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absTraCT

CT perfusion (CTP) examinations of the brain are performed increasingly for 
the evaluation of cerebral blood flow in patients with stroke and vasospasm after 
subarachnoid hemorrhage. Of the same patient often also a CT angiography 
(CTA) examination is performed. This study investigates the possibility to obtain 
CTA images from the CTP examination, thereby possibly obviating the CTA 
examination. This would save the patient exposure to radiation, contrast, and time.

Each CTP frame is a CTA image with a varying amount of contrast 
enhancement, and with high noise. To improve the contrast-to-noise ratio (CNR) 
we combined all 3D images into one 3D image, after registration to correct for 
patient motion between time frames. Image combination consists of weighted 
averaging in which the weighting factor of each frame is proportional to the arterial 
contrast. It can be shown that the arterial CNR is maximized in this procedure. An 
additional advantage of the use of the time series of CTP images is that automatic 
differentiation between arteries and veins is possible. This feature was used to 
mask veins in the in the resulting 3D images to enhance visibility of arteries in 
maximum intensity projection (MIP) images.

With a Philips Brilliance 64 CT scanner (64 x 0.625 mm) CTP examinations of 
8 patients were performed of 80 mm of brain, using the toggling table technique. 
The CTP examination consisted of a time-series of 15 3D images (2 x 64 x 0.625 
mm; 80 kV; 150 mAs each) with an interval of 4 s. We measured the CNR in 
images obtained with weighted averaging, images obtained with plain averaging 
and images with maximal arterial enhancement. We also compared CNR and 
quality of our images with that of regular CTA examinations and examined the 
effectiveness of automatic vein masking in MIP images.

The CNR of the weighted averaged images is on the average 1.73 times the 
CNR of an image at maximal arterial enhancement in the CTP series, where the 
use of plain averaging increases the CNR only with a factor of 1.49. The quality 
of the weighted averaged images approaches that of CTA images although in the 
present study the image quality of CTA was not quited reached. The automatic 
masking of veins is effective and only small remnants of veins were sometimes 
present in the masked images.
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Weighted averaging makes it possible to create CTA images from a CTP 
examination with a CNR considerably higher than that of images with maximal 
arterial enhancement. The quality of the resulting images approaches that of CTA 
images and offers the additional advantages to automatically differentiate between 
arteries and veins.

I. InTroduCTIon

CT perfusion (CTP) examinations of the brain are performed increasingly in patients 
with stroke and vasospasm after subarachnoid hemorrhage.1-3 A CTP examination 
consists of a time-series of sequential CT scans, during and after injection of a 
contrast bolus in the patient. With CTP different functional parameters such as 
the cerebral blood volume and mean transit time can be quantitatively determined 
which may aid diagnosis and therapy of these patients.

Until recently the z-coverage of the CTP perfusion studies of the brain was 
limited and the slice thickness was substantial. Initially the coverage existed of a 
single section of 10 mm thickness.4,5 This was extended to multiple sections by the 
introduction of multidector-array technology6 and the introduction of the ‘toggling-
table’ technique.7,8 With the ongoing development of CT-scanner technology the 
coverage has further increased while the slice thickness decreased. Although this 
last feature was not of primary importance for CT-perfusion studies, it opens the 
possibility to exploit this higher resolution to obtain anatomical images from the 
cerebral vasculature from the same scan that is used to obtain the functional images.

In the diagnostic process both functional (CTP) and anatomical images 
(CTA) are often required at the same time.9,10 Recently a study was published in 
which the feasibility of the approach of a combined CTP-CTA examination was 
demonstrated.11 This approach saves the patient exposure to radiation, contrast, 
and examination time.

The present study addresses the question how an optimal set of CTA-like 
images can be obtained from a series of CTP images in time. Each CTP image 
can be seen as a CTA image with a varying amount of contrast enhancement and 
a relatively high noise level. Even at the time of maximal enhancement a single 
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image from a CTP sequence has a contrast-to-noise ratio (CNR) that is too low to 
be useful as a CTA image. To create images that have a higher CNR, and therefore 
are more useful in the diagnostic process as anatomical images, different strategies 
can be used. Plain averaging is a simple option, but it is unlikely to be optimal as 
it does not take into account the varying contrast over time. Weighted averaging 
may solve this problem.

In this paper we present a method that produces an anatomical image of 
the cerebral arteries with an optimal CNR from a CTP examination. First a 
rigid registration technique is used for the registration of all the scans in a CTP 
examination to correct for possible patient motion. Next weighted averaging is 
used to obtain one 3D image with optimal CNR of the arterial vessels. 

The use of a CTP examination to create CTA images offers the additional 
possibility to differentiate between arteries and veins based on their enhancement 
in time. Differences in enhancement can be used to automatically mask venous 
structures that obscure the sight of arterial blood vessels in maximum intensity 
projections (MIP) or volume renderings (VR). This makes manual removal of 
veins, which can be very time consuming or virtually impossible when in close 
proximity of arteries, unnecessary.12-14

We compare the CNR of the images obtained with weighted averaging to the 
CNR in images obtained with plain averaging and in images with maximal arterial 
enhancement. We also compare the quality of our images with that of regular CTA 
examinations and show the effectiveness of automatic vein masking in MIP images.

