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ABSTRACT
Head movement during brain Computed Tomography Perfusion (CTP) can deteriorate perfusion
analysis quality in acute ischemic stroke patients. We developed a method for automatic detection
of CTP datasets with excessive head movement, based on 3D image-registration of CTP, with
non-contrast CT providing transformation parameters. For parameter values exceeding
predefined thresholds, the dataset was classified as ‘severely moved’. Threshold values were
determined by digital CTP phantom experiments. The automated selection was compared to
manual screening by 2 experienced radiologists for 114 brain CTP datasets. Based on receiver
operator characteristics, optimal thresholds were found of respectively 1.0°, 2.8° and 6.9° for
pitch, roll and yaw, and 2.8 mm for z-axis translation. The proposed method had a sensitivity of
91.4% and a specificity of 82.3%. This method allows accurate automated detection of brain CTP
datasets that are unsuitable for perfusion analysis.
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1. INTRODUCTION
Brain Computed Tomography Perfusion (CTP) imaging is evolving towards a
promising diagnostic tool for initial evaluation of acute ischemic stroke patients [1–4].
In CTP images, areas with brain perfusion defects can be detected after the onset of
clinical symptoms and can facilitate the differentiation between the irreversibly
damaged infarct core and the potentially salvageable penumbra [5–9]. Such
differentiation is important in choosing the most suitable therapy [10–12].

The patient’s head movement during image acquisition, however, limits the
applicability of CTP. Since CTP analysis assumes that a specific location in the
images is associated with a single anatomical position [13, 14], it is likely that head
movement deteriorates CTP analysis results, as shown by an example in Figure 1.

*Corresponding Author: Fahmi Fahmi, MSc, Academic Medical Center (AMC), Department of Biomedical
Engineering and Physics, L0-147, Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands, Phone:
+31(020)5665189, Fax: +31(020)6917233, E-mail: f.fahmi@amc.uva.nl.
Other authors:h.a.marquering@amc.uva.nl, g.j.streekstra@amc.uva.nl, l.f.beenen@amc.uva.nl,
n.n.janssen@amc.uva.nl, c.b.majoie@amc.uva.nl, e.vanbavel@amc.uva.nl.



While it is indeed well recognized that head movement is a common problem during
CTP image acquisition of stroke patients [15–18], automated procedures for
exclusion of unsuited CTP data are lacking, and substantial manual work by
radiologists is required.

In current clinical practice, a radiologist must first visually inspect the CTP datasets
in order to decide whether they are affected by head movement, and whether the data
set is suitable for accurate perfusion analysis. If the data set passes such inspection,
basic registration, commonly available in software analysis packages, is applied to
correct for small head motion. Alternatively, certain time frames of the CTP acquisition
that could disturb the perfusion analysis can be removed. The visual inspection is
performed for all 25-30 time frames and is commonly conducted in 2D maximum
intensity projections. In addition to the time requirement, selection of out-of plane head
movement acquisitions with this method is sometimes difficult. Furthermore, there is no
common consensus on selection criteria for CTP data that would be suitable for analysis.
Therefore, a considerable inter-observer variation can be expected.

The goal of this study is to develop and validate an automatic detection method for
unsuitable CTP images due to excessive head movement.

2. METHODS
This study utilized results from previous phantom experiments to estimate threshold
values for motion parameters beyond which unacceptable deviations of perfusion analysis
results occurred [19]. Head movement was quantitatively assessed using a 3D image
registration with non-contrast CT (ncCT). Based on the comparison of motion parameters
with threshold values, we labeled CTP data as “no or minimal” or “severe” movement.
Finally, we validated this automated detection of CTP data of severe movement with
manual screening by radiologists to define the optimum threshold values.
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Figure 1. Example of CTP analysis disturbed by head movement:(a) The red arrows
indicate double falx cerebri due to moderate head movement. (b) An
example of deterioration of brain CTP images due to severe head
movement.



