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ABSTRACT

Patients suffering from cerebral ischemia or subarachnoid hemorrhage, undergo a 4D (3D+time) CT Perfusion
(CTP) scan to assess the cerebral perfusion and a CT Angiography (CTA) scan to assess the vasculature. The
aim of our research is to extract the vascular information from the CTP scan. This requires thin-slice CTP
scans that suffer from a substantial amount of noise. Therefore noise reduction is an important prerequisite
for further analysis. So far, the few noise filtering methods for 4D datasets proposed in literature deal with
the temporal dimension as a 4th dimension similar to the 3 spatial dimensions, mixing temporal and spatial
intensity information. We propose a bilateral noise reduction method based on time-intensity profile similarity
(TIPS), which reduces noise while preserving temporal intensity information. TIPS was compared to 4D bilateral
filtering on 10 patient CTP scans and, even though TIPS bilateral filtering is much faster, it results in better
vessel visibility and higher image quality ranking (observer study) than 4D bilateral filtering.
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1. INTRODUCTION

Cerebral computed tomography perfusion (CTP) scans are acquired by scanning a volume of interest over
time after injection of contrast material. These scans are currently used to evaluate the cerebral perfusion by
determining maps of the Cerebral Blood Volume (CBV), Mean Transit Time (MTT) and Cerebral Blood Flow
(CBF = CBV/MTT),1 in patients with cerebrovascular diseases. To assess the vasculature in these patients,
an additional CT angiography (CTA) scan is acquired. The aim of our research is to extract this vascular
information from the CTP scan, potentially replacing the CTA scan, reducing costs and radiation dose to the
patient. CTP scans are routinely reconstructed with 5mm thick slices to reduce noise in the perfusion maps,
which is insufficient for vascular analysis. For this study 0.625mm slices were reconstructed, resulting in a CTP
scan resolution similar to CTA scans, enabling vascular analysis. This, however, increases the noise substantially
and therefore noise reduction is an important preprocessing step for further automatic analysis of CTP scans.

The few noise filtering methods for 4D datasets proposed in literature, treat the temporal dimension as a
fourth dimension similar to the three spatial dimensions. Montagnat et al.2 described 4D anisotropic diffusion on
echocardiographic images, as an extension of Weickerts edge-enhancing diffusion3 to four dimensions. Kosior et
al.4 described 4D bilateral filtering in dynamic susceptibility contrast MR perfusion scans, which is an extension
of the 2D bilateral filter proposed by Tomasi and Manduchi.5 The problem with both these methods is that the
temporal dimension is treated as yet another dimension similar to the spatial dimensions. This could perform
adequately, depending on the purpose of filtering, but it is not always desirable. Within the temporal dimension
of 4D CT perfusion scans, for example, gray level fluctuations represent the inflow and wash out of contrast
material, while gray level fluctuations in the three spatial dimensions represent different structures within the
scan. Another consideration that has to be taken into account, is whether mixing temporal information (intensity
values in the temporal direction) and spatial information (intensity values in the spatial domain) is desirable.
The temporal information could be used to characterize the type of structure (artery, vein, bone, parenchyma)
at hand, in further automatic analysis of the CTP scans. It is therefore important to preserve the time-intensity
profile of each voxel as well as possible, while reducing noise.

In this paper we propose a bilateral noise reduction method for 4D CTP scans based on time-intensity profile
similarity (TIPS). The advantage of the proposed method is two-fold. Firstly, although the weights within the 3D
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kernel are based on the fourth dimension, there is no mixing of intensity values between different points in time.
Neighboring voxels often have similar time-intensity profiles and can be used to reduce noise in these profiles,
while the typical time-intensity profiles are preserved for further automatic analysis. Secondly, the proposed
method is much faster than 4D bilateral filtering, since a 3D instead of a 4D kernel is used.

TIPS bilateral filtering was compared to 4D bilateral filtering. The evaluation was done on 10 patient cerebral
CT perfusion scans.

