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Abstract. In this paper, we propose an automatic technique for the
assessment of retinal vessel caliber in fundus images using a fully auto-
matic technique exploiting a multi-scale active contour technique. The
proposed method is compared with the well-known semi-automated
IVAN software and the Vampire width annotation tool. Experimental
results show that our approach is able to provide fast and fully auto-
matic caliber measurements with similar caliber measurement and com-
parable system error as the IVAN software. It will benefit the analysis of
quantitative retinal vessel caliber measurements in large-scale screening
programs.

Keywords: Vessel width · Arteriolar-to-venular ratio · Fundus images ·
Active contour · Diabetes

1 Introduction

Many clinical studies have shown that the changes in retinal vessel caliber
are associated with the progress of a variety of systemic diseases. In diabetic
retinopathy (DR), the narrowing on arterioles and the widening on venules are
observed, which result in a lower arteriolar-to-venular diameter ratio (AVR)
[8,11]. Moreover, a decrease in generalized arteriolar diameter is associated with
a higher risk of developing hypertension [7], and an increase on venular diameter
is associated with renal failure, systemic inflammation and stroke [11].

Most works on assessing the change of vascular caliber on fundus images
still rely on a semi-automatic tool: Eye-van (IVAN), which was developed at the
University of Wisconsin, USA [3,4,10]. However, it takes approximate 7–10 min
to obtain the precise width measurement of vessels, which includes the time of
automatic vessel detection and classification, manual cropping, adding vessel seg-
ments and correcting their labels. Using IVAN in large-scale screening programs
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is therefore too much time consuming, exhausting and prone to human error.
Developing a fully automatic system for large-scale vessel caliber assessment is
still an open challenge.

In this paper, we propose an automatic and precise quantitative width mea-
surement for retinal blood vessels. We validate the technique by comparing
the results with the IVAN software and the Vampire width annotation tool,
where the former one is semi-automatic measurement and the latter is a manual
measurement.

2 Methodology

The proposed method for automatic vessel caliber measurement uses the center-
line of a segmented blood vessel for initializing a deformable enclosed contour.
Then the contour is evolved iteratively and fitted to the boundaries of the ves-
sel. Finally, the vessel caliber is measured by computing the distance from one
detected vessel edge to the other one. The stages are summarized in Fig. 1.

Fig. 1. The stages of the proposed automatic width measurement technique: (a) center-
line detection; (b) contour initialization; (c) active contour segmentation; (d) obtaining
the left and right edges; (e) Euclidean distance calculation and (f) vessel caliber esti-
mation.

(a) Vessel centerline extraction. The proposed method is initialized by automat-
ically extracting the vascular tree. We used the vessel segmentation technique
proposed in [12], which employs a set of multi-scale Gaussian derivative filters
rotated to different directions in so-called ‘orientation-scores’. This method pro-
vides an enhanced vessel map, which is then converted to a binary vascular map
using a proper threshold value. The vessel segmentation is skeletonized by an
iterative thinning algorithm to obtain the centerline of the vasculature. Junction
points like vessel branchings and crossings are removed, resulting in a map of
individual separated vessel segments.
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(b) Artery/vein classification. The separated vessel segments are automatically
classified into arteries and veins by a supervised classifier. In the training phase,
a logistic regression classifier is trained by a dataset of 60 images, which are
acquired by the same Canon camera. For each vessel centerline pixel, we extract
in total 455 features including: the local intensity of RGB and HSB color chan-
nels; the mean, standard deviation, median, minimum and maximum of the
intensities inside small, medium and large circular regions; the intensity val-
ues along each vessel centerline; and the intensity inside each vessel segment.
After that, a genetic-search based feature selection approach is used to select a
subset of features giving the highest classification accuracy. Finally, the classi-
fier is trained with the selected features of the training data and used for the
classification of arteries and veins in this study.