2.1. Estimation of Threshold Values Based on Phantom Experiments
To define threshold values for movement beyond which severe deterioration of CTP
quality can be expected, we utilized results from a previous study on the effect of head
movement on CTP analysis [19]. In that study, CTP digital hybrid phantom data
developed by Riordan et al. [20] were employed.

The phantom was based on a combination of CT images of an anthropomorphic head
phantom with clinically acquired high resolution 7T clinical MRI images. It included
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
CTP clinical studies were added [20]. The infarct volume used in that study was
positioned at the right part of the brain, where the proportional volume of infarct core and
penumbra were created by applying a mask to the digital hybrid phantom data. To
simulate head movement, the CTP phantom data were rotated around and translated along
each coordinate axis. The original and transformed phantom datasets were then processed
using Extended Brilliance Workspace version 3.5 Brain CT Perfusion Package (Philips
Healthcare, Cleveland, OH), as the standard software package used in our clinical and
research practice. Summary maps were subsequently generated. These maps utilize all
perfusion maps, and quantitatively describe both infarct core and penumbra area.

The volume similarity and the spatial agreement between summary maps generated
from the original and rotated phantom data were calculated. The agreement was expressed
with the Dice Similarity Coefficient (DSC), a measurement of spatial overlap of image
regions. DSC is defined as twice the volume of the intersection of two areas divided by
the sum of the volume of both areas. DSC expresses agreement not only in the size but
also in the location of infarct core and penumbra between summary maps [19].

2.1.1. Threshold Estimation
Rotation and translations values relating to given DSC values were used as potential
threshold. We explored DSC values ranging from 0.4 to 0.8 to obtain candidate
threshold parameter sets for automated motion detection. In our experiments, we
excluded the in-plane translations of x- and y-directions because the phantom study
showed that the CTP analysis software can correct these translations; therefore, these
translations do not have an effect on the result. One set of threshold values therefore
consists of roll, pitch and yaw rotation angle, and translation in z-direction.

2.2. Head Movement Measurement in Clinical CTP Data
2.2.1. CTP Image Acquisition
We collected 114 CTP data sets from 100 patients suspected of acute ischemic stroke,
who underwent ncCT and CTP in our medical centre during 2010-2012. All CT image
acquisitions were performed on a 64 slice Siemens scanner (Somatom Sensation 64,
Siemens Medical Systems, Erlangen Germany). This retrospective analysis of
anonymous patient data was approved by the medical ethics committee of our medical
centre. Informed consent was waived because no diagnostic tests other than the routine
clinical imaging were involved in this study. Because the evaluation of the images for
the purpose of the current study was performed retrospectively, its results could not
influence clinical decisions.
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For the CTP acquisition, 40 ml iopromide (Ultravist 320; Bayer HealthCare
Pharmaceuticals, Pine Brook, New Jersey) was infused at 4 ml/s using an 18 gauge
canula in the right antecubital vein, followed by 40 ml NaCl 0.9% bolus. Acquisition
and reconstruction parameters were 80 kV tube voltage, 150 mAs, collimation 24 ∞ 1.2
mm, field of view 300 mm, reconstructed slice width of 4.8 mm with 25 time frames
acquired. During acquisition, a standard foam headrest was used to provide patient with
comfortable position and to minimize the head movement. The ncCT scan of the brain
was acquired at admission with 120 kV and 300-375 mAs. This scan covers the whole
brain, with a reconstructed slice thickness of 5 mm or smaller.

2.2.2. Quantification of Head Movement
Range and direction of head movement were quantified by the 3D registration of every
time frame in the CTP dataset with the ncCT image data of the same patient [18]. The
rigid registration resulted in 6 motion parameters: three angles of rotations: pitch (Rx),
roll (Ry), and yaw (Rz); and three spatial translations in the x-, y- and z-directions (Tx,
Ty, and Tz) (Figure 2). The registration was performed using Elastix [21, 22], with the
normalized correlation coefficient as a similarity measure and the use of the gradient
descent algorithm to solve for the optimization.