2. METHOD

Bilateral filtering as first introduced by Tomasi and Manduchi5 for filtering noise from 2D gray and color images
uses a combination of domain and range filtering. Each pixel value in the image is replaced with a weighted
average of similar and nearby pixel values. Pixel similarity s(ξ,x) is defined as a Gaussian function of the
intensity difference between a pixel x and his neighbor ξ. Intensities are considered to be similar when their
difference is below the standard deviation (σr) of the Gaussian function. The closeness c(ξ,x) is defined as a
Gaussian function of the Euclidean distance between x and ξ, where the standard deviation (σc) determines
which distance is considered to be close.

For filtering 4D CT perfusion scans we propose to replace the similarity function of the intensity difference, with
a time-intensity profile similarity (TIPS) function. In this way a 3D weighting kernel is constructed, in which the
weights are based on the 3D closeness and the fourth dimension of the CTP scan. The TIPS function (p(ξ,x))
is defined as

p(ξ,x) = exp

(
−1

2

(
ζ(ξ,x)

σζ

)2
)

(1)

where ζ(ξ,x) is the sum of squared differences (SSD) measure between the time-intensity profile at voxel x and a
neighboring voxel ξ. The standard deviation σζ determines up to which SSD measure the time-intensity profiles
are still considered to be similar. The SSD measure is defined as

ζ(ξ,x) =
1
T

T−1∑
t=0

(I(x(x, y, z, t)) − I(ξ(x, y, z, t)))2 (2)

where T is the size of the temporal dimension, I(x(x, y, z, t)) is the intensity value of voxel x(x, y, z) at time
point t and I(ξ(x, y, z, t)) is the intensity value of a neighboring voxel ξ(x, y, z) at time point t.

For each voxel x in the 4D dataset, the bilateral filtering equation is defined as follows

h(x(x, y, z, t)) =
1

n(x)

m∑
i=−m

m∑
j=−m

m∑
k=−m

I(ξ(x + i, y + j, z + k, t))c(ξ,x)p(ξ,x)dξ (3)

where m is the half kernel size, c(ξ,x) is the closeness function based on the euclidean distance as defined by
Tomasi and Manduchi5 and n is the normalization factor defined as

n(x) =
m∑

i=−m

m∑
j=−m

m∑
k=−m

c(ξ,x)p(ξ,x)dξ (4)
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Figure 1. Two examples (middle and bottom row) of vessel enhanced volume MIP subimages from different patients
presented to the expert observer. Middle row: window = 1800, level = 1000. Bottom row: window = 1500, level = 1050.

2.1 Parameter selection

As mentioned above, the parameter σζ of the TIPS bilateral filter determines up to which SSD measure the
time-intensity profiles are still considered to be similar. The setting of this parameter depends on the noise
level in the 4D scan. To determine this noise level, an area was selected in which the time-intensity profiles
are assumed to be identical if no noise would be present. For cerebral CTP scans, the cerebral spinal fluid
located in the ventricles was selected. This was done by constructing a 3D temporal average image from the
4D CTP scan, on which a double threshold (0-15HU, cerebral spinal fluid) is set to create a mask. Selection
of σζ is performed within a small 3D kernel of size 3, therefore the mask is first eroded with a cubic structure
element of size 3, to make sure that the neighbors of the mask voxels are of the same tissue type. The average
SSD (ζ) between the time-intensity profiles of the voxels within the mask and their neighbors is used to set σζ .
The kernel size combined with σc determines the number of neighbors included in the weighted average and the
corresponding spatial weight. Increasing σc and therefore the kernel size, will result in increased noise reduction
if the time-intensity profiles of the neighboring voxels included, are considered similar to the center voxel profile,
based on σζ .