II. meThods

We start with a CTP examination with images acquired at n moments in 
time. A flow-diagram of the method to obtain CTA images from this CTP 
examination is shown in Fig. 1. The method can be divided into three parts:  

I. Registration:
1  Scans from the CTP series, at moments 2,..,n, are registered to the first scan.
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II. Averaging:
2   A weighted averaged image is constructed from the CTP series with the use 

of an arterial enhancement function.

III. Masking (optional):
3   A bone mask is created from the first, unenhanced, scan of the CTP series.
4    A weighted averaged image is constructed from the CTP series with the use 

of a venous enhancement function.
5    The bone in the venous weighted averaged image is masked and the resulting 

image is thresholded to obtain a set of all vascular voxels.
6    The vascular voxels are classified as veins or arteries based on their 

enhancement in time and a vein mask is created.
7    In the weighted averaged image bone and vein voxels are masked to obtain 

masked CTA images.
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Fig. 1 
A flow-diagram of the method to obtain CTA images from a CT perfusion series. The three main parts of the method are A) registration, B) weighted averaging 
and optionally C) masking of bone and vein structures. The numbers in the figure correspond to different processing steps and are explained in section II.

II.a. aCquIsITIon
A 64 slice CT scanner was used (Brilliance 64, Philips Medical Systems, Best, The 
Netherlands) with a coverage in the direction of the table movement 
( z-direction) of 40 mm (64 x 0.625 mm). CTP examinations of the brain were 
performed with the toggling table technique (or ‘Jog mode’),7 which extends the 
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z-coverage to 2 x 40 mm. We refer to the lower volume as the caudal volume and the 
upper as the cranial volume. The scans normally ranged from the circle of Willis to 
just below the vertex of the skull. The CTP examination consisted of 2 x 15 scans 
with 1.8 seconds between the first and second table position and 3.8 seconds between 
consecutive images at the same location and a total duration of 55 seconds. The first 
scan was made 6 seconds after the start of the intravenous contrast bolus injection 
(40 ml Iodixanol; 320 mg I /ml at a rate of 4 ml/sec) followed by a 35 ml saline flush. 
Scans were made with 80 kV, 150 effective mAs per scan, standard resolution and 
0.4 s rotation time. For CT perfusion analysis images were reconstructed with a 
slice thickness of 10 mm and a field of view (FOV) of 220 mm. For the purpose of 
this study 2 x 64 images were reconstructed with a slice thickness of 0.625 mm, a 
FOV of 150 mm and a matrix size of 512 x 512. Images were reconstructed with 
kernel UB (smooth with beam hardening correction15 and scatter correctiona).

II.b. moTIon CorreCTIon and preproCessIng (sTep 1)
To minimize motion artifacts, the head of the patient was placed in a holder and 
fixed with a hook and loop fastener. Because of the short scantime of each scan 
(0.4 s) motion during each scan was minimal. Slight motions in between the scans, 
however, are almost inevitable due to the total duration of the examination (55 s) 
and the toggling of the table. To correct for the motion in between the scans, we 
used a 3D rigid registration technique16 to register all volumes of the subsequent 
scans to the volume of the first scan, using the bones of the skull as a reference. 
This was done separately for the cranial and caudal volume.

After registration of the data, two preprocessing steps were performed. First in 
each volume of 64 slices, pairs of adjacent slices were averaged to obtain a slice 
width of 1.25 mm and a slice increment of 0.625 mm. This was done in order to 
reduce the noise and to obtain overlap in the z-direction. 

Secondly, a slight increase appeared to be present in the CT-values towards the 
periphery of the brain. This was probably a cupping artifact due to imperfections 
in the reconstruction procedure, and some spill-over of the high CT-values of 
the skull to the first adjacent voxels. Because this inhomogeneity negatively 
influenced the quality of the MIPs of the complete scan volume, it was corrected 
in a preprocessing step (see Sec. III.A).
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II.C. WeIghTed averagIng (sTep 2)
A 3D image with an optimal contrast-to-noise ratio can be obtained from the CT 
time series with weighted averaging, using the following procedure. 

Consider a series of 3D images Ii(x), {i = 1,..,n} obtained during a CTP 
examination at n moments in time, Ii(x) representing the CT-value in scan i for all 
voxels x. A weighted averaged image is obtained by multiplying the value of each 
voxel in image Ii(x) with a weight factor wi, with , and summation of the 
weighted images:

 (1)

The weight factors are determined as follows. Consider a volume-of-interest 
(VOI) containing an artery, (see Fig. 2a). The contrast ci in a scan i of this VOI in 
an image Ii is defined as the average CT-value within the VOI minus the average 
CT-value of the same, unenhanced, VOI, (see Fig. 2b). The contrast of the VOI in 
the weighted averaged image is given by:

 
 (2)

Fig. 2
Contrast in a CTP examination. (a) An axial CT image from a CT perfusion examination at the time of maximal arterial contrast enhancement with two volume of 
interests (VOIs) indicated, an arterial VOI in the right middle cerebral artery (MCA) and a venous VOI in the right sigmoid sinus (Sig S) (window width 600 HU, 
window center 200 HU). (b) The contrast ci of the VOIs shown in (a) as a function of i.

