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An  automated  method  for measurement  of  arteriolar-to-venular  diameter  ratio  (AVR)  is  presented.  The
method  includes  optic  disc  segmentation  for  the  determination  of  the  AVR measurement  zone,  retinal
vessel  segmentation,  vessel  classification  into  arteries  and  veins,  selection  of  major  vessel  pairs, and
measurement  of AVRs.  The  sensitivity  for the  major  vessels  in  the  measurement  zone  was  87%,  while
93%  of  them  were  classified  correctly  into  arteries  or veins.  In 36  out of  40 vessel  pairs,  at  least  parts  of
eywords:
rteriolar narrowing
rteriolar-to-venular diameter ratio (AVR)
omputerized measurement
etinal fundus images

the paired  vessels  were  correctly  identified.  Although  the  average  error  in the  AVRs  with  respect  to  those
based  on  the  manual  vessel  segmentation  results  was  0.11,  the  average  error  in  vessel  diameter  was  less
than 1 pixel.  The  proposed  method  may  be  useful  for objective  evaluation  of  AVRs  and  has  a  potential  for
detecting focal  arteriolar  narrowing  on  macula-centered  screening  fundus  images.

© 2011 Elsevier Ltd. All rights reserved.

ypertensive retinopathy

. Introduction

Retinal fundus photographs permit noninvasive visualization
f the retinal vasculature, which can indicate health conditions,
uch as diabetes and high blood pressure. Previous studies have
eported the association of retinal microvascular abnormalities
ith cardiovascular and cerebrovascular diseases [1,2]. Although

he accessibility of retinal fundus photographs makes this exam-
nation suitable for screening these diseases, a large number of
xaminations will result in an increased burden for ophthal-
ologists. Computerized analysis of retinal fundus images can

otentially reduce ophthalmologists’ workload and improve diag-
ostic efficiency.

One of the hypertension-associated findings in retinal fundus
mages is arteriolar narrowing, which can be assessed by arteriolar-

o-venular diameter ratios (AVR). In Japan, it is often measured in
airs of large vessels running side by side at a certain distance from
he optic nerve head towards the temporal side in macula-centered
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photographs. In the U.S., AVR is commonly determined using the
six largest arteries and veins on retinal fundus images centered
at the optic disc, as suggested by Knudtson et al. [3].  However, in
screening examinations, the fundus images obtained are usually
macula-centered for screening for various diseases in the larger
retinal area. Therefore, it may  be more reliable to use temporal ves-
sels for the AVR measurement in such images. The regions in which
AVRs are measured, referred to as the measurement zones in this
study, are defined as the regions between the half-disc and one-disc
diameters from the optic disc margin in the U.S. [4] and between
the quarter-disc and one-disc diameters from the optic disc margin
in Japan. Despite the existence of such guidelines, the AVR is sel-
dom measured systematically or quantitatively, making consistent
and longitudinal evaluations difficult. An automated measurement
of AVR can facilitate ophthalmologists’ evaluation of retinal fundus
images.

Numerous studies, including our own [5],  have been conducted
to develop an automated segmentation of retinal vessels on retinal
fundus images. Many of these studies utilized the public database,
Digital Retinal Images for Vessel Extraction (DRIVE) [6],  and these
are listed in [7].  Several groups have investigated computerized
quantification of vessel diameters and measurement of AVR. Gao
et al. [8] proposed a semi-automated method to estimate vessel
diameters and angular geometry at bifurcations. By fitting Gaus-

sian functions to a vessel profile, calculation of the diameters of
arteries for evaluation of diameter alterations possibly associated
with hypertension is possible. A semi-automated method intro-
duced by Pedersen et al. [9] obtains a series of profiles between two
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ig. 1. (a) Original image. (b) Manual vessel segmentation result (reference stand
easurement zone.

