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Medical image segmentation is a sufficiently complex problem that no single strategy has proven to be
completely effective. Historically, region growing, clustering, and edge tracing have been used and while
significant steps have been made in the first two, research into automatic, recursive, boundary following
has not kept pace. A new, advanced, edge-tracing algorithm capable of combining edge, region, and pixel-
classification information, and suitable for magnetic resonance image analysis, is described. The algo-
rithm is inspired by automatic target tracking, as used in civilian and military aerospace operations. Com-
parison with clustering and level sets is performed. Results indicate that no method is uniformly superior,
that the new algorithm provides information not available from the other approaches, and that it can uti-
lize a variety of sources including results from other methods. The algorithm is applied to two-dimen-
sional slice images and extension to three-dimensional images is discussed.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

In medical images, the identification of object boundaries or re-
gions of interest can provide valuable information for diagnosis
and treatment of disease. Such segmentation operations can be
performed manually but are very time consuming and subject to
inter- and intra-operator variability so that automatic methods
are preferable [1].

Segmentation of medical images involves three main problems.
The images contain noise that can alter the intensity of a pixel such
that its classification becomes uncertain. The images contain inten-
sity nonuniformity where the average intensity level of a single tis-
sue class varies over the extent of the image. And, the images have
finite pixel size and thus are subject to partial volume averaging
where individual pixels contain a mixture of tissue classes and
the intensity of a pixel may not be consistent with any one class.

Automatic image segmentation is an area of active research that
has produced a variety of methods. Historically, these could be di-
vided into three main approaches: region-based methods, pixel
classification, and edge detection, including edge tracing [2]. The
same imprint can be seen today especially when the methods of
active surfaces [3,4] are viewed as advances in region growing
[5]. Likewise, advances in pixel classification have produced
sophisticated clustering algorithms [3,6] but similar advances in
automatic edge tracing have not been so apparent [7].
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We distinguish automatic and semi-automatic edge tracing by
the level of involvement required by the operator. Semi-automatic
methods, for example those based on graph searching [8,9], require
continuous input from the operator during the tracing process.
Automatic edge-tracing methods require operator initialization,
which may include the identification of a seed point, but subse-
quent operator involvement is not required until after the tracing
operation is complete.

The main criticism that has been directed toward automatic
edge tracing as an approach to image segmentation is that of poor
robustness. However, the identification of a coherent boundary by
linking neighboring edge points provides useful information for
the purpose of segmentation and is information not obtained by
other methods.

The earliest edge-tracing algorithms required 8-neighbor con-
nectivity for successive edge pixels and propagation from one pixel
to the next was often performed solely on the basis of local gradi-
ent information [8]. These methods were very sensitive to noise
and intensity nonuniformity that can cause discontinuities in the
object boundary or induce deviation from the boundary during
the tracing process. Efforts have been made to improve robustness
by providing a means for crossing discontinuities and by incorpo-
rating local intensity information for better edge selectivity [10-
13]. However, local image information alone does not, in general,
permit the production of high-quality boundaries.

Algorithms that integrate local and global image information
have also appeared. A Hopfield neural network was used to com-
bine information from spatially-separated edge segments to form
contours in a two-dimensional (2D) color image [14]. This was
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tested on a limited dataset so it is not clear how performance
would vary in cases of significant intensity noise or of irregu-
larly-shaped contours. Multiresolution pyramids were used to con-
nect discontinuities in traced edges for extraction of the inner and
outer skull contours and the skin contour in medical head images
[15] but a binary intensity threshold was used which can cause
problems in cases of intensity nonuniformity. A global saliency
relation was developed by modeling the paths of hypothetical, con-
stant-speed particles undergoing Brownian motion to link edge
segments into object boundaries [16]; however, this method has
been explicitly directed toward images with very smooth object
contours. Size constraints and a centrally located seed pixel were
used to obtain boundaries from ultrasound and computed tomog-
raphy (CT) images [17], although certain contour convexity
requirements also exist for this method.