(c) Vessel caliber measurement. In this step, the geodesic active contour model
proposed in [1] for solving a global optimization problem is exploited to locate
the left and right edges for each vessel segment. First of all, an enclosed and
deformable contour x(t) = (x(t), y(t))(t ∈ (0, 1)) is initialized using the extr-
acted centerline pixels. Afterwards, the surface is iteratively deformed to mini-
mize the energy function:

E(x) =
∫ 1

0

Eint(x(t)) + Eext(x(t)) + Econ(x(t))dt (1)

where Eint (internal energy) is resulted by the force of the interaction between
adjacent control points, which preserves the smoothness of the surface. While
Eext (external energy) is resulted by the image gradient which pulls the contour
toward vessel boundary, and Econ (constraint energy) is resulted by a constraint
for the external force. Therefore, at each iteration, the control points follow the
contour evolution equation:

∂x(t))
∂t

= αg(I)(c + κ)−→n + β(�g(I) · −→n )−→n + γ�x(t) · �g(I), (2)

g(I) =
1

1 + �I2
, (3)

where I(x, y) is the image and �I is the first-order Gaussian derivative of I, κ
and −→n are the Euclidean curvature and the unit normal vector of x(t). g(I) is the
speed function given �I and c, α, β and γ are weighting parameters. Contour
evolution is terminated when a stop criterion (e.g. after a certain number of
iterations) is satisfied, resulting in a smooth vessel edges detection.

Vessel caliber is then estimated using the evolved contour. The contour is split
into left and right edges by removing the control points at the two ends of the
vessel segments. For each control point on one side of the vessel, a corresponding
nearest point is found on a B-spline interpolated curve of two nearest points on
the other side. The Euclidean distance between each two points is computed and
converted to micrometer μm using the pixel size of each image. We estimate the
pixel size by taking the ratio between the general optic disc diameter (1800 µm)
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and the diameter in pixels measured by the method described in [2]. In order to
prevent outliers, the measured distances with extreme values are eliminated and
the vessel width is calculated as the average of the remained measurements.

(d) CRAE, CRVE and AVR measurement. The results are used for estimating
the central retinal arterial equivalent (CRAE) and the central retinal venous
equivalent (CRVE) (see Fig. 2). Firstly, the optic disc center and diameter are
obtained using the super-elliptical convergence filters proposed in [2]. Then, the
vessels within the standard area of 0.5 to 1.0 disc diameter around the disc center
are selected and the width values are fed to the Knudtson’s revised formulas [6].
Finally, the AVR value is defined as the ratio between the CRAE and CRVE.

(a) (b)

Fig. 2. The vessels within the standard region are selected for calculating the CRAE
and CRVE values: (a) the widths of selected vessel are measured by the proposed
method; (b) The six largest arteries and veins are then selected for the calculation of
CRAE, CRVE and AVR values.

3 Experimental Result

3.1 Study Population

The study includes a group of 15 healthy volunteers (7 men and 8 women)
with age between 20 and 60 years. For each subject, 5 optic-disc centered images
were repeatedly acquired on the right eyes using a Canon Cr-1 Mark II fundus
camera, with image resolution of 3627 × 2178 pixels. The images are used for
the quantitative cross-sectional comparative study between the three caliber
assessment methods.
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3.2 Vessel Width Measurement Tools

IVAN Tool developed by the University of Wisconsin, USA, is a program for
assessing the blood vessels caliber on fundus images (see Fig. 3(a)). First of all,
it automatically locates the center of the optic disc and determines a standard
area of 0.5 to 1.0 disc diameter around it. The vessels within the region-of-
interest (ROI) are detected and their calibers are measured as the average dis-
tance between the vessel left and right edges. In addition, the detected vessels are
classified as artery and vein for the measurement of CRAE and CRVE. After the
automatic processing, a manual correction is performed by the user. It includes
adjusting the position of the optic disc center, adding the miss-detected vessels,
correcting the vessel labels and eliminating the wrongly detected vessel edges.
When the manual correction is done, the tool computes the values of CRAE,
CRVE and AVR using the Paired, the Parr-Hubbard [5], and the Knudtson’s
revised formulas [6].