The expected value of the standard deviation (SD) of the CT-values in a 
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homogeneous region within each image can be considered to be constant as all 
images within the time series are acquired with the same mAs value. Because 
the noise in the successive images can be taken to be uncorrelated, the SD in the 
weighted averaged image is given by:

 (3)

where we have taken, without loss of generality, the SD in each image to be 1.
The optimal contrast-to-noise ratio (CNR) of the VOI can be found by 

maximizing:

 

(4)

By a straightforward derivation (see appendix) it can be seen that the optimal 
weighting factors, wk are: 

 (5)

For the moment we make the assumption that the enhancement in time of all 
arteries in the volume is the same (apart from a scale factor). We return to this 
point in section III.A.

The same procedure can be applied to obtain a 3D image in which the CNR of 
the veins is optimized. In this case the weighting factors are derived from a VOI 
containing one of the veins (see Fig. 2). In the present study weighted averaged 
images of the veins were used in the further image processing steps as detailed 
below (Sec. II.D.2)

II.d. maskIng
If volume rendering or maximum intensity projection is used in the visualization of 
CTA images, it is necessary to remove bone and vein voxels before visualization. 
Manual removal of veins or bone can be very time consuming or virtually 
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impossible when in close proximity of arteries.12-14 Automatic removal of bone 
is a standard procedure.16-21 Veins can automatically be removed by using the 
differences of enhancement in time between arteries and veins as described below

II.d.1 bone maskIng (sTep 3 and 7) 
Bone masking in the arterial weighted averaged image  was performed in 
the following way.17 A bone-mask was made from the first, unenhanced, scan in 
the CTP examination by a taking all voxels with a value above a threshold τ. In 
this study we have taken τ to be 200 HU.22 This mask was dilated with a kernel 
containing 10 voxels (8 in-plane, 2 out-of-plane) to improve its quality.16 All voxels 
in the image  corresponding to the voxels in the bone mask were set to an 
arbitrary low value. 

II.d.2 veIn maskIng (sTeps 4-7)
A vein mask was obtained as follows. First a venous enhancement function,  
was determined from a VOI containing a vein and the venous weighted averaged 
image,  was obtained. Bone in the image was masked (Fig. 3a), and the 
image was thresholded with a threshold ζ to find a set of vascular voxels (Fig. 
3b). It appeared that ζ = 100 HU gave good results. This set contains not only 
venous voxels but arterial voxels as well because of the large overlap in the 
enhancement in time of arteries and veins. For each vascular voxel the Pearson 
correlation coefficient r art was calculated of the 15 CT-values of that voxel in 
time Ii (i = 1,..,15) and  Ii (i = 1,..,15) . Likewise the correlation coefficient rven was 
determined, using  instead of , with Ii (i = 1,..,15) (see Fig. 3c and Fig. 3d).23 
We first tried the obvious classification rule: a voxel is considered to be venous if 
rven > r art, and otherwise arterial. It appeared, however, that the classification rule: 
a voxel is considered to be venous if rven > 0.86 r art, and otherwise arterial, gave 
slightly better results. This can be seen in Fig. 3e were the two clusters of arterial 
and venous voxels are clearly separated by this classification rule. From all voxels 
that were classified venous, voxels that can be attributed to noise were removed by 
eliminating small isolated clusters, that is, sets of connected voxels containing at 
most 32 voxels. Finally the venous voxels in the mask were dilated with the same 
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kernel as the one used for the bone mask, but in this case conditionally: voxels for 
which the correlation coefficient rart ( x )  ≥ 0.8 were not included in the vein mask. 
This condition was introduced to prevent erosion of arteries contiguous to veins. 
All voxels in the image  corresponding to voxels included in the vein mask 
(Fig. 3f) were set to an arbitrarily low value. 

Fig. 3
Creation of the vein mask, illustrated in 
an axial image from a CTP examination. 
(a) venous weighted average image made 
from a CTP examination, with the bone and 
voxels outside the skull masked (window 
width 280, window level 75). (b) image (a) 
thresholded with ζ = 100 HU, all selected 
voxels are white, (c) and (d) arterial and 
venous correlation coefficients r art(x) 
and r ven(x), white representing a high 
correlation and black a low one. For this 
illustration the correlation coefficients are 
shown for all voxels; in the calculation of 
the vein mask only the voxels shown in (b) 
are used. (e) scatter plot of the arterial and 
venous correlation coefficients for the voxels 
shown in (b). (f) final venous mask (black 
voxels) with arterial voxels colored white. 
In this final mask, the venous voxels were 
conditionally dilated (see sec II.D.2 )
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III. experImenTs

III.a. preproCessIng
A scan was made of the head of a Rando phantom (Alderson Research Laboratories, 
Stanford, CA, USA), which consists of a human skull filled with a soft tissue 
equivalent rubber. Acquisition and reconstruction parameters were those of the 
CTP examination (sec II.A) In an image acquired 3 cm above the petrous segment 
of the temporal bone in the phantom, the CT-value of the rubber was determined 
as a function of the distance to the nearest voxel of the skull. A curve was fitted 
to these values, up to a distance of 100 voxels from the skull, which consisted of 
the sum of two exponentials. In the preprocessing of the images of the patients, 
the CT-values of all voxels within the skull were corrected using this empirical 
correction function.

III.b. paTIenTs
Our method was applied to CTP examinations of eight patients. All patients 
were clinically suspected of a cerebral perfusion deficiency. Five patients were 
previously treated for a subarachnoid hemorrhage with either surgical clipping 
or endovascular coiling of an aneurysm. The other three patients were previously 
diagnosed with respectively, an arterio-venous malformation, a dissection of the 
basilar artery and an atypical meningioma.

