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Abstract. Changes in retinal vessel caliber are associated with several
diseases, such as diabetes and hypertension. The robust assessment of
abnormality on vessels with different sizes is a challenging task. In this
paper, we propose a robust and reliable method for the measurement of
retinal vessel caliber. The method is validated on a dataset where the
optic disc centered images are acquired using 6 different fundus cameras
with a repetitive acquisitions. The results are compared with the semi-
automatic software IVAN, where the relative errors are similar.

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

1 Introduction

In the past few years, retinal image analysis has been used for computer-aided
diagnosis in large-scale screening programs. It utilizes automatic algorithms for
the retinal landmarks detection including the vasculature and the optic disk, and
biomarkers quantification such as the vessel caliber and the curvature [1,4,5].

Change in retinal vessel caliber is an important indicator of vascular abnor-
mality caused by diseases like diabetes and hypertension [7]. According to the lit-
erature, vessel width related biomarkers like the central retinal arteriolar equiv-
alent (CRAE), the central retinal venular equivalent (CRVE) and the arteriolar-
to-venular ratio (AVR) [10] are significantly associated with the progress of
diabetes, hypertension and other cardiovascular diseases [8,9]. However, recent
clinical studies on retinal vascular caliber changes still rely on a semi-automatic
software: IVAN developed by University of Wisconsin, USA more than 20 years
ago [3,11,12]. According to our experience, assessing the vessel calibers of one
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retinal image, with resolution 3456 × 2304, using IVAN takes around 7–10 min,
including automatic vessel detection and classification, manual cropping, adding
vessel segments and correcting their labels. In large-scale screening programs,
analysis of retinal images manually using IVAN software is time consuming,
exhausting and prone to human error.

Therefore, developing an automatic software for vessel caliber measurement
with comparable performance to the IVAN software is still an open challenge.
In this paper, we present a vessel width assessment method based on an active
contour technique combined with validation studies. We examine the proposed
method by comparing its performance with IVAN on the same images. Addition-
ally, we conduct an intra-camera variability test using images from 6 different
fundus cameras to test the robustness of the method.

2 Methodology

The vessel caliber measurement requires an accurate vessel boundary segmen-
tation. However, most automatic vessel segmentation techniques apply vessel
enhancement on retinal images, and then rely on a global threshold value to
obtain a binary vessel map. The choice of the threshold value strongly affects
the quality of the segmentation, which may result in inaccurate vessel width
estimations. The vessel width measurement presented in this paper uses the
centerlines of segmented vessels as the initial control points for an active con-
tour method. The contour is deformed iteratively to locate the left and right
boundaries of vessels. Finally, the vessel caliber is measured by computing the
distance from one detected vessel edge to the other one.

(a) Vessel centerline extraction
The proposed method is initialized by extracting the vascular tree. We used the
vessel segmentation technique proposed by Zhang et al., which employs a set of
multi-scale Gaussian derivative filters rotated to different directions in the so-
called ‘orientation-scores’ [13]. This method provides an enhanced vessel map,
which is then converted to a binary vascular map using a proper threshold value.

On the segmentation map, vessels within the optic disc region are eliminated
by the optic disc mask obtained using the SEF filters proposed by Dashtbozorg
et al. [6]. Then an iterative thinning algorithm is used to obtain the centerline
of the vasculature. Junction points like vessel branchings and crossings are also
removed, resulting in a map of several individual separated vessel segments.
Afterwards, short segments are removed and the remained vessel segments are
used in the next step for the caliber measurement.

(b) Artery/vein classification
In this work, we have used a supervised technique to classify the vessels into
arteries and veins. Firstly, for each centerline pixel, we extract in total 455 fea-
tures including: the local intensity of RGB and HSB color channels; the mean,
standard deviation, median, minimum and maximum of the intensities inside
small, medium and large circular regions; the intensity values along each vessel
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centerline; and the intensity inside each vessel segment. After that, a genetic-
search based feature selection approach is used to select the subset of features
giving the highest classification accuracy from the 455 features. Finally, a logistic
regression classifier and the set of selected features are used for the classification
of arteries and veins.