The extent of movement was determined for each time frame, providing 25 ∞ 6
temporal motion parameter values, using the first time frame as a reference.

2.3. Manual Screening
Two radiologists (co-authors CBLM and LFMB both with more than 10 years of
experience) qualitatively graded the severity of the patient’s head movement in CTP
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Figure 2. Head movement parameters. Rx is the rotation around the x-axis (pitch),
Ry is the rotation around the y-axis (roll), and Rz is the rotation around
the z-axis (yaw).



data as ‘no or minor’ head movement, or as “severe” when the CTP source images
showed movement that was expected to severely affect the CTP analysis. A consensus
reading was conducted where both radiologists together inspected the source data for
any head movement. When necessary, the cine mode was employed for this purpose.
The decisions were based on agreement between both radiologists. This manual
screening of CTP data was used as the ground truth for the validation of the automatic
detection.

2.4. The Automated Detection
The decision to label a CTP dataset as “no or minimal” versus “severe” head movement
was based on the comparison of quantified motion parameters with the estimated
threshold values. If one or more of these motion parameters exceeded the threshold
value, it was labeled as “severe”; otherwise the CTP dataset was labeled as “no or
minimal” head movement.

2.5. Statistical Analysis
We used a binomial classification test in the comparison of the automatic detection and
the manual screening to evaluate the performance of the automated method. For each
set of threshold values, we determine the true positive rate (TP), for cases when both
the automatic method and the manual screening judged the CTP dataset as “severe”;
false positive rate (FP) for cases when the automatic method labeled CTP dataset as
“severe”, but the manual screening did not; true negative rate (TN), when both the
automatic method and the manual screening judged the CTP dataset as “no or minimal”;
and false negative rate (FN), when the automatic method labeled CTP dataset as “no or
minimal”, but the manual screening did not. Diagnostic accuracy, sensitivity and
specificity of this automatic method were calculated for each set of threshold values
with 95% confident interval. Positive predictive value (PPV) and negative predictive
value (NPV) as well as the predictive power (PP) were calculated to describe the
performance of the test. Furthermore, receiver-operating characteristics (ROC) for
different sets of threshold values were calculated.

3. RESULTS
Among the 114 CTP datasets from 100 patients analyzed during manual screening, the
radiologists judged movement in 35 CTP dataset as “severe” and the remaining 79 CTP
datasets as having “no or minimal” movement.

3.1. Threshold Values
The deterioration of CTP analysis with increasing motion in the digital phantom study
is illustrated in Figure 3, in which the DSC is plotted as a function of motion
parameters. We derived 5 sets of threshold values at DSC values of 0.4, 0.5, 0.6, 0.7,
and 0.8. This figure shows that different types of head movement lead to different
effects on the accuracy of the perfusion analysis result. For example, it took more than
6° for yaw rotation (Rz) to cause deterioration, whereas a pitch rotation of 1° already
had a significant deteriorative effect on the CTP analysis results.

The rotation and translation thresholds for each selected DSC value are listed in
Table 1. These threshold values were calculated by taking the average of two
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corresponding values for negative and positive displacements in the DSC graph. The
translations in the x- and y- directions are omitted here because the CTP analysis
software is insensitive to in-plane movement.
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Figure 3. DSC graph indicating the accuracy of the CTP analysis in a moving
phantom. The red line describes the accuracy of the infarct core volume
estimation; the green line depicts the accuracy of the infarct penumbra
(adapted from [19]). The yellow dots represent interpolation for given
DSC values, indicating the threshold values for roll (a), pitch (b), and
yaw(c) rotation angles, and the translation in the z- direction (d). The y-
axis for each of the 4 figures is DSC (non-dimensional).