To demonstrate the importancy for registration of the series of scans in the CTP 
examination, the amount of misalignment (before registration) was quantified 
by determining the translation in three directions applied to the center of 14 scan 
volumes relative to the center in the first one in the registration procedure. Average 
and maximal values were taken over 14 registrations of two volumes for eight patients.

For each patient the contrast  and , i = 1,..,n were measured in a VOI in 
standard arteries and veins. For the caudal volume the left middle cerebral artery 
(L MCA) was chosen and for the cranial volume the pericallosal artery (PA) (as 
proximal as possible). In the caudal volume the confluence of sinuses (CfS) was 
chosen as standard vein and for the cranial volume the superior sagittal sinus (SSS) 
(as distal as possible on the dorsal side). If for some reason the standard vessel was 
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not present in the volume, the vessel on the right side or a vessel nearby was chosen. 
The VOIs consisted of all voxels with a CT value of at least 140 HU in one of the 
perfusion scans within a distance of 2.5 mm of the voxel in the center of the vessel. 

Of some of these patients also regular CTA examinations were performed in 
the spiral mode, with a rotation time of 0.75 s, high resolution, pitch of 0.765, 80 
kV and 600 effective mAs or 120 kV and 265 effective mAs and an injection of 
80 ml contrast agent (Visipaque 320 mg I/ml) at a rate of 4 ml/s. Images were 
reconstructed with a FOV of 150 mm, a slice width of 0.9 mm, a slice increment 
of 0.45 and reconstruction kernel UB. For automatic bone removal an additional 
unenhanced scan was made with 150 effective mAs and the other settings the 
same as for the CTA scan.

The effective dose of both the CTP and the CTA examination was estimated 
using the CT-Expo Spreadsheet.24 In order to make a fair comparison, the 
scan range for the CTA examinations was taken to be the same as for the CTP 
examination, i.e. 8 cm, in the lower part of the brain. The actual scan range for the 
CTA examinations was in the order of 12 cm or more, depending on the indication 
of the scan.

III.C. WeIghT faCTors.
In the standard procedure the weight factors for the arterial weighted image were 
derived from the VOI in the standard artery. Only in case all arteries in the volume 
have the same enhancement in time, these weight factors will be optimal for the 
complete volume. To investigate whether this was indeed the case, 12 additional 
arterial VOIs were placed in the caudal volume and two in the cranial volume (see 
Table III) in the CTP scans of the eight patients, provided the vessels were present.

In all VOIs the contrast  was measured after application of weighted averaging 
and the CNR was determined using Eq. 4. For the calculation of the CNR the 
SD was determined according to Eq. 3. Whether the real SD deviated from the 
calculated SD was studied separately (Sec. III.D) The CNR of all VOIs was also 
determined in the images with maximal arterial enhancement and the ratio of 
the CNR after weighted averaging and the CNR of the maximal arterial contrast 
images was calculated. For comparison the ratio was also determined using the 
CNR in the images obtained with plain averaging, thus with all weight factors 
equal in Eq. 4. 
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For purposes of comparison the CNR was also determined for venous weighting, 
using six venous VOIs in the caudal volume and four in the cranial volume.

III.d. noIse measuremenTs
To investigate if the noise reduction after application of weighted averaging can 
be described by Eq. 3, scans were made of the head of a Rando phantom with the 
acquisition and reconstruction parameters of a CTP examination (Sec. II.A) The 
standard deviation of the CT values within a circular region of interest (ROI) with 
a diameter of 38 mm placed in one slice in a homogeneous area, were measured in 
a single scan and after plain averaging of 2, ..,n scans (in all possible permutations 
of n taken from 15 scans). The SD in the ROI was also measured in 100 weighted 
averaged images and the average SD was determined. These images were obtained 
with the use of the weight factors derived from the standard artery of the caudal 
volume of the first patient (see Sec. III.C) and random permutations of the 15 scans 
made of the phantom. 

III.e. Cnr values of CTp and CTa Images
Although not all scan parameters for the CTP and CTA protocol were identical, 
we performed a comparison of the CNR in images from a weighted averaged CTP 
examination and images from a CTA examination. Three patients had a CTP 
examination that was followed by a CTA examination on the same CT scanner 
within a few minutes. In one of these patients the CTA was made with 80 kV, in 
the other two with 120 kV.

Both for the weighted averaged and CTA-images the mean CT-value was 
determined within small circular ROIs (diameter 1.5 mm) at the same location in 
three relatively large arteries (diameter approximately 4 mm). The contrast was 
calculated as the difference of this mean CT value and the mean CT value in a 
ROI in a nonenhanced scan at the same location. This last ROI was chosen slightly 
larger (diameter 3 mm) to reduce the influence of noise. The mean contrast value 
of the three ROIs was used in the CNR calculations.

For the weighted averaged images the SD values were determined as in section 
III.C nd section III.D The SD values for the CTA examinations were determined 
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by making two additional spiral CT scans of the head of the Rando phantom, with 
scan parameters as given in section III.B and by measuring the SD in these scans 
in the same manner as described in the section III.D.

