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Abstract

This work describes an evaluation of three Hessian-based filters for enhancement of the central

axis of coronary arteries in multi-detector CT images acquired with contrast injection. These filters

analyze the main modes of 2nd-order variation in image intensity to determine the type of local

structure present in the image (tubular-like). The average filter response obtained with different

parameter configurations was measured at fixed distances from a reference central axis determined

manually. Results were compared with two objective measures, namely the response decay rate at the

center and the overall response within 5 mm.
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1. Introduction

Developments in multi-detector CT and reconstruction techniques allow for fast

acquisition of high-resolution images, with large impact on cardiac imaging. Images

acquired with contrast injection (CMDCT) contain much detail of the complex heart

structure, with promising perspectives for assessment of coronary artery disease in a less

invasive manner than conventional angiography.
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The analysis of such images requires digital post-processing to isolate the coronary

arteries from the complex background. Several methods for vessel enhancement and

segmentation are based on the knowledge that vessels are tubular structures that could be

described by their central axes and width.

Some methods for central vessel axis (CVA) segmentation (e.g., Refs. [1,2]) extract

information from 2nd-order derivatives at multiple scales to identify the type of local

structure present in the image (e.g., tubular-like) by inspecting the main modes of variation

in the Hessian matrix. Hessian-based vessel enhancement filters (HBVF) have been

proposed by Lorenz et al. [3], Sato et al. [4], and Frangi et al. [5]. These have been shown

to be applicable to various imaging modalities (e.g., DSA [3,5], CTA [4], and 3D MRA

[1,4,5]) and several types of vessels (cerebral [3,4], peripheral [5], hepatic [4], pulmonary

[4], and cardiac [1]). In this work, we investigate and compare their capabilities to enhance

the coronary artery axis in CMDCT images.
2. Materials and methods

2.1. Filters

In a multi-scale framework, a HBVF is defined as F(x) =maxr f (x,r), where x is a

position in the image, f is the filter, and r is the scale for calculating Gaussian image

derivatives. In this study, the filter response is calculated for 10 exponentially distributed

scales in the interval [0.5, 5] mm. The filters calculate 2nd-order derivatives, build the

Hessian matrix H decompose it into eigenvalues k1, k2, and k3, and analyze them to

determine the likelihood of x belonging to a vessel. This analysis is based on the following

hypotheses (for bright vessels, dark background, Ak1A <Ak2A <Ak3A): (a) k1c 0 corre-

sponds to the eigenvector tangent to the CVA; (b) k2c k3 < 0; and (c) Ak1AbAk2A.
The filters differ in how they test the hypotheses and generate a quantity indicating

vessel-likelihood. In all cases, f (x, r) = 0 if k2>0 or k3>0.
The filter defined by Lorenz et al. [3] was implemented as:

LðxÞ ¼ rg k2 þ k3
2:0
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where g normalizes responses across scales.

The filter defined by Sato et al. in Ref. [4] was implemented as follows:
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where nz 0 controls cross-section asymmetry, sz 0 controls the sensitivity to blob-like

structures, 0 < qV 1.0 controls sensitivity to the vessel curvature, and r2 normalizes

responses across scales.



S.D. Olabarriaga et al. / International Congress Series 1256 (2003) 1191–1196 1193
The filter defined by Frangi et al. in Ref. [5] was implemented as follows:

FðxÞ ¼
�
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where A ¼ Ak2A=Ak3A (controlled by a) discriminates plate- from line-like structures;

B ¼ Ak1A=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ak2k3A

p
(controlled by c) discriminates from blob-like structures and S ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k21þk22þk23
q

(controlled by c) eliminates background noise. Scale normalization is

achieved by multiplying H by r2 before eigenvalue decomposition.

2.2. Evaluation

Fourteen coronary artery segments (CAS) in five CMDCT images acquired with four-

detector Philips CT scanners at different sites were used (spacing: in-planea[0.4,0.55]

mm, slicea[0.6,1.3] mm). The images were resampled to obtain isotropic voxels. The

CVA of 14 CAS, with lengthsa[30,100] mm, were traced manually by one operator using

the Path Tracking Tool of the Philips EasyVision workstation.

The axes were exported as curves p(t), where t is position on the path (in millimeters),

and adopted as reference to generate a ‘‘straightened’’ vessel representation used for

evaluation. At each t, the tangent pV(t) to the curve determines the normal vector to the cross-

sectional plane (see Fig. 1, left) spanned by the vectors !v and !u. Vectors are determined as

follows for angular continuity between cross sections at ti and ti� 1 (see Ref. [6]):

!n ¼ pVðtÞ
NpVðtÞN ; !uðtiÞ ¼

!uðti�1Þ � !nðtiÞð!uðti�1Þ!nðtiÞÞ
N!uðti�1Þ � !nðtiÞð!uðti�1Þ!nðtiÞÞN

; !v ¼ !u� !n:

The straightened vessel representation consists of a pile of vessel cross-sections

obtained with trilinear interpolation (spacing: path = 0.3 mm, in-plane = 0.2 mm). This

representation is used to calculate the mean filter response at concentrical and equally

spaced regions around the CVA (Fig. 1, center), and to generate curves such as illustrated

in Fig. 1, right. Two objective measures are extracted from the normalized curves to

compare the response of different HBVF configurations: the decrease rate of response near

the CVA (R) and the area under the curve (A). The measure R corresponds to the curve
Fig. 1. Left: Cross-sectional plane vectors. Center: Concentrical regions for response analysis. Right: Curve used

for HBVF evaluation (normalized filter response vs. distance to the axis), and the objective measures (decrease

rate and area under the curve).



Fig. 2. Lorenz filter: normalized responses (left) and objective measures (right).
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slope at 0.5 mm from the CVA. Small values of A and large values of R are preferred for

CVA enhancement.
3. Results

3.1. Lorenz filter

The value of g in Eq. (1) was varied in [0,4] at steps of c 0.25; see mean results

obtained for 14 CAS in Fig. 2. In the majority of cases (10 CAS), the two criteria (area and

rate) point to g = 0 as the optimal configuration. This in practice means that no scale

normalization took place and the maximum filter response was obtained at small r (0.5–

0.8 mm). In other words, the structures actually ‘‘detected’’ by the filter are thinner than

the actual coronary arteries, which should not be a problem for axis enhancement. Only in

two cases, with large vessel width variation, better results were obtained with g = 1.5.

3.2. Sato filter

The values of q, s, and n in Eq. (2) were independently varied in the range [0,1], with

steps of 0.1. The values assumed by the fixed parameters were q = 0.1, s = 0.25, and
n = 0.25. Results are quite insensitive to q, with very small differences between the best
Fig. 3. Sato filter: responses (left) and objective measures (right) for varying n.



Fig. 4. Frangi filter: objective measures for varying a (left), b (center), and c (right).
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and worst cases, although q = 1 is pointed out as the optimal value for all images. For

variation in s, the difference between results is insignificant (V 0.01 for area and rate), and

no preferred optimal value could be found. The influence of n seems to be predominant,

indicating that optimal results are obtained when n = 1 in most cases (12 CAS) (see Fig. 3).

3.3. Frangi filter

Each parameter in Eq. (3) was varied independently in the following ranges: aa[0,1],

ba[0.1,1] and ca[1,500]. The values assumed by the fixed parameters were a = 0.4,
b = 0.6 and c = 200. The objective measures obtained from mean results for 14 CAS are

presented in Fig. 4. For the large majority of cases (11 CAS), the best results are obtained

for a = 1 and b = 0.1, although the filter response is quite insensitive to these parameters.

The parameter c seems to dominate the filter outcome, with optimal performance obtained

when cz 100 in most cases (10 CAS).
4. Discussion and conclusions

From the results presented in Section 3, we chose the following parameter config-

urations to obtain good CVA enhancement in the average of all CAS evaluated in this

study: Lorenz, Eq. (1): c = 0; Sato, Eq. (2): a = 1, b = 0.5, c= 1; Frangi, Eq. (3): a = 1,
b = 0.1, c = 100. Fig. 5 shows mean results for 14 CAS obtained with the ‘‘optimal’’

configuration of each filter. Note that the Frangi filter provides better CVA enhancement in

general (11 and 13 CAS, respectively, for rate or area measures). Since the response of this

filter is largely dominated by the background noise suppression term (parameter c in Eq.

(3)), we conclude that, in the case of the images considered in this study, this is an

important factor to be taken into account for CVA enhancement, besides the relationships

among eigenvalues.

The results obtained with this study show that the hypotheses about relationships among

the eigenvalues of the Hessian matrix (Section 2) influence the filter response differently for

CVA enhancement. The hypothesis (b) is built into all filters as a test, and explicitly as a ratio

in Sato and Frangi. This term seems to be important, given its weight in the optimal

configuration determined experimentally (n = 1 for Sato, a = 1 for Frangi). The hypothesis

(c) is incorporated into the Sato and Frangi filters as a ratio between k1 and the other

eigenvalues. This term, however, does not seem to have an important role, since the filter



Fig. 5. Results for all filters with the optimal parameter configuration (see text). Left: area. Right: rate.
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response is quite insensitive to s and b, which control the term’s weight respectively in Eqs.

(2) and (3). The hypothesis (a) is partially incorporated into the Sato filter, but it does not

seem to influence the result in the optimal configuration (q = 1 in Eq. (2)).

To conclude, note that the objective measures adopted in this study can only capture the

average filter behaviour near the CVA. Other aspects could be investigated for a more

thorough evaluation, such as the amount of false positive responses far from the CVA, or

the behaviour at special cases such as stenosis, plaque and calcifications. This is the target

of our current research.
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