Table 1. Threshold values of the motion parameters associated with specific
DSC values

DSC value Rx [deg] Ry [deg] Rz [deg] Tz [mm]

0.4 1.97 5.01 7.15 8.14
0.5 1.04 2.80 6.99 6.14
0.6 0.83 1.85 6.83 3.34
0.7 0.62 1.39 6.68 1.93
0.8 0.42 0.92 6.52 0.98



3.2. Quantization of Head Movement
In our population of 100 patients, the mean rotation angles were 1.7 ± 3.0°, 2.1 ± 6.2°
and 3.3 ± 7.7° for pitch, roll and yaw, respectively. The mean translation was 2.2 ± 4.1
mm, 1.2 ± 2.0 mm and 1.6 ± 2.2 mm for x-, y- and z-directions, respectively. The largest
rotation recorded was in-plane movement (yaw) with maximum rotation angle of 61.3°.
Figure 4 shows an example of the dynamics of head movement parameters during the
CTP acquisition.

3.3. Accuracy
For each DSC value, the automated detection of severe head movement was performed
and compared with the manual screening, as shown in Table 2. In this comparison, the
manual screening was taken as the ground truth. The diagnostic accuracy was
calculated for 5 sets of motion thresholds associated with the DSC values (see Table 1
for the specific motion thresholds).

The ROC curve is shown in Figure 5 with an area under curve of 0.94. The optimal
threshold DSC was 0.5 (predictive power 0.79), with an accuracy of 85.1% (95%CI:
78.6 % -91.6%), sensitivity of 91.4% (95%CI: 86.3% - 96.5%) and a specificity of
82.3% (95%CI: 75.3% - 89.3%).
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Figure 4. Example of head movement parameters: rotations (left) and translations
(right) for 25 time frames as a result of head movement quantization. This
figure indicates that there is a large yaw rotation and z-translation around
the 17th time frame.

Table 2. Diagnostic accuracy of the automated detection method for different
DSC values

DSC value TP TN FP FN PPV NPV Sensitivity Specificity Accuracy PP

0.4 24 76 3 11 88.9% 87.4% 68.6% 96.2% 87.7% 0.77
0.5 32 65 14 3 69.6% 95.6% 91.4% 82.3% 85.1% 0.79
0.6 35 54 25 0 58.3% 100% 100% 68.4% 78.1% 0.74
0.7 35 44 35 0 50.0% 100% 100% 55.7% 69.3% 0.67
0.8 35 28 51 0 40.7% 100% 100% 35.4% 55.3% 0.58



4. DISCUSSION
We presented a method for automatic detection of unsuitable CTP datasets based on the
quantification of head movement between time frames. These head movement
parameters were compared to threshold values based on simulations of CT perfusion
analysis with a CTP phantom data. Performance of this automatic detection method, as
evaluated by comparison with manual classification of head movement severity by
radiologists, was high (sensitivity and specificity of 91.4% and 82.3%, respectively).

It was shown previously that standard CTP analysis software can only correct head
movement for a limited range of movement. Moreover, such correction is limited to in
plane movement only [19]. Head movement strongly alters estimated size and position
of infarct core and penumbra produced by CTP analysis. The range of head movement
parameters with an acceptable accurate CTP analysis with DSC value 0.5 were 1.0° for
pitch, 2.8° for roll and 6.9° for yaw; and 2.8 mm translation in the z-direction. These
values were used as threshold values to identified CTP data as having “no or minimal”
or “severe” movement. These threshold values might be different for other software
packages. Similar phantom studies should therefore also be conducted for other
software packages in order to allow adequate automatic detection of motion-affected
CTP analyses.