anually defined points on an artery. The diameters are estimated
y the full-width at half maximum of the profiles for detection
f focal arteriolar narrowing. Hubbard et al. [4,10] developed a
emi-automated method for measuring and summarizing arteri-
lar and venular diameters, which was employed in a large cohort
tudy called the Atherosclerosis Risk in Communities (ARIC) Study.
n this method, a grader identifies arteries and veins, selects seg-

ents within the measurement zone for calculation of diameters,
nd accepts or adjusts the measurements made by the software.
nother semi-automated method that requires the manual identi-
cation of pairs of vessels was introduced by Patker et al. [11]. On
he basis of the manual inputs, the software automatically detects
he edges of vessel walls and calculates the vessel diameters. This
roup reported good interobserver reproducibility by users of this
ystem.

An automated method with the option of manual correction for
VR estimation was proposed by Tramontan et al. [12,13]. In their
ystem, retinal vessels are extracted by vessel tracing, the optic disc
s located on the basis of the vessel network, the extracted arter-
es and veins are discriminated by the feature characterizing the
entral reflex, and the AVR is estimated using vessels with diame-
ers greater than 45 �m.  Vessel segmentation and classification can
e corrected manually if needed. A good correlation between the
VRs determined by the proposed method and manual measure-

ent was reported by this group. The AVR measurement method

roposed by Nam et al. [14] is based on the circular intensity pro-
le. The optic disc is first detected using the red channel of the
GB color image, and the intensity profile of the green channel is
rovided in DRIVE database. (c) Gold standard of major arteries and veins. (d) AVR

obtained along the perimeter of a circle whose radius is equal to the
optic disc’s diameter and is centered on the optic disc. The valleys in
the profile are considered as vessels, which are classified into arter-
ies and veins according to their shapes. Vessels larger than 7 pixels
are used for the calculation of AVR. Niemeijer et al. [15] proposed a
fully automated method for the determination of AVR. They detect
the location of the optic disc, determine the region of interest (ROI)
for AVR measurements, classify the vessels into arteries and veins,
and measure the AVR. For classification of the vessels, they tested
the k-nearest neighbor, support vector machine, linear discrimi-
nant classifier and quadratic discriminant classifier and found that
the linear classifier worked best for their dataset. This study most
closely resembles our current study.

In this study, we  propose a fully automated AVR measurement
method composed of vessel extraction, optic disc detection, ves-
sel classification, vessel selection, and diameter measurement. The
method selects two  pairs of major vessels in the upper and lower
temporal regions. Unlike averaging the diameters of several ves-
sels, the selection of a pair of vessels may  potentially detect focal
thinning.

2. Image database

The retinal fundus images used in this study were obtained from

the DRIVE database, a database of images acquired in a diabetic
retinopathy-screening program in the Netherlands [6,7]. Although
the images may include some pathological lesions, this informa-
tion is not available to us. Because we are unable to determine
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Fig. 3. The relationship between true positive fraction and false positive fraction
Fig. 2. Flowchart of the overall scheme for AVR measurement.

hether the cases include arteriolar narrowing, the evaluation of
ur scheme is based on the measurement of AVR rather than detec-
ion of arteriolar narrowing. The DRIVE database consists of 20
raining and 20 test cases. In this study, the training cases are
sed for developing the scheme and determining the parameters,
hereas the test cases are employed without adjusting the param-

ters, for evaluating the robustness of the method.
The images were saved in JPEG format with 565 × 584 pixels.

or each image, the manual segmentation result of the vasculature
s provided, which is considered the reference standard for the ves-
els. In this study, we focus on extracting and selecting two pairs
f major vessels to measure AVR. These four vessels are selected
rom the manual segmentation result and classified into arteries
nd veins by an ophthalmologist, as shown in Fig. 1. These are
mployed as the gold standard for major arteries and veins. On
he basis of these gold standard images, the gold standard vessel
iameters are automatically computed in the measurement zone.
or this purpose, the optic disc centers and diameters are manually
dentified. Vessels are first reduced to single-pixel-wide lines using

 morphological thinning algorithm [16]. At each of the retained
ixels, called centerline pixels, the shortest path inside the original
essel through the centerline pixel is determined as the diameter
t that point. The ratio of the average diameters of the paired artery
nd vein is considered the gold standard AVR.