Iv. resulTs

Iv.a. preproCessIng
Fig. 4 shows the CT-values of the voxels inside the skull in the cross-section image 
of the head of the Rando phantom as a function of the distance to the skull. These 
CT-values can be adequately described by the following function:

f(x) = 29.6e-0.029x + 120.6e-0.80x + 8.0 (6)

All images were preprocessed by subtracting f(x) − 8.0 from the CT value of 
the voxels of the image, with x the distance in voxels to the nearest voxel of the 
skull in the same image.

Fig. 4 
CT-values of tissue equivalent material within the skull of 
the Rando phantom as a function of the distance to the 
skull. CT-values are indicated with a x, the experimental 
correction function ƒ(x) with a continuous line.
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Iv.b. paTIenT examples

Iv.b.1 regIsTraTIon
Table I shows the average and maximal translation of the center of the scan 
volumes relative to center in the first scan volume in the registration of the patient 
data. The translation is the largest in the z-direction, which is probably due to 
the use of the toggling table technique, and the smallest in the y-direction, which 
reflects the stabilizing influence of the table top on the movement of the head.

Table I 
Translation in three directions applied to the center of 14 scan volumes relative to the center in the first 
scan volume in the registration procedure. Average and maximal values were taken over 14 registrations 
of two volumes for eight patients.

Translation (mm)

Direction x y z

Average 0.22 0.08 0.41

Maximum 1.08 0.55 2.04

With the x-axis horizontally and the y-axis vertically in the cross-sectional plane, and the z-axis in the direction of table movement.

Iv.b.2 Images
Fig. 5 shows a ROI of 75 x 75 mm in axial images of the CTP examination of 
patient 7. Fig. 5a shows the weighted averaged and Fig. 5b the plain average, Fig. 5c 
the image of the CTP series with maximal arterial enhancement. For comparison 
the registered CTA is shown in Fig. 5d. Different window widths and window 
levels were chosen in order to make the average gray level of arteries and average 
gray level of brain tissue approximately the same in all the images. Because of the 
differences in window width and window level, the contrast in the background 
is enhanced in the weighted averaged image (Fig. 5a), and especially in the plain 
averaged image (Fig. 5b).

Fig. 6 shows MIP-images on the sagittal plane of a central VOI (of 94 x 94 x 40 
mm) of the same patient as in Fig. 5. Fig. 6a shows the weighted average, Fig. 6b 
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the same image with vein masking and Fig. 6c the plain average. For comparison 
a MIP image of the same VOI in the registered CTA is shown in Fig. 6d. In both 
Fig. 5 and Fig. 6 the difference in image quality between the weighted averaged 
image and image of maximal arterial enhancement is evident. The image quality 
of the weighted averaged images is somewhat less than that of the CTA image, 
however. The masking of the veins Fig. 6b aids in the visibility of some of the 
smaller arteries that are less visible in Fig. 6a. For MIP-images from multiple 
directions see the EPAPS supplemental movie.25

Fig. 7 shows MIP-images on the coronal plane of the complete reconstructed 
volume from the weighted averaged CTP examination of patient 1. Fig. 7a shows 
the weighted average, Fig. 7b the weighted average with vein masking. In the latter 
case the masking of the veins makes arteries in the MIP visible that otherwise 
would be obscured due to overprojection. The calcifications visible in Fig. 7a are 
absent in Fig. 7b due to the proximity of a vein that was masked (see Sec. II.D.2). 
In both Fig. 7a and Fig. 7b some artifacts due to the presence of platinum coils 
are present in the lower part of the MIP. The MIP-images are also shown in the 
blinking mode26 and from multiple directions in the EPAPS supplemental movie.25

Fig. 5 
Images of a region of interest (75 
x 75 mm) containing the circle of 
Willis in an axial slice (slice width 
1.25 mm) of a CTP examination; (a) 
weighted averaged, (b) plain averaged 
and (c) image with maximal arterial 
enhancement. (d) axial image (slice 
width 0.9 mm) from a registered CTA 
examination. In (c) window width is 600 
HU and window level 75 HU, the window 
width and level in the other three images 
were chosen to obtain approximately 
the same gray values for the arteries 
and background of brain tissue as in 
figure (c).
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Fig.6
Maximum intensity projection (MIP) on the sagittal plane of a volume of interest (VOI) of 94 x 94 x 40 mm of a CTP examination. (a) weighted averaged, 
(b) weighted averaged with vein masking and (c) image with maximal arterial enhancement. For comparison (d) shows the MIP image of the same VOI in 
the registered CTA. In (c) window width is 500 HU and window level 230 HU, the window width and level in the other three images were chosen to obtain 
approximately the same gray values for the arteries and background of brain tissue as in figure (c). 

Fig. 7
Maximum intensity projections on the coronal plane of 
the complete scan volume (150 x 150 x 80 mm) of a 
weighted averaged CTP examination. (a) without vein 
masking, (b) with vein masking. Window width 300 
and window center 130. In the lower part of the MIPs 
some artifacts due to the presence of platinum coils 
are present.