74 Automatic Detection of CT Perfusion Datasets Unsuitable for CTP Analysis
due to Head Movement of Acute Ischemic Stroke Patients 

Figure 5. ROC curve (area under curve = 0.94) for different set of threshold values
from DSC value of 0.4 to 0.8.
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The ROC analysis provided an optimal threshold at DSC value of 0.5. The
sensitivity of the proposed method for this threshold is high, while the specificity is
somewhat lower. This characteristic is preferable for a computer aided system as
presented here, where the radiologists are expected to check the suspected CTP data.
For this DSC value, the automatic detection resulted in an overestimation of
suspicious image data compared to the selection of the radiologists. For a higher DSC
value of 0.6, the sensitivity of the automated detection could be raised to 100% at the
cost of a specificity decrease to 68%. The threshold values used in this study could
be optimized for other CTP methods and scanners. However, this was beyond the
scope of this study.

There are several reasons to choose ncCT as a reference target for 3D registration.
An ncCT scan was always performed for patients suspected of stroke [2, 23, 24];
therefore, no additional scan was required for the registration. It covers the whole brain
and is scanned in less than a second, a much shorter time period than the CTP
acquisition which requires up to 50 seconds. Furthermore, there is typically no, or only
minimal, image degradation due to head movement during the ncCT acquisition. If
severe head movement occurs during ncCT scanning and is noticed by the technician,
ncCT can be easily repeated.

The current automatic detection method is limited to the detection of head movement
between two time frames and ignores motion that may occur during the acquisition of
a particular time frame. Analysis of the effects of such in-frame motion artifacts was
beyond the scope of this study.

By quantifying all head movement parameters for each time frame as shown in
Figure 3, this method is able to identify culprit time frames that need to be removed for
better CTP analysis quality. However, sufficient dynamical information is required and
it is therefore not clear to what extent frames can be removed without severely affecting
the CTP analysis. Future work is needed to study this subject in more detail.

We need to emphasize that CTP datasets labeled as “severe movement” are not
necessarily useless in the sense that all data should automatically be discarded and
excluded from analysis. Rather, such a label should warn the radiologists to check the
dataset for its usability. For dataset labeled as “no or minimal movement”, the
radiologist can skip the manual inspection and immediately continue with the CTP
analysis, saving substantial time.

During the analysis, we did not consider the moment of the head movement during
the whole period of wash-in and wash-out of the contrast agent. Motion artefacts may
cause larger deterioration of the analysis when they occur during the passage of the bulk
of the contrast as compared to early after injection or during the distal tail of the contrast
passage. Nevertheless, additional research on this issue is needed.

This study has some limitations. First, the required computational time needed for
the automatic detection is currently too long for introduction in clinical practice. Time
constraint is an important issue especially in patients with acute ischemic stroke
[25–27]. The most time consuming process of this study was the simulation of CTP
phantom data in order to derive the threshold values for the head movement parameters.
Once the threshold values were determined, only rigid registrations of the whole CTP
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datasets with ncCT image were required, which still took up to 15-20 minutes. This
latter process could be expedited with more computer resources. The aim of this study
was to provide a proof of concept rather than a clinical application, therefore reduction
of computation time was beyond the scope of this study. Second, the used motion
threshold values were derived from a CTP phantom instead of large clinical datasets.
An intrinsic difficulty of using clinical datasets for threshold optimization is the absence
of a ground truth. The use of CTP phantom data for this purpose seems therefore more
suitable. Third, our study was based only on expert qualitative grading and may lead to
subjectivity of the evaluation. Therefore, the high percentage of CTP dataset labeled as
“severe” could probably be due to the selection bias. Despite of its limitation, manual
screening was the best reference we have for validation. Furthermore, we tried to reduce
subjectivity by using the evaluation of two radiologists instead of one.

The presented method has the potential to be integrated in clinical practice such that
any movement during CTP acquisition will be automatically detected, allowing
radiologists to remove suspicious image data from the CTP analysis. The same method
can be extended by correction of the head movement, and we are currently studying
such possibilities.

5. CONCLUSION
We presented a method that automatically selects CTP datasets with severe head
movement. The accuracy of the method was 85.1% with a high sensitivity (91.4%) and
a good specificity (82.3%). It supports accuracy assurance of CTP analysis and avoids
clinical decisions based upon faulty image data due to severe head movement.
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