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Abstract�Retinal clinicians and researchers make extensive use
of images, and the current emphasis is on digital imaging of the reti-
nal fundus. The goal of this paper is to introduce a system, known as
retinal image vessel extraction and registration system, which pro-
vides the community of retinal clinicians, researchers, and study
directors an integrated suite of advanced digital retinal image anal-
ysis tools over the Internet. The capabilities include vasculature
tracing and morphometry, joint (simultaneous) montaging of mul-
tiple retinal �elds, cross-modality registration (color/red-free fun-
dus photographs and �uorescein angiograms), and generation of
�icker animations for visualization of changes from longitudinal
image sequences. Each capability has been carefully validated in
our previous research work. The integrated Internet-based system
can enable signi�cant advances in retina-related clinical diagnosis,
visualization of the complete fundus at full resolution from multiple
low-angle views, analysis of longitudinal changes, research on the
retinal vasculature, and objective, quantitative computer-assisted
scoring of clinical trials imagery. It could pave the way for future
screening services from optometry facilities.

Index Terms�Alignment, Internet based, registration, retinal
image analysis, vasculature tracing.

I. INTRODUCTION

R ETINA-RELATED clinical procedures and research stud-
ies are largely image driven. The current emphasis is on

digital imaging of the retinal fundus, due to its high quality,
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flexible visualization, low cost, speed, ease of archival, trans-
mission, and retrieval. Low-level processing tools for image dis-
play, enhancement, manual annotation, and manual image anal-
ysis are now commonly integrated into fundus imaging systems.
The focus of this paper is on an integrated, Internet-based sys-
tem (http://www.vision.cs.rpi.edu/RIVERS/) that aims to make
available a set of high-quality, accurate, and highly automated
image analysis tools to retinal clinicians and researchers, with
an initial focus on certain broadly applicable operations. Some
examples of such operations are noted as follows.

1) Automated vessel tracing: A researcher studying the reti-
nal vasculature can use automated, accurate, detailed, and
objective traces of the fundus vasculature (see Fig. 1), in-
stead of manual traces. For instance, the reader can make
quantitative measurement of veins and arteries to monitor
the effect of treatment.

2) Automated subpixel accuracy registration (alignment):
Intra- and intermodality registrations (see Fig. 2) are often
performed for diagnosis and presurgical planning. Retinal
fundus images are challenging to align due to the unknown
curvature of the fundus, as well as the patient-dependent
optical characteristics of the eye, coupled with camera
distortions.

3) Visual change analysis: This is achieved by visualizing
the results of registration of retinal images taken at
different times as a flicker animation [1]. It is common
to compare images of a fundus taken before and after an
intervention for clinical practice and in support of clinical
trials. It is also common to track changes over longer
periods in longitudinal studies such as age-related eye
disease study (AREDS) [2], and the Wilmer geographic
atrophy study [3].

4) Automated montaging (mosaicing): Study of retinal areas
that are wider than the view of the instrument without
sacrificing spatial detail requires the ability to “stitch to-
gether” overlapping partial views into a synthetic wide-
angle view (see Fig. 3). For example, diabetic retinopathy
studies can benefit from montages [4]. When extended
regions of the retina must be studied for changes, it be-
comes necessary for entire montages of different visits to
be aligned, and then displayed as a moving animation on
a computer screen to visualize changes over time.

During the past decade, this group has contributed signifi-
cantly to each of the aforementioned areas, having developed,
integrated, clinically validated, and continually refined algo-
rithms [5]–[14]. The algorithms have reached such a sufficient
level of maturity, robustness, speed, quantitative accuracy, soft-
ware system stability, and automation level that broader uses
can be attempted.
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Fig. 1. Sample vessel segmentation (tracing) results overlayed on fundus images. (a) Automatically generated vessel centerline traces near the optic disk. (b)
Automatically detected bifurcation/crossover points. (c) The Numerical data for this sample image. The text in light gray represents our explanatory comments
of selected lines in the computer output. Traces are represented by the vessel centerlines. The landmarks refer to vascular bifurcations/crossovers. (Images from
Center for Sight, Albany, NY.)