Iv.b.3 effeCTIve dose
The estimated effective doses for a CTP and a CTA examination, both with a scan 
range of 8 cm, are listed in Table II. We note that for this relatively short scan 
trajectory the CTA-scan is relatively dose-inefficient, due to the large contribution 
of spilled dose in the beginning and end of the scan,27 which amounts to 31% of 
the total effective dose.
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Table II 
Estimated effective doses for CTP and CTA examinations with a scan range of 8 cm.

tube voltage (kV) effective tube charge (mAs) effective dose (mSv)

CTP 80 2250 2.3

CTA 80 600 0.8

CTA 120 265 1.0

Iv.C. WeIghT faCTors
In Table III the CNR of different arteries of patient 1 is given in weighted averaged 
and plain averaged images, relative to the CNR of the image with maximal arterial 
enhancement. In this patient weighted averaging using the standard weight factors 
gives an average increase in CNR of a factor 1.81 compared with the image with 
maximal enhancement. The choice of the set of arterial weight factors does not 
influence the relative CNR much: when the weight factors derived from the 
individual arteries where used, it increased on the average to 1.82. Plain averaging 
gives an average increase of a factor 1.49 over the CNR in the image with maximal 
enhancement.

For the other patients, the increase in CNR was somewhat less: on the average 
for weighted averaging with the use of weight factors derived from the standard 
artery or the individual arteries 1.73 and 1.75, respectively, and for plain averaging 
1.37 (see Table IV).

In optimal venous weighted averaged images the average CNR relative to CNR 
in the images with maximal venous enhancement was 1.81 (SD 0.12, n = 77 venous 
VOIs) with the weight factors derived from the standard vein. With the weight 
factors derived from the vein itself the average CNR was 1.84 (SD 0.12) and with 
plain averaging the average CNR was 1.46 (SD 0.14). The gain in CNR when 
venous weighting is applied is thus somewhat higher than with arterial weighting, 
due to the broader peak of the venous enhancement curve (see Fig. 2).



ChapTer 7164

Table III 
The CNR, relative to CNR in the image with maximal enhancement, for 16 arteries in patient 1. Weighted 
averaging with standard weight factors, weight factors from the artery itself and plain averaging.

  weighted averaging plain averaging

Caudal Volume Artery* weight factors from 
standard artery

weight factors from artery 
itself all weight factors equal

L ICA 1.82 1.82 1.50

R ICA 1.87 1.88 1.56

BA 1.91 1.93 1.58

L PCA 1.87 1.89 1.59

R PCA 1.82 1.84 1.54

L MCA M1** 1.79 1.79 1.45

R MCA M1 1.69 1.70 1.33

L MCA M2 1.72 1.72 1.38

R MCA M2 1.80 1.81 1.45

L MCA M3 sup. 1.62 1.63 1.29

R MCA M3 sup. 1.96 1.97 1.72

L MCA M3 inf. 1.63 1.64 1.29

R MCA M3 inf. 1.95 1.96 1.65

Cranial Volume  

 PA prox.** 1.76 1.76 1.38

PA ½ 1.84 1.86 1.57

 PA dist. 1.91 1.93 1.58

average (SD)  1.81 (0.10) 1.82 (0.11) 1.49 (0.13)

CNR: contrast-to-noise ratio; SD: standard deviation; L: left; R: right; ICA: internal carotid artery; BA: basilar artery; PCA: posterior cerebral artery; MCA: 
middle cerebral artery; M1-M3: the numbered anatomical segment28; PA: pericallosal artery; sup.: superior; inf.: inferior; prox.: proximal; dist.: distal.
* arteries are ordered from more proximal, to more distal to the heart.
** standard artery.
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Table IV 
The average contrast-to-noise-ratio (CNR) relative to CNR in the images with maximal arterial enhancement, 
for 8 patients, with the standard deviation (SD) between parentheses. 

weighted averaging plain averaging

Patient # arteries weight factors from standard artery weight factors from artery itself all weight factors equal

1 16 1.81 (0.10) 1.82 (0.11) 1.49 (0.13)

2 16 1.70 (0.11) 1.72 (0.10) 1.37 (0.12)

3 16 1.68 (0.08) 1.69 (0.08) 1.33 (0.08)

4 6 1.80 (0.09) 1.81 (0.10) 1.57 (0.13)

5 16 1.63 (0.13) 1.69 (0.09) 1.36 (0.09)

6 11 1.76 (0.12) 1.77 (0.13) 1.41 (0.12)

7 16 1.79 (0.04) 1.80 (0.05) 1.35 (0.08)

8 13 1.69 (0.08) 1.73 (0.07) 1.26 (0.07)

average (SD) 110 1.73 (0.11) 1.75 (0.10) 1.37 (0.12)

Iv.d. noIse measuremenTs
In Fig. 8 the SD of a ROI in a homogenous area in the Rando phantom is depicted 
as a function of the number of images that is averaged. It appears that the noise 
decreases slightly less with the number that is averaged than theory predicts for 
uncorrelated data, because of slight residual inhomogeneities and artifacts in the 
images (see Fig. 9). For the weighted averaged images of the phantom that were 
acquired with the weight factors derived from the standard VOI in patient one, the 
SD was 6.4 % higher than the theoretical value. 
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Fig. 8 
The standard deviation (SD) of the CT values in a circular ROI (diameter 38 mm) in a homogenous area in the Rando phantom as a function of number of images 
that is averaged. The theoretical values are indicated with the continuous line and the measured values with a + symbol.