Vampire Tool [9] developed by the University of Dundee, Scotland, is used
for the manual measurement of vessel width (see Fig. 3(b)). The instructions of
the program require clicking the vessels around the optic disc region to measure
and determine their vessel type simultaneously. Then for each vessel, the left
and right edges need to be clicked and the Euclidean distance between them is
considered as the width of the vessel. Finally, the values of the CRAE, CRVE
and AVR are computed using the Knudtson’s revised formulas [6].

(a) IVAN - display panel (b) Vampire - display panel

Fig. 3. The user interfaces for the IVAN and the Vampire tools. (a) The IVAN software
measures vessel calibers by automatic processing and manual modification. (b) The
Vampire annotation tool is used for measuring vessel calibers manually.

3.3 Results

The system error indicates the robustness of a tool on measuring biomarkers
for the same vasculature acquired in multiple acquisitions. In this study, it is
calculated by taking the average of the relative errors (mean/standard deviation)
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Table 1. The relative error of the CRAE, CRVE and AVR values obtained by the
proposed method, IVAN and Vampire tools.

Software Relative error

CRAE CRVE AVR Average

Our method 2.84% 2.40% 3.20% 2.81%

IVAN 2.32% 1.91% 2.65% 2.29%

Vampire 4.09% 3.63% 5.73% 4.48%

among 5 acquisitions on 15 subjects. The results are shown in Table 1. Comparing
the error of three tools, as expected the Vampire annotation tool produces the
largest variation among the three tools, which is two times larger than the other
two tools. The calibers obtained by manual vessel annotation are clearly prone
to human error.

We examined the correlation of the measurements obtained by our proposed
method and the IVAN tool. Figure 4 shows the scatter plots for the CRAE, CRVE
and AVR respectively by the two tools. pcc represents the Pearson’s correlation
coefficient and p is the corresponding p-value. Considering the confidence interval
95% (p = 0.05), the results of CRAE, CRVE and AVR obtained by two tools
are significantly correlated. It implies that the proposed automatic tool produces
similar caliber values compared to IVAN.

(a) CRAE (b) CRVE (c) AVR

Fig. 4. Scatter plots for comparing the (a) CRAE, (b) CRVE and (c) AVR obtained
by our method and the IVAN tool on the retinal images acquired using the Canon
camera. The dashed line show the linear regression line for the data points.

(a) CRAE (b) CRVE (c) AVR

Fig. 5. The Bland-Altman plots for comparing the (a) CRAE, (b) CRVE and (c) AVR
values obtained by our method and the Vampire tool with the IVAN.
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The Bland Altman plots in Fig. 5 compare the proposed method and the
Vampire annotation tool using the IVAN software as the reference. The CRAE
values measured by our method have better agreement with the values obtained
from the IVAN, where it has a lower bias than the Vampire. In the case of
measuring CRVE, the performance of both tools is similar, with almost zero
bias, though the error of the Vampire is lower than our method. For measuring
AVR, which is an important clinical relevant biomarker in large-scale setting,
our fully automatic method produces much accurate results than the human
annotation tool, with lower bias and variation.

The assessment of vascular caliber using the proposed method takes around
8 min on one image from the described dataset. In detail, the vessel segmentation,
artery/vein classification and vessel caliber measurement steps respectively take
2, 4 and 2 min on a single core CPU. Since the full processing is automatic,
the calculation time reduced to less than 1 min per image when we process the
images in a parallel setting with a 12 cores 2.30 GHz CPU and 128 GB of RAM.

4 Conclusion

In conclusion, we propose an automatic technique for the vessel caliber measure-
ment on retinal photographs, which will be used in a large-scale retinal screening
program. We validate this method on a dataset consisting of images acquired on
15 healthy subjects, each of which receives 5 repeated acquisitions. In addition,
we compare our tool with the semi-automatic tool - IVAN and the manual vessel
annotation tool - Vampire. The result shows the superiority of the proposed auto-
matic vessel caliber measurement. Additionally, IVAN requires time-consuming
human attention to modify the automatic generated result, which prohibits ana-
lyzing great amounts of data. The proposed method is able to provide automatic
caliber measurements with a comparable system error and similar CRAE, CRVE
measurements to IVAN. It will enable fully quantitative retinal vessel caliber
analysis in large-scale screening programs.
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