(c) Active contour model construction
In this step, the geodesic active contour model proposed by Caselles et al.
[2] for solving global optimization problem is exploited to locate the left and
right edges for each segment. First of all, an enclosed and deformable contour
x(t) = (x(t), y(t))(t ∈ (0, 1)) is initialized using the extracted centerline pixels.
Afterwards, the surface is iteratively deformed to minimize an energy function:

E(x) =
∫ 1

0

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

where Eint is the force (internal energy) resulted by the interaction between
adjacent control points, which preserves the smoothness of the surface. While
Eext is the image gradient (external energy) which pulls the contour toward
vessel boundary, and Econ is 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. The
evolution is terminated when the stop criterion is satisfied, resulting in a smooth
vessel edge detection.

(d) Vessel caliber measurement
The vessel caliber is estimated using the evolved contour (see Fig. 1). After the
contour stops at the vessel boundary, it is split into two sections by removing the
control points at the two ends of the vessel segments, forming the left and right
vessel edges. Then 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.
The distance is then converted to micrometer μm using the pixel size of each
image, which is estimated by the general optic disc diameter 1400 μm which
is used by the semi-automated retinal image analysis software (IVAN) and the
diameter (with unit in pixel) measured by the method described in [6]. 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.
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Fig. 1. The vessel caliber measurement is applied on multiple sizes of retinal vessels
in 5 steps: (i) vessel boundary is detected by the active contour algorithm, (ii) the
contour is split into two sections, (iii)–(iv) for each point on one side of the vessel, a
nearest point is found on the other side, (v) vessel caliber is estimated as the average
of the pixel distances between the two boundaries, and then converted to µm using the
actual pixel size of each camera.

3 Experimental Result

3.1 Material

In order to validate the repeatability and reliability of the proposed method for
vessel width measurement, we built up a dataset where the retinal images are
obtained from 12 healthy subjects using 6 different fundus cameras, including (1)
3nethra classic, (2) Canon Cr-1 Mark II, (3) Topcon NW300, (4) Nidek AFC-
230, (5) EasyScan and (6) Spectralis HRA OCT. The first four cameras are
color fundus camera and the last two cameras use a different imaging modality -
the Scanning Laser Ophthalmology (SLO) (see Fig. 2). Each subject repeatedly
received acquisition 5 times by each camera on the right eye with optic-disc
centered.

Retinal vessels on every image are detected by the introduced segmentation
method, and the vessel centerlines are extracted. For each subject, the vessel
segments are indexed and considered for the validation if they are well detected
in more than 3 out of 5 acquisitions. The validation study includes examining
the intra-camera variability and inter-camera variability in the proposed method.
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(a) 3nethra classic (b) Canon Cr-1 Mark II (c) Topcon NW300

(d) Nidek AFC-230 (e) EasyScan (f) Spectralis HRA OCT

Fig. 2. The image patches are acquired on the same subject by multiple fundus cam-
eras, where the measured caliber values are used in an intra-camera and inter-camera
variability studies.

The former study aims to validate the repeatability of the caliber value measured
on the same vessel but acquired in different acquisitions per camera. The latter
study aims to compare the caliber values estimated on the same vessel acquired
by multiple cameras.

3.2 Comparison with IVAN

In this section, we compare our results with the IVAN software on the measure-
ment of common biomarkers: CRAE, CRVE and AVR values using the images
of the Canon camera. First of all, the vessels within the standard area of 0.5 to
1.0 disc diameters are selected and then classified into artery and vein. After the
automatic classification, the wrongly classified vessels are manually corrected by
the program developed by Dashtbozorg et al. [5]. The calibers of selected ves-
sels are measured using the proposed active contour method. The CRAE, CRVE
and AVR values are computed using the revised formulas proposed by Knudtson
et al. [10]. In the case of IVAN, the same images are semi-automatically processed
following its instruction. The comparisons in terms of CRAE, CRVE and AVR
are shown in Fig. 4, where the dashed lines in the figures are the linear regres-
sion line indicating the agreement of two methods. As we can see, our automatic
width measurement technique shows good alignment with the IVAN software
which is commonly used in clinical studies.
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(a) Caliber measured on large size vessel acquired in 5 acquisitions.