Fig. 9 
The region of interest (diameter 38 mm) in the head of the rando phantom in which the standard deviation was measured. (a) one of the scans from the CTP 
series (b) the average of the 15 scans in the CTP series. Window width 200 and window center 0 HU.
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Iv.e. Cnr values In CTp and CTa Images
In Table V CNR values are given for CTP examinations with and without weighted 
averaging and for CTA examinations of three patients. For the patient for which the 
CTA examination was performed at 80 kV (pat. 7), the CNR of the weighted CTP 
examination is slightly less than for the CTA examination. For the two patients 
for which the CTA examination was performed at 120 kV (pat. 1 and 3) the CNR 
of the CTP examination is nearly the same or slightly higher. However, in the 
interpretation of the CNR values the differences in the scan protocols for CTP and 
CTA examinations have to be taken into account. We return to this point in the 
discussion.

Table V 
The average contrast of regions of interest in three arteries, the standard deviation of the noise and the CNR 
values in the images obtained with weighted averaging of a CTP examination, the images in the CTP series at 
maximal enhancement and in the images of a CTA examination for three patients.

Patient [tube voltage of CTA] 1 [120 kV] 3 [120 kV] 7 [80 kV]

Contrast [HU]

CTP with weighted averaging 172 193 222

CTP at maximal enhancement 297 338 372

CTA 209 271 440

SD [HU]

CTP with weighted averaging 7.2 7.6 7.9

CTP at maximal enhancement 22.5 22.5 22.5

CTA 10.7 10.7 14.4

CNR

CTP with weighted averaging 24.0 25.2 28.1

CTP at maximal enhancement 13.2 15.1 16.6

CTA 19.6 25.4 30.7

CTP: CT perfusion; CTA: CT angiography; SD: standard deviation; CNR: contrast-to-noise ratio.
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v. dIsCussIon

In a diagnostic work-up often a CTA examination and CT perfusion study of the 
brain of a patient are made within a few minutes. Both examinations require the 
injection of iodine contrast, and both are accompanied with radiation exposure. 
The present study shows that in principle it is possible to combine the information 
contained in a CT perfusion study to obtain CTA-images of sufficient quality, 
although in the present study the image quality of a CTA examination was not 
quite reached. Elimination of the CTA examination has several advantages. In the 
first place patient dose will be reduced, although the gain in this respect is limited 
(in the order of 30 %) due to the relative high effective dose of a CTP examination. 
Moreover the contrast saving for the patient will be substantial (only 40 ml instead 
of 120 ml iodine contrast), and the duration of the examination of the patient will 
be shortened considerably. Another advantage of the use of CTP-derived images 
over a CTA examination is the possibility to differentiate between arteries and 
veins which, as the present study shows, can be used to automatically mask venous 
structures that may obstruct the view of the arteries.

A straightforward approach to obtain CTA images of a CT perfusion 
examination is to use the images at the time of maximal arterial enhancement.11 
We have shown that with the weighted average approach used in the present 
study the contrast-to-noise ratio can be considerably improved: the CNR of the 
averaged images is on the average 1.73 times the CNR of one image at maximal 
enhancement, equivalent with CNR obtained by the averaging of 1.732 = 3 images 
of maximal contrast. The consequences for the image quality of this gain in CNR 
are illustrated in Fig. 5 and Fig. 6. 

The CNR-values quoted above were determined using the expected reduction 
of noise as a function of the number of images that is averaged. In practice it 
appeared that the noise reduction was slightly less, however. This is due to residual 
inhomogeneities in the field of view, which are not reduced by the averaging process 
(see Fig. 9). These inhomogeneities will influence the measured SD, but this will 
be the case with noise reduction anyhow, irrespectively whether it is pursued with 
averaging of images, or with an increase of the mAs of a single image.

It appeared that the gain in CNR is hardly influenced by the choice of the 
arterial enhancement function used in the averaging process. Because the images 
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of the CTP study were obtained with 150 mAs (at 80 kV), averaging of 3 images 
means that the CNR of the weighted averaged image is the same as that of a single 
image made with 450 mAs. This tube charge approaches the tube charge of the 
CTA-study (600 mAs at 80 kV). 

Still the image quality of the weighted averaged images appeared to be 
somewhat less than that of CTA images. In the one patient for which images could 
be compared that were made at the same tube voltage (80 kV), the sharpness 
appeared was somewhat less both in-plane and in the z-direction (Fig. 5 and Fig. 
6). The in-plane sharpness of CTP images is slightly lower because these images 
were made with standard resolution, while for the CTA images the high resolution 
mode was used. In the z-direction the sharpness is affected by the slightly greater 
slice thickness in the weighted averaged CTP images (1.25 mm) as compared to 
the CTA images (0.9 mm).

For this patient the CNR value of the weighted averaged CTP images is only 
slightly lower than the CNR value of the CTA images. However, when interpreting 
the relative CNR values one has to take into account the above mentioned 
differences in resolution. Both the use of the high resolution mode and the use of a 
smaller slice thickness will increase the noise in the images, and thus for the same 
resolution the CNR-values of the CTA images would have been higher. Important 
reasons for this difference in CNR are the higher enhancement of the arteries in 
the CTA-study (see Table V), due to the larger amount of contrast that is injected,29 
and the above mentioned difference in effective tube charge.

