaw rotation. 

 

CTP perfusion analysis 

The thin slice CTP phantom data volume was averaged along the z-direction to generate 6 

slices of 4.8 mm thickness, representing the slice thickness that is used in most clinical 

practices. The original and transformed CTP datasets were processed by a trained operator 

using Philips Extended Brilliance Workspace version 3.5 Brain CT Perfusion Package (Philips 

Healthcare, Cleveland, OH). 

The standard clinical procedure was used to produce the CTP summary maps. The 

arterial input function (AIF) and venous output function (VOF) regions were confirmed by an 

experienced radiologist. The classification of infarct core and penumbra was performed 

using default software settings: the infarct core was defined as pixels with a relative MTT > 

1.5 and CBV<2.0 ml/100gr, and the area of penumbra defined based on a relative MTT > 1.5 

and CBV>2.0 ml/100gr [11]. The image registration of the software package was applied if it 

produced a better match between successive frames, and skipped otherwise.  

 

Volume Similarity Measurement 

The effects of head movement in CTP analysis was determined by comparing volumes of 

core, penumbra and total infarct presented in summary maps generated from both original 

and transformed CTP phantom data. We calculated the volume similarity and the spatial 

agreement using the Dice Similarity Coefficient (DSC). DSC is a measurement of spatial 

overlap of volumes, widely used for comparing segmentation results [12]. The DSC, ranging 
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from 0 to 1, is defined as two times the volume of the intersection divided by the union of 

the two volumes.  

 

Results 

The summary map of the original CTP phantom data is shown in Fig. 3. The regions of 

artificial infarct core (red) and penumbra (green) are shown in the left part of the image. 

 

Fig.3 Summary map of the original CTP hybrid phantom data. Perfusion abnormalities 

(infarct core–red and penumbra-green) can be seen in the right side of the brain.  

 

The size of core, penumbra and total infarct, is plotted in Fig. 4. For pitch and roll 

rotations (Fig. 4 a-b), errors in volume estimations fluctuated strongly. For positive pitch 

rotations, an increase in infarct volume is accompanied with a decrease in penumbra. In roll 

rotation the size of penumbra decreased compared to the penumbra of original phantom 

data while the size of core increased.  

For yaw rotation (Fig. 4 c), the estimated total infarct volume was nearly constant 

between +/- 70. In this range, the size of penumbra was overestimated by 20-25%, while the 
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core volume was underestimated by 30-35%. For rotation angles beyond this range, the 

total infarct volume decreased rapidly. 

Translation in the x- and y- direction for a range of 0 to 10 mm did not have a 

noticeable effect on the calculated volumes and are therefore not plotted in this figure. 

Positive translations in the z-direction had large effects on the infarct size estimates (Fig. 4 

d).  

 

Fig. 4 Size of infarct core, penumbra, and total infarct volume; plotted for every 

simulated rotation angle (a-c), and translation in the z-direction (d). The dashed lines 

represent the value of original phantom. 

 

The DSC values are shown in Fig. 5. This figure shows that the DSC were nearly 

constant within narrow ranges of rotation (-70 to 70 for yaw, - 10 to 10 for pitch, and -20 to 20 

for roll). The DSCs for positive translations in the x- and y-direction were all close to 1. For 

translation in z- direction, DSC values dropped even for small translations of 2 mm.  

The comparison of the DSC for gradual and sudden movements is shown in Fig. 6. 

This figure shows that there is no large difference between the DSC values for gradual and 

sudden movement. 
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Fig. 5 DSC value of the infarct core, penumbra and total infarct volume; plotted for every 

simulated rotation angle (a-c), and translation in the z-direction (d). 
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Fig. 6 Comparison of DSC for gradual and sudden head movement for + and - 4 degrees 

pitch (a), + and - 4 degrees roll (b), and + and – 7 degrees yaw (c).  
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Discussion 

This study showed that simulated head movement has strong effects on the summary map 

of brain perfusion CT with inaccurate classifications of size and location of core and 

penumbra, even for small rotation and or translation.  

Restricting head movement during CTP acquisition would be part of the solution. 

Several methods to minimize head movement include foam headrest, molded plastic masks, 

tapes, orthopedic collars-straps, and vacuum-lock bags [13,14]. However, restrictions that 

limit the rotation and translation are not trivial to implement and would have a risk of 

inducing further movement problems [15,16]. 

