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ABSTRACT

Multi-slice spiral computed tomography angiography (MS-
CTA) is emerging as a clinically robust modality for di-
agnosis and surgical planning for coronary heart disease.
To enable these tasks the coronary arteries must be seg-
mented and visualised. This paper proposes the use of
an improved tracking-based algorithm for segmenting the
coronary artery network. The segmentation results are cou-
pled with direct volume rendering allowing for the 3-D vi-
sualisation of the degree of stenosis. We represent vessels
using a generalised-cylinder model, which facilitates fast
segmentation and the visualisation of vessel cross-sectional
area. A number of synthetic and in vivo datasets are used
to validate and demonstrate the approach.
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1 Introduction
1.1 Background

Coronary heart disease is the leading cause of sudden death
in many developed countries [1]. This disease stems from
the underlying problem of atherosclerosis, which is an ac-
cumulation of plaque (consisting of cholesterol, calcium,
and other substances) on the interior surface of arteries sup-
plying the heart. For various diagnostic and surgery plan-
ning tasks it is important to quantify the degree of steno-
sis (ie. the narrowing of a vessel). A number of imag-
ing modalities can be used to acquire in vivo data, includ-
ing: catheter-based coronary angiography (CCA), intravas-
cular ultrasound (IVUS), magnetic resonance angiography
(MRA), and multi-slice spiral computed tomography an-
giography (MS-CTA). MS-CTA is emerging as a clinically
robust technique because it is non-invasive, has relatively
low risk, and can produce high-quality three-dimensional
(3-D) images [2, 3].

1.2 Related work

Many cardiologists recognise the importance of post-
processing algorithms for assessing MS-CTA images [3].
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This paper focuses on both post-processing tasks: segmen-
tation and visualisation.

1.2.1 Segmentation

Vessel segmentation seeks to delineate blood vessels from
surrounding tissue. Numerous approaches for different
modalities have been reported in literature (a partial re-
view is given in [4]). As discussed below, segmenta-
tion approaches can be broadly classified into pattern-
recognition techniques (including region growing and con-
volution kernels), model-based methods (including para-
metric deformable models and level-sets), and tracking-
based techniques.

Vessel segmentation using a pattern-recognition tech-
nique typically applies a local operator to each pixel in the
image. One method advocated by Krissian et al. uses a
multi-scale 3-D convolution kernel (termed a ‘medialness
function’) to filter tube-like objects [5]. The medialness
function is derived from the Hessian matrix, which cap-
tures second-derivative information. A recent proposal im-
proved the symmetry constraints to better delineate tubes,
and introduced adaptive thresholds to decrease user initial-
isation [6]. These methods assume the local maxima of
the medialness response is equivalent to the vessel centre-
line, which is not necessarily the case for diseased vessels
in MS-CTA images. Furthermore, these methods require
large execution times (> 500 minutes) for comparatively
small images (=~ 1283 pixels) [7, IV.A].

Model-based segmentation approaches include para-
metric deformable model techniques (which evolve a mesh
of geometric primitives - such as triangles or polygons -
using energy maximisation), and level-set methods (which
evolve a surface embedded in a higher dimensional func-
tion - known as a level-set function). Parametric de-
formable models do not typically handle the arbitrary com-
plex topologies inherently supported by level-set methods.
As such, level-sets are a dominant approach for vessel seg-
mentation [7, 8, 9]. A recent proposal formulated capillary
action within a level-set framework to achieve improved
segmentation of small vessels in MRA images [9]. Another
approach for MRA images proposed by Chen et al. com-
bined the advantages of three different approaches: pre-
process enhancement using a multi-scale medialness func-



any given viewing angle. At this stage, a customised frag-
ment shader program is executed to classify and shade the
volume. The fragment shader applies two user-specified
colour transfer functions: the first applied to the heart re-
gion, and the second to the vessel region. The heart region
transfer function maps MS-CTA value and gradient mag-
nitude to user-specified colour and opacity. The vessel re-
gion transfer function maps vessel cross-sectional area and
gradient magnitude to colour and opacity. These classified
colours are mixed in order to generate the final fragment
colour.