As with [17] and its predecessor [18], although developed inde-
pendently, we have recognized the potential for automatic target
tracking algorithms to serve as advanced, edge tracers [19]. An
example of the implicit use of tracking in boundary identification
can be seen when tracing the boundary of an object in an image
with a finger in order to demonstrate its position to another obser-
ver. The boundary is static but a time dimension and a history are
introduced by manual tracing with attendant benefits in informa-
tion transfer. In the automatic case, the target tracking framework
is applied by first assuming that a hypothetical target (a point-
sized object) has followed the boundary of an object in an image
and that measurements of its position have been taken at equal
time intervals. The position information is obtained by applying
an edge detector to the image to identify discrete edge points.
These position measurements may also contain measurement
noise. The edge is traced, identifying an object boundary, by fol-
lowing the path of the target using a statistically-based, target
tracking algorithm with a Kalman filter to identify and link consec-
utive edge points. Multiple edge features, including position and
intensity information, can be tracked simultaneously, permitting
a high level of discrimination in the tracing process without invok-
ing complicated heuristics.

In the present study, a new algorithm is described and the three
main segmentation problems are considered. Edges are traced
beginning at an operator-defined starting point to focus on user-
selected object boundaries. Intensity features obtained from re-
gions on both sides of an edge can be combined with spatial edge
coordinates in the tracking process. Global information in the form
of pixel-classification data and prior knowledge in the form of
model parameter selection are used to influence the track direc-
tion. Spatial edge coordinates are interpolated to sub-pixel resolu-
tion for smooth contours while sharp transitions are also permitted
by modeling target acceleration. Additionally, the automatic
boundary will not self-intersect, supporting valid topology, and a
recovery mechanism is implemented where alternate paths can
be investigated if the chosen path terminates without producing
a closed contour. This new algorithm is referred to as DTRAC, Dy-
namic edge Tracing with Recovery And Classification. The objective
of this study is to demonstrate its capabilities in the segmentation
of magnetic resonance (MR), head images, and, in doing so, to view
the potential of advanced edge tracers in medical image segmenta-
tion. Presently there is very little research into automatic, edge
tracing even though boundary following is the preferred method
of medical experts who are widely considered to provide the gold
standard for in vivo medical image segmentation.

We compare methods from three main branches of segmenta-
tion algorithms. SNake Automated Partitioning (SNAP) [20] is a
freely-available tool based on level-set methods, akin to region
growing, the FMRIB Automated Segmentation Tool (FAST) [21]
uses a pixel-clustering approach, and DTRAC is based on edge trac-
ing. These are three fundamentally different approaches to seg-

mentation. We show an example to illustrate the point that the
information extracted by edge tracing is not encapsulated in either
of the other two methods, and an example of how DTRAC can be
used to add edge information to pixel classifications obtained from
FAST. These results allow us to make the statement that automatic
edge tracing has value for medical image segmentation and that
further exploration is warranted. The DTRAC algorithm is presently
applied to 2D slice images from a three-dimensional (3D) medical
image although an extension to allow the processing of 3D images
directly, may be possible.

The DTRAC algorithm is not restricted in application to MR,
head images. Any image boundary where an edge exists as a con-
trast in image intensity is a candidate for application of DTRAC.
Head images do provide challenging examples, though, as in the
case of white matter (WM) boundaries which have very irregular
shape.

We believe that this study is the first application of target track-
ing-based edge tracing to the segmentation of MR, head images.
Early work on the use of target tracking for the purpose of edge
tracing can be found in [22], although the algorithm described
therein does not permit the formation of closed contours. Closed
contours are formed in [17] but the object boundaries must be
approximately convex such that line of sight to a central seed pixel
is retained for all edge points. This may be suitable, as intended, for
certain tasks in ultrasound image analysis but the boundaries that
we wish to extract from MR, head images are generally not convex.
In DTRAC, nonconvex contours are readily accommodated. In the
following, Section 2 describes the DTRAC algorithm and Section 3
gives the methods used for evaluation. Results from the segmenta-
tion of MR, head images that include noise, intensity nonunifor-
mity, and partial volume averaging are presented in Section 4.
Sections 5 and 6 provide further discussion and conclusions.

2. Dynamic edge tracing with recovery and classification
(DTRAC)

Fig. 1 shows a block diagram of the major processing steps. Edge
detection and edge feature extraction are performed on the input
image and the results are used to drive a target tracking algorithm.
Beginning at an operator-defined starting location, the tracking
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Fig. 1. Processing steps.
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