Our previous study revealed that head movement in patients with acute ischemic 

stroke is quite common (about a quarter of all clinical patients during CTP acquisitions), with 

a range of rotations between 2.00-3.50 for moderate and 5.60-140 for severe movement [8]. 

This study emphasizes the importance of the severe effects that this range of movement can 

have on 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). The image registration function available in the software package is only 

able to correct the in plane motion, but not the out of plane movement. As a result, the out 

of plane movement causes large error in estimating infarct volume and its spatial location.    

Nevertheless, it is somewhat surprising that in plane movement also contributes to 

inaccuracies in infarct volume and location in CTP analysis. Our results suggest a limitation 

of the available registration of yaw rotation more than 70 for example. This finding suggests 

that even for in plane head movement, the CTP analysis should be carried out with care.  

Previous studies on general axial CT scanning showed that the speed of movement 

instead of the range of the movement was also crucial [17]. The effects of rotation might 

also depend on the dynamics of such movement, sudden or immediate movements tend to 

cause larger mismatches on the summary map. In this study we showed that for the total 

infarct area there was a larger mismatch for sudden movement than for gradual movement, 

for all rotations. However, both the accuracy of the core and penumbra estimation was less 

sensitive to the speed of the movement.  

Core and penumbra classification is performed using estimations of relative MTT, 

CBV, and CBF values in combination with estimations of the arterial input function and 
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venous output function. Head movement was expected to alter AIF, VOF and local 

attenuation curves and therefore produced error in estimations of core and penumbra. Fig. 

7 shows examples of how different movement patterns can alter the AIF and VOF curves. 

However, it was beyond the scope of this study to evaluate the effects of different 

movement patterns on local attenuation curves. 

 

Fig. 7 AIF -VOF of original phantom data (a), and transformed phantom data: with 4 

degrees pitch (b), 5 degrees roll (c), and 7 degrees yaw (d). AIF was selected at Anterior 

Communicating Artery (ACA) and VOF at Superior Sagital Sinus (SSS). 

 

The current study has not addressed movement in a real patient population. 

However, the limits of movement were derived from a previous study in a population of 103 

patients with ischemic stroke.  The current study estimates the effects of movement on the 
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summary maps and may be used in clinical practice to select image datasets that potentially 

deteriorate CTP analysis results. However, this would require a quantification of the 

movement, which is something that is not commonly available in clinical practice. Currently, 

the evaluation of suspicious movement is performed by visual inspection. This study shows 

the added value of a quantitative assessment of head movement to help radiologists 

identifying unsuitable CTP image data for the CTP analysis. 

The effects of head motions are expected to be dependent on the scanner type, 

scanning protocol, and dedicated analysis software. To the best of our knowledge, similar 

studies have not been performed for other settings. However, the extent and poor 

predictability of these artifacts suggest that also in many other cases, head movement 

severely affects proper estimation of core and penumbra size and location.  

This study has some limitations. The simulation was done separately for individual 

rotations and translations. Moreover, motion was simulated as a single gradual or sudden 

event only, with return to baseline. Actual movement in stroke patients is far more 

complicated, with coupled rotation and translation in multiple directions at various times 

during the procedure [8]. Such complex movement could even result in less accurate infarct 

volume estimations. We chose to perform the analysis for various movement parameters 

separately to quantify the effect of each transform parameter. We generated 6 slices of 4.8 

mm thickness for this study. The use of thinner slices could make the CTP analysis more 

robust against small head movement, but this issue was not addressed in this study. In the 

simulation, we only use one model of CTP phantom data with specified size and location of 

infarct. The DSC value of core and penumbra with smaller volume can be worse due to lack 

of overlap. This study utilized 2D registration function available in the software package that 

is only able to handle in plane movement. This way, we can never be really sure what 

precisely the effect of out of plane head movement to the summary map. However this was 

the best approach we can do, as in our knowledge 3D registration is not yet available for 

CTP application.        

Based on the presented simulations, this study suggests that head movement can be 

dealt with for only a small range of movement. The 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. The range of movement parameters for which an accurate 

CTP analysis result can be expected differ for the different parameters: (-10, 10) for pitch, (-
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20, 20) for roll and (-70, 70) for yaw and a translation in z-axis less than 2mm. This study 

suggests that CTP scans with a rotation angle larger than the limits should be interpreted 

with extra care. 
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