(b) Caliber measured on small size vessel acquired in 5 acquisitions.

(c) Caliber measured on medium size vessel acquired in 5 acquisitions.

Fig. 3. Width measurement results with an intra-camera variability study on vessels
with various sizes using the Canon Cr-1 Mask II camera. We obtain the estimated
width for (a) large vessel: 112.81 ± 2.03µm with a relative error of 1.7%, (b) small
vessel: 61.37±3.02µm with a relative error of 4.9%, (c) medium vessel: 96.34±2.06µm
with a relative error of 2.1%.

(a) CRAE (b) CRVE

(c) AVR

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

In this section, we validate the proposed method on the 5 images of the same
subject, same camera, named intra-camera validation (see Figs. 3 and 5 as exam-

Table 1. Intra-camera validation: relative errors computed on the images of 3nethra,
Canon, Nidek, Topcon, EasyScan and Spectralis by using the proposed method and
the IVAN software.

Method Camera Pixel-size

(µm/pixel)

Resolution Relative error

CRAE CRVE AVR Average

IVAN software Canon 4.35 3456×2304 2.32% 1.91% 2.65% 2.29%

Our method Canon 4.35 3456×2304 2.84% 2.40% 3.20% 3.52%

3nethra 4.83 2048×1536 3.59% 2.71% 3.44% 3.24%

Nidek 2.73 3744×3744 3.91% 5.00% 6.33% 5.08%

Topcon 7.0 2048×1536 2.74% 1.41% 3.06% 2.41%

EasyScan 10.75 1024×1024 4.48% 8.07% 8.52% 7.02%

Spectralis 5.11 1536×1536 2.22% 2.04% 2.50% 2.25%

(a) 3nethra classic (b) Canon Cr-1 Mask II (c) Topcon NW300

(d) Nidek AFC-230 (e) EasyScan (f) Spectralis HRA OCT

Fig. 5. The vessel width measured with different imaging modalities. On the high
resolution cameras (b) Canon Cr-1 mask II, (d) Nidek AFC-230 and (f) Spectralis HRA
OCT, we obtain values with low relative error 2.8%. The vessel width is overestimated
on the low resolution cameras (a) 3nethra classic, (b) Topcon NW300 and (e) EasyScan.
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ples), by calculating the relative error of the measured CRAE, CRVE and AVR
values. The biomarkers are computed using the pipeline described in Sect. 3.2. In
addition, we compute the relative error of the biomarkers obtained by IVAN on
images from Canon camera. The values obtained by IVAN are considered as the
reference ones. The average relative errors for each camera are shown in Table 1.

As we can see from the table, the intra-camera variability of proposed method
is comparable with the semi-automatic software. The average error on the Canon
images is 2.29% using IVAN software, while our method has an average error
of 3.5%, which is slightly higher than the one obtained by IVAN. However, on
the images of EasyScan, our method produces 7.02% error, which is much higher
than the other cameras. It is because that the images of EasyScan are of low res-
olution (10 μm/pixel), which means missing 1 pixel during width measurement
making 10 μm variation at the end. This implies that vessel width measurement
on the images of a low resolution camera has high risk, thus these images are
not suitable for quantitative analysis.

4 Conclusion

Measuring the caliber of vessels in different sizes is an open task in retinal image
analysis. In this paper, we propose a method for vessel width estimation and
we validate it on a dataset where the images were acquired on multiple subjects
with different fundus cameras. The experimental results show that our method
gives consistent width measurements for retinal images in different acquisition
setups using various cameras.
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