. Methods

The proposed automated scheme for determining AVR consists
f segmentation of retinal vessel, localization and segmentation
f the optic disc to identify the measurement zone, classification
f vessels into arteries and veins, selection of vessels for mea-
urement, and measurement of AVR. The flowchart of the overall
cheme is shown in Fig. 2.

.1. Vessel segmentation
Retinal blood vessels are extracted using a previously developed
ethod that employs a combination of top-hat transformation

THT) and double-ring filtering (DRF) techniques [5,17].  The THT is
for extracting major retinal vessels in the training cases with the top-hat filters of
different diameters.

applied to the green channel of the color images, which generally
exhibits the highest contrast for retinal vessels. The filter element is
set to be a circle with a diameter of 15 pixels based on the sensitivity
and specificity on the training cases. The relationship between sen-
sitivity and false positive fraction (1 − specificity) for extracting the
major vessels with filters of different diameters is shown in Fig. 3.
Because the diameters of the large vessels are about 11 pixels, the
curve for the 9-pixel diameter filter is apparently lower. The result
indicates that filter with a 15-pixel diameter provide the optimal
sensitivity/specificity pair. Similarly, the DRF is applied to the green
channel images. The DRF consists of inner and outer square regions
with widths of 3 and 13 pixels, respectively. The pixel of interest is
replaced by the difference in the average pixel values in the inner
square and the surrounding region. The outputs from the THT and
DRF are summed, and the vessel regions are determined by apply-
ing a threshold. The threshold is set to be 15% based on the average
percentage of the gold standard pixels in the training cases, which
is about 12.5%. In order to remove small vessels that are not used for
the measurement of AVR, the vessels with the diameter less than
three pixels are removed.

The extracted retinal vessels are partitioned into vessel seg-
ments by identifying the vessel crossings and bifurcations. To
identify the crossings and bifurcation, the centerline pixels of the
vessels are determined; these are also used in the classification of
vessel segments into arteries and veins. If a centerline pixel has
more than two neighboring pixels corresponding to centerline pix-
els, it is considered that either a vessel crossing or a bifurcation
is present around that pixel. In such cases, a search for the short-
est paths to the non-vessel pixels, in the direction between these
neighbor pixels, is performed. By connecting these ends and remov-
ing the pixels inside, the vessels are disconnected.

3.2. Optic disc segmentation

Optic disc locations and approximate disc diameters are deter-
mined using an active contour method to determine the AVR
measurement zone. The basic scheme for the segmentation of optic
disc is described in detail elsewhere [18]. Briefly, an approximate
location of the optic disc is identified using the p-tile thresholding
method on the red channel image, and an ROI is extracted at the

identified location. On the basis of the edges detected by the Canny
edge detector, an active contour model is employed for determining
the disc contour.
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Fig. 4. Classification of vessels. (a) Original image. (b) Classification result for the centerline pixels into those belonging to arteries (red) or veins (blue). (c) Classification
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esult  for the vessel segments by the majority rule. (For interpretation of the referen

In our previous study [18], most images were obtained using
 stereo camera with a 27◦ field of view (FOV) and a 1600 × 1200
ixel matrix. Furthermore, the overall image brightness and the
olor of the retina were somewhat different from those of the
RIVE cases, which may  be due to differences in the camera sys-

ems, the condition of individual patients, and the demography of
he patients. Therefore, the optic disc detection algorithm was  re-
rained using the training cases. For identification of approximate
isc locations, instead of applying the p-tile thresholding method to
he red channel images, the color channel is automatically selected
n each case depending on the brightness of the image. As a result,
or bright images in which the pixel values in the red channel
re saturated, the green channel is employed in the thresholding
ethod. Because the DRIVE cases were obtained with a 45◦ FOV

nd 565 × 584 pixels, the size of the ROI is set to 200 × 200 pix-
ls, and the threshold value is set to 4500 pixels (11.25%). In this
tudy, our purpose is to determine the disc diameter to identify
he measurement zone. Therefore, the determined disc contour is
tted by an ellipse, and the length of the major axis is used as the
iameter of the disc. This method failed to detect the correct loca-
ion of the disc in just one training case, which had a large pathology
egion. However, considering that such cases are relatively uncom-
on  in general screening, the method was applied as is to the test

ases.