3 Results
3.1 Synthetic data

The following experiment was designed to evaluate the seg-
mentation method using synthetic images with known char-
acteristics. We adopt a similar test methodology to an ex-
isting approach originally proposed for evaluating the seg-
mentation of MRA images [7]. To synthesise MS-CTA
images we introduce high-intensity calcification artefacts
around the area of stenosis. We mathematically represent
a 3-D vessel having cross-sectional Gaussian shape with
calcification artefact as:
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where r,, is the radius of the vessel with no stenosis, r, is
the radius of the vessel with the given degree of stenosis
(Sdeg), 0y is the standard deviation of the cross-sectional
Gaussian, (1, and o, are the mean and standard deviation
of the noise component, G,,(d) is the normal variate distri-
bution with seed d, and i,, and i, are the intensity values of
the contrast-enhanced vessel and calcification artefact re-
spectively. According to Eqn. 5, the specified maximum
degree of stenosis is positioned at (0,0, 0).

We estimate the true region for the synthesised vessel
as follows:

R 1, ifa<[ryw, +7s(1—w,)]
£ 0, otherwise

(11)

To quantify the sensitivity of the algorithm we count the
pixels within the true region R; (Eqn. 11), the segmented
region R,.,, and the intersection of the true region and the
segmented region (12;,; = R; N [Rsc4). Following [7], we

derive a number of measures from these volumes. The first
measure (v,,) describes the degree of correctly segmented
pixels; a high value indicates a high number of true pos-
itives. The next measure (,) describes the degree of ar-
tificial pixels added to the segmented region; a low value
indicates a low number of false positives. The next mea-
sure (7,,,) combines 7, and 7, into a single representative
value. This measure is in the range [0..1] and tends to one
as v, increases and ~, decreases. The final measure (7,,)
describes the accuracy of the radius determination at the
full degree of stenosis, and uses the true radius value (r)
and segmented radius value (rsc4). The measures are de-
fined as:
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We generated twelve synthetic MS-CTA datasets with
varying degrees of stenosis: Sgeq = [50%, 75%, 85%,
90%]. The additive Gaussian noise was specified as i, =
0.0 and o, = [0.00, 0.05, 0.10]. The synthetic datasets
were created with the following parameters: dimensions =
[128 x 128 x 128], spacing = [0.5mm X 0.5mm x 0.5mm],
r, = 5.0mm, and o, = 2.0. For these tests we used the
following algorithm parameters: window=60, level=160,
n = 30,8 =15 T, = 25, 04 = 0.5 T, = 0.25,
e = 255, and o, = 100.

Figure 2 depicts an example synthetic vessel and seg-
mentation result generated using the aforementioned meth-
ods. Table 1 lists the results from all the generated datasets.
It can be seen that the accuracy of the estimated radius at
the full degree of stenosis ranges from 84.8% to 99.97%.
The least accurate result estimated the radius at 3.00mm,
which differed from the true radius of 3.54mm. Table 1
also shows (for all degrees of stenosis) the combined mea-
sure (7,,,) is always greater than 0.79 , and for o,, = 0.0
is above 0.86. Overall, these results indicate the proposed
method adequately estimates both the vessel region and ra-
dius for datasets with low noise.

3.2 Clinical in vivo data

To demonstrate the coupling of the segmentation and visu-
alisation methods, three in vivo datasets were selected. All
datasets were acquired in a clinical setting using contrast-
enhanced, ECG-gated, 40-slice spiral computed tomogra-
phy angiography (Brilliance 40, Philips Medical Systems,
MA, USA)f. The first dataset (A) exhibits a minor cal-
cific atherosclerosis in the proximal right coronary artery

TThanks are extended to Dr Richard Slaughter (The Prince Charles
Hospital, Brisbane, Australia) for supplying the clinical data.