3. EXPERIMENTS AND RESULTS

Evaluation was performed on 10 cerebral CTP scans of patients with cerebrovascular diseases. These scans were
acquired on a 64-slice CT scanner (64P Brilliance, Philips Medical Systems) during injection of 40 ml of (300
mg I/L) contrast material at 5ml/s. Volumes (resolution:0.429×0.429×0.625mm) were scanned every 2 seconds
during 1 minute, resulting in 4D datasets of 512×512×64×30 voxels. Before filtering, the temporal CTP volumes
were registered using rigid registration.6

The CTP scans were filtered with both the TIPS bilateral filter and the 4D bilateral filter.4 For the TIPS
bilateral filter a 3x3x3 kernel and σd = 1.0 was used. The kernel size of the 4D bilateral filter was set to 3x3x3x5,
with σd = 3.0 in the temporal direction and σd = 1.0 in the spatial directions. Both σζ of the TIPS and σr

of the 4D bilateral filter, are dependent on the noise level in the scan. The parameter σζ of the TIPS bilateral
filter was set as described in section 2.1. In order to have a fair comparison, σr of the 4D bilateral filter was set
likewise to be the average intensity difference.
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Table 1. Overall ranking by the expert observer (1 best - 3 worst)

Ranking Unfiltered 4D BF TIPS BF

1 35% 55% 90%

2 50% 40% 10%

3 15% 5% 0%

Table 2. Results of vessel visibility and blurring scored by an expert observer

Vessel visibility score 4D BF TIPS BF

1 (much worse than original) 5% 5%

3 (same as original) 65% 30%

4 (better than original) 30% 65%

Vessel blurring score

1 (similar to original) 90% 70%

3 (low vessel blurring) 10% 30%

Since the aim of our research is to extract the vasculature from CTP scans, both filters were evaluated using a
vessel enhanced volume6 extracted from the filtered and unfiltered CTP scans. An observer study was performed,
in which 2 subimages were selected from each of the vessel enhanced volumes extracted from the patient CTP
scans. Of these subimages, maximum intensity projections (MIPs) were created (Figure 1), which were presented
to an expert observer side by side. The MIPs were ranked and scored with special attention to vessel visibility
and blurring. Images were allowed to be ranked identical, in case of similar image quality.

The results of the observer study are shown in Tables 1 and 2. Table 1 shows the results of ranking the vessel
enhanced volume MIPs. In 90% of the cases the TIPS bilateral filtered image was ranked best. Table 2 first
shows the scores for vessel visibility. Scores 2 and 5 were never assigned and left out of the table. In 65% of the
cases vessel visibility in the TIPS bilateral filtered image was scored to be better than in the unfiltered image.
The scores for vessel blurring are also shown in Table 2. Scores 2 (vessel blurring - neglectable), 4 (vessel blurring
- medium) and 5 (vessel blurring - high) were never assigned and left out of the table. Results show that TIPS
bilateral filtering shows slightly more vessel blurring than 4D bilateral filtering, but vessel visibility increases and
the highest ranking is achieved in the vast majority of the cases.

To investigate the effect of increasing the kernel size, the CTP scans were also filtered using larger kernels.
Figure 2 shows an example of a CTP scan filtered with the 4D and the TIPS bilateral filter both using kernel size
11 and σd = 9.0. Although the σr and σζ parameters of the filters were determined in the same way, the TIPS
bilateral filter shows a larger noise reduction than the 4D filter. Furthermore the time-intensity profiles of the
TIPS bilateral filter show a larger distinction between different types of tissue. Figure 3 shows the resulting vessel
enhanced images after filtering the CTP scans with the TIPS bilateral filter using kernel sizes 5 (σd = 3.0) and
11 (σd = 9.0). The images from the filtered CTP scans show increased contrast and vessel visibility, while noise
is reduced. Figure 4 shows an axial slice of a CTP scan with gray and white matter time-intensity profiles before
and after filtering with the TIPS bilateral filter with kernel size 11 (σd = 9.0). The original CTP scan shows a
high noise level, in which it is impossible to distinguish a white matter voxel from a gray matter voxel. After
filtering gray and white matter distinction is increased, which is also evident from the time-intensity profiles of
the gray and white matter voxels.