.3. Retinal vessel classification into arteries and veins

Each centerline pixel of the vessel segments in the measurement
one is classified into those belonging to an artery or vein using a
inear discriminant classifier. Ophthalmologists often distinguish
rteries and veins based on their color and thickness. In this study,
e determine six features, three of which correspond to the origi-
al color components (red, green, and blue), and three correspond
o the contrast in the three color channels. The contrast is defined as
he difference in average pixel values in a 5 × 5 pixel region around
he pixel of interest inside the vessel, and in a 10 × 10 pixel region
round the pixel of interest outside the vessel. Using the stepwise
eature selection, one feature—the contrast in blue component—is
xcluded, and the remaining five features are employed for train-
ng the classifier. For this training, the centerline pixels of the gold
tandard major vessels are used, and the result of the resubstitu-

ion test showed a classification accuracy of 92.8%. On the basis of
he result for the centerline pixels, each vessel segment is classified
nto an artery or a vein by selecting a majority group as shown in
ig. 4.
 color in this figure legend, the reader is referred to the web  version of the article.)

3.4. Major vessel pair selection

At this point, vessels that would not be used for the measure-
ment of AVR are still present. The potential vessel segments that
are considered as parts of the paired major vessels in the upper and
lower temporal regions are selected by a series of rules described
below. First, small vessel segments with areas less than 50 pixels
are removed. In this study, our target is to select major vessels run-
ning from the optic disc to the upper and lower temporal regions.
Therefore, the vessel segments on the nasal side and those corre-
sponding to the side branches are dismissed on the basis of the
vessel direction.

To determine the direction of the vessels, a determination of
whether an image is of the right or left eye is made. The DRIVE
database includes some images in which the FOV are not centered at
the macula. Therefore, the distinction between the right and the left
eye is made on the basis of whether an image is macula-centered
and on the basis of the brightness inside the optic disc. The average
pixel value in a 50 × 50 pixel region around the center of the FOV is
compared with that of the surrounding squared-frame region, and
in these regions, the sizes of the outer and inner squares are 150 and
100 pixels, respectively. The sizes of these regions are determined
empirically. If the center region is darker than the outer region, the
image is macula-centered. The image is considered as that of the
right or left eye, when the optic disc is located at the right or left
side, respectively, of the FOV. If an image is not macula-centered, it
is considered as the left and right eye, respectively.

In the second method to determine whether the image is of the
right or left eye, the average pixel values in 60 × 30 pixel regions
on the right and left sides of an optic disc center are compared.
The large vessels coming into an optic disc are usually gathered at
the nasal side of the disc, and therefore, the pixel values inside the
optic disc tend to be higher on the temporal side than on the nasal
side [19]. If the average pixel value in the right side is higher than
that in the left side, the image is considered as the left eye, and vice
versa. When the results from the two  methods disagree, the result
of the brightness inside the optic disc is employed if the difference
in the average pixel values is larger than 30, whereas the result of
the macula analysis is employed if the difference is small. For both
methods, the green channel images are used.

The direction of the vessel segments is determined with respect

to the horizontal line from the optic disc to the nasal direction as the
zero degree. The vessel segments above and below the optic disc
center with directions from 80◦ to 180◦ and from −80◦ to −180◦,
respectively, are retained, and the other segments are removed
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ig. 5. Vessel selection by direction analysis. (a) Original image. Green arrow sho
egments remained before the direction analysis. Green arrows specify the segme
irection analysis. (For interpretation of the references to color in this figure legend

rom the candidates. These angle thresholds are determined on the
asis of the gold standard major vessels in the training cases. Fig. 5
hows the retained candidate vessels before and after the direction
nalysis. It can be seen that segments indicated with arrows are

emoved from the candidate vessels for AVR measurement.