For the two other patients in which the CNR-values were determined the CNR 
values of the weighted CTP-images were nearly the same or even higher than those 
of the CTA images. This comparison is not completely fair, however, as in these 
patients the CTA-study was performed at 120 kV, and it is known that for the 
same dose (which is approximately the case here, see Table II) the CNR in CTA-
examinations of the brain at 120 kV is lower than at 80 kV.30,31

Apart from these differences in CNR in weighted averaged and CTA images, 
other differences remain. The most important one is the use of sequential mode 
for the CTP-images and spiral mode for the CTA-images. For the same dose the 
image quality of spiral CT will be somewhat better than that of sequential CT.32 
Moreover, for cone-beam CT with a circular x-ray source trajectory, such as used 
in the present study, artifacts may be present that also may negatively influence the 
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image quality.33 Another difference is that, because of the averaging process, the 
contrast of the different tissues in the brain is enhanced relative to the contrast of 
a single image (see Fig. 5).

A final point on the image quality concerns the averaging process that was 
used to obtain the images in the present study. An important point is that the 
images are registered before averaging; the in-plane shift in the images was - on 
the average - in the order of 0.1 to 0.2 mm, and out-of-plane in the order of 0.4 mm, 
with incidentally higher values (see Table I). Although the registration process is of 
course not perfect, we expect that the errors in the registration will be substantially 
less than the above-mentioned values, and that the image sharpness will not be 
significantly affected by this phenomenon.

Although we demonstrated the feasibility of the approach, some practical 
limitations remain. One problem in the present study was the limited coverage in 
the z-direction of the CTP-study, and consequently, of the CTA-images obtained 
from this study. With the scanner available in this study a coverage of 80 mm 
was available. In a CTA-scan of the brain often 120 mm or more is covered in the 
z-direction. With the increasing coverage of new scanners, such as implemented 
in the Toshiba Aquilion One, with a coverage of 160 mm, this limitation has 
disappeared.

Another limitation concerns the sample rate. In the present study only one 
image in 3.5 s was available, and a higher sampling rate is desirable, especially 
in the arterial phase, to improve the image quality. A much higher sampling 
rate (0.4 s) could have been obtained by not using the ‘toggling table’ technique, 
but that would have reduced the coverage to 40 mm. This limitation will also 
disappear with the use of scanners with a larger coverage. 

An additional advantage of the present approach of obtaining CTA images 
from a CTP series is the possibility to use the differences in the enhancement in 
time of arteries and veins to differentiate between these two. In the present study 
this differentiation was used to construct a venous mask, with which the veins 
in the images could be obliterated or not. Especially instructive was to use both 
vein masked images and unmasked images in the blinking mode.26 Although the 
quality of the separation of arteries and veins was high, sometimes small remnants 
of veins were still present in the masked images, and these remnants could be 
easily identified in the blinked images. Other methods have been developed to 
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differentiate the arteries from veins in CTA images.34 As these methods use region-
growing techniques, these methods have problems with distinguishing veins and 
arteries in the central part of the brain where they are close to each other. 

One of the reasons that the separation of arteries and veins was not yet perfect, 
is that there appears to be somewhat more differentiation in the enhancement in 
time in the veins than in the arteries. This is probably also the reason that the 
optimal differentiation between arteries and veins was not obtained by separating 
those two by the line of identical correlation, but a line slightly lower (Fig. 3e). This 
problem can be solved by estimating the venous enhancement function locally and 
possibly also as a function of vein size. In one patient we noticed two veins on the 
left side of the head that were enhanced considerably earlier than the other veins. 
In this patient the veins originated from an arterio-venous malformation. This is a 
point for further study as it possibly could be used diagnostically. 

The arterial enhancement in time appeared to be relatively constant, as judged 
from the small changes of the CNR obtained with different arteries. For larger 
volumes, such as can be obtained with the Toshiba Aquilion One scanner, it is 
possible that for optimal results of the weighted averaging the arterial enhancement 
functions also have to be estimated locally.

We finally note that in the present study only arterial images were shown. The 
above procedure can also be applied if one is interested in the veins instead of the 
arteries as in CT venography (CTV).35 The same procedure can be applied using a 
venous enhancement function, and the arteries can be masked if desired. The gain 
in CNR when this method is applied for venography is is even slightly higher than 
in the present application (sect. IV.C).

In conclusion, weighted averaging makes it possible to create CTA images 
from a CTP examination with a contrast-to-noise ratio considerably higher than 
that of images with maximal arterial enhancement. The use of weighted averaging 
on CTP images result in images with a quality that approaches the quality of CTA 
images and offers the additional advantages to automatically differentiate between 
arteries and veins. 
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appendIx: 

derIvaTIon of opTImal WeIghTIng faCTors
Given a volume of interest (VOI) in a series of images with contrast ci, i = 1,..,n and 
c1 = 0. The weight factors wi in the weighted averaging procedure have to be chosen 
to maximize the following function:

 

(A1)

The maximization of the CNR requires that for all k = 1,..,n, the partial derivative 
of the CNR2 with respect to wk is zero, i.e.:

 (A2)

From eq. A2 follows that the partial derivative is zero if:

 (A3)

The weighting factor wk for an arbitrary image k that will give the optimal CNR 
of the averaged image is:

 (A4)
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Since the term

 (A5)

is equal for all k, it follows that wk ~ ck. By choosing 
 
= 1 the optimal weighting 

factors, wk are: 

 (A6) 
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