4. DISCUSSION

In this paper a TIPS bilateral filter was proposed for filtering noise from 4D cerebral CT perfusion scans. This
filter was compared to 4D bilateral filtering on patient CTP scans. For filtering the scans used for the observer
study, small kernels (kernel size 3 and σd = 1.0) were used. Therefore differences between the results of the filters
were subtle, as can be seen from Figure 1. Nevertheless, the TIPS bilateral filter was ranked best by the expert
observer in the vast majority of the cases and showed improved vessel visibility. To enhance the differences
between the bilateral filters, the CTP scans were also filtered using larger kernels. Figure 2 shows the resulting
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Figure 2. Illustration of part of a CT perfusion scan slice (top row) filtered with the bilateral filters using a kernel size of 11
and σd = 9.0, σζ and σr were set at the same value used for the observer study. The middle row shows the time-intensity
profiles of a gray (in gray) and white (in black) matter voxel. The bottom row shows the time-intensity profiles of 3 vessel
voxels (in blue, red and green) and a cerebrospinal fluid (in light blue) and white matter voxel (in purple).
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Figure 3. Illustration of vessel enhanced subimages of three different patients before and after filtering the 4D CTP scan
with the TIPS bilateral filter using two different kernel sizes (5 (σd = 3.0) and 11 (σd = 9.0)). The parameter σζ was set
at the same value used for the observer study. Top row: Axial MIP (40mm) of a vessel enhanced volume (window: 4000,
level: 2000). Middle row: Sagittal MIP (80mm) of a vessel enhanced volume (window: 4000, level: 2000). Bottom
row: Coronal MIP (60mm) of a vessel enhanced volume (window: 2000, level: 1000).

time-intensity profiles. Not much noise was filtered from the CTP scan using the 4D bilateral filter. This could
be explained by the fact that we did not increase the σr to allow for larger intensity differences in the averaging
kernel. However, σζ of the TIPS bilateral filter was not increased either and determined automatically in exactly
the same way as σr, as described in Section 2.1. The TIPS bilateral filter, on the other hand, does show a large
noise reduction. Furthermore, it seems more feasible to distinguish between a gray and white matter voxel based
on the time-intensity profiles (Figure 2, middle row) in the TIPS bilateral filtered CTP scan, which should be
investigated in future research. Figure 4 shows similar time-intensity profiles with the corresponding location
of the voxels within the CTP scan. This figure also shows the high noise level in a 0.625mm CTP scan slice
(top row). The method used to create the vessel enhanced volumes6 already reduces some of the noise (Figure
3, left column) but filtering the CTP scans with the bilateral filter using larger kernels shows a large noise
reduction and a clear enhancement of the vessels (Figure 3, middle and right column). Although the quality of
the vessel enhanced images extracted from the filtered CTP scans should be assessed in further research, results
are promising. This large noise reduction is also shown in Figure 4 (bottom row) on the 0.625mm CTP scan
slice. Future research should demonstrate if these thin slices could also be used after noise filtering for creating
cerebral perfusion parameter maps, instead of the 5mm slices currently used. Applying the TIPS bilateral filter
with kernel size 3 to an image of size 122x112x11x30 voxels takes less than 2 minutes, which is much faster than
the 4D bilateral filter which takes 35 minutes for filtering the same image, both on a 2.66 GHz, 64bit pc with 8
GB RAM.

In conclusion, results show that the TIPS bilateral filter is better suited and faster than the 4D bilateral filter
for filtering 4D cerebral CT perfusion scans.
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Figure 4. Example of one axial slice (0.625mm) of a 4D CTP scan (window: 80, level: 50) at different time points
(0s,20s,26s) before and after filtering with the TIPS bilateral filter. In the last column, time-intensity profiles are shown
of a white matter (in black) and gray matter (in gray) voxel from the unfiltered and filtered CTP scan. The location of
these voxels is shown on the axial slice at time point 26s (arrows). Top row: original CTP scan. Bottom row: TIPS
bilateral filtered CTP scan with kernel size 11, σd = 9.0 and σζ set at the same value used for the observer study.
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