This paper describes an integrated, carefully engineered im-
plementation of these image tools in a manner that allows them
to be accessed over the Internet by the retina community (see
Fig. 4). Named retinal image vessel extraction and registra-
tion system (RIVERS), the intent of this system is to make
available these unique high-quality, accurate, quantitative, and
highly automated image analysis tools to retinal clinicians and
researchers, with the intent of advancing the field.

II. BACKGROUND AND RELATED LITERATURE

Vessel tracing is the process of automatic vessel delin-
eation/tracing by the computer. A comprehensive review can
be found in [15]. The technique adopted by the RIVERS
system is recursive tracing of the vasculature based on a lo-
calized model [9], [12]. Of particular importance is the detec-

tion and morphometry of vascular bifurcations and crossovers,
which strongly influence the registration accuracy if serving as
landmarks. This has motivated the development of specialized
algorithms for precise and repeatable extraction of the bifur-
cation/crossover locations [8], and RIVERS incorporates these
advances.

Retinal image registration algorithms in the literature can be
classified as gray-scale-based [16], [17] and feature based [5],
[6], [13], [18], [19]. The latter are much faster. The algorithm
incorporated in the RIVERS system is the Dual-Bootstrap iter-
ative closest point (ICP) algorithm, introduced by Stewart et al.
[6], which uses the 12-parameter quadratic spatial transforma-
tion model.

The literature on automated mosaic synthesis is extensive [7],
[14], [20], [21]. Adopted by RIVERS is the technique of joint
registration [7], which ensures corresponding vessel centerline
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Fig. 2. Illustrating automated pairwise registration of a color fundus image with a FA for an eye exhibiting ocular melanoma. (a) Automatically synthesized
montage, used as a tool to visualize the alignment. (b) Numerical registration data with explanatory annotations in blue text. (Images courtesy Dr. James Handa,
Wilmer Eye Institute.)

Fig. 3. Sample montages of four pathological images with the anchor image labeled. Any of the field can be designated as the anchor by the user. (a) Montage
with image A as the anchor with the blending turned off to show the boundaries of the original images. (b) Blended montage with image B as the anchor allows
seamless visualization. (Images from Center for Sight, Albany, NY.)

points from multiple pairwise registrations to be mapped consis-
tently to the anchor image for higher registration accuracy, and
allows a successful alignment even for image pairs that failed
in pairwise.

Berger et al. [1] introduced the dynamic flicker animation as
an effective tool for visualizing changes in the retinal fundus.
In this method, the two registered images are displayed in rapid
succession, usually a few seconds apart. Changed regions in
the image appear to flicker, whereas unchanged regions appear
steady. The RIVERS system incorporates this practically useful
feature.

Notwithstanding the recognized potential of the higher level
digital image analysis algorithms described earlier, as well as the
published literature on algorithms noted earlier, clinicians are
hampered by the sparse availability of such computational tools
in comparison to the need. EyeCheck [22] is one of the simplest,
serving patients by transporting their fundus photographs and
related data to/from remote physicians who provide diagnosis

for conditions such as diabetic retinopathy. TOSCA [23] is a
Web-based retinal image alignment tool that requires manual
landmarks specification by the user. The alignment algorithm
only compensates for image translation and rotation, and has
restrictions on image dimensions and field of view. RetinaView
[24] is also a Web-based tool, but the focus is on segmentation of
pathologies, such as drusen and microaneurysms. Intermodality
registration is performed for the display of segmentation results
of different modalities.

Among tools that are not designed for use over the Internet,
AutoMontage (Ophthalmic Imaging Systems, Inc., USA) [25]
is a commercial montage tool that aligns images with the an-
chor image. The image transformation model in this product
is much simpler compared to the 12-dimensional matrix used
by our software, and the accuracy is lower. The effect of ap-
plying a correct model is reported in [6]. Other commercial
packages known to us include: 1) retinalyze System (Horsholm,
Denmark) for detecting potential lesions from fundus images

Authorized licensed use limited to: IEEE Xplore. Downloaded on October 24, 2008 at 11:49 from IEEE Xplore.  Restrictions apply.