Of the remaining segments, those that are considered as parts
f the paired major arteries and veins are selected in each of the
pper and lower regions at concentric circles, with radii of every

Fig. 6. Vessel selection rules. Different rules were applied de
e radial angle direction from the nose side (0◦) to the ear side (180◦). (b) Vessel
at were removed based on their direction. (c) Vessel segments remained after the
eader is referred to the web version of the article.)

five pixels in the measurement zone. At each increment, the rules
specified in Fig. 6 are applied. Both vessels are selected if there are
only two  vessels corresponding to an artery and a vein. If, how-
ever, two  arteries (or two  veins) remain, the vessel with the lower

fraction of artery (or vein) pixels, according to the centerline pixel
analysis, is switched to a vein (or an artery), only if the fraction
was  lower than 70%, and these two  vessels are selected as the pair.
When there are more than two candidate vessels, the three vessels

pending on the number of remained vessel segments.
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Fig. 7. Results of major vessel segmentation in measurement zone for the test cases.
(a,  c, and e) Original images with optic disc segmentation results. (b, d, and f) Seg-
mentation results for (a, c, and e). Red pixels indicate the true detection, green pixels
indicate the false detection, and white pixels indicate no (false negative) detection.
Gray pixels indicate the rest of the vessels that were not counted. (For interpreta-
C. Muramatsu et al. / Computerized Med

ith the largest diameters are considered. If three vessels include
oth an artery and a vein, e.g., one artery and two  veins, one of
he two veins is paired with the artery by the following rule: (1) if
ne seems to be located on the nasal side with respect to the optic
isc center, the other vessel is selected; (2) if both are located on
he temporal side, the vessel with an average diameter larger than
he other by more than one pixel is selected; and (3) if the diam-
ters of the two vessels are comparable, the vessel that is closest
o the artery is selected. The same rule is applied when the three
essels include one vein and two arteries. When the three vessels
re of the same kind, one of them is switched to the other kind in
he same manner as above, and one of the remaining two  vessels is
elected as explained above. If there is only one candidate vessel, or
f a vessel could not be switched, it is considered that no matched
air exists.

.5. AVR measurement

The diameters of the vessels are determined by the length of the
hortest path through the centerline pixels inside the vessel region.
t each vessel selection increment, the diameters of the artery and

he vein are determined by averaging the diameters of the center-
ine pixels that are within the distance of 3 pixels from the point of
nterest, if a pair of major vessel exists and if the centerline pixels
elong to the selected artery or vein. The AVRs are determined at
hese points which are then averaged for the upper and lower pairs.
he results are compared with the gold standard AVRs.

. Results

.1. Vessel segmentation

The retinal vessel regions were extracted in the test cases by
hresholding the averaged outputs from THT and DRF techniques.
he sensitivity of extracting major vessels and the specificity of
etecting non-vessels in the measurement zone were 87% and 97%,
espectively, which were equivalent to those for the training cases
87% and 96%, respectively). In most cases, the major vessels were
dequately extracted. However, it was generally more difficult to
etect arteries than veins due to their lower contrast. The FOVs
ere not centered at the macula in two test images. Although the

ensitivities for two of three cases in which FOVs were not centered
t the macula in the training set were somewhat lower than the
ther cases, there was no apparent difference in the sensitivities
ue to FOV in the test set. Some of the vessel segmentation results
re shown in Fig. 7.

.2. Optic disc segmentation

In this study, the optic disc was segmented for the purpose of
etermining the AVR measurement zone. The segmentation results
or some cases are shown in Fig. 6. There was no firm gold standard
or the optic disc regions outlined by ophthalmologists for these
ases. Compared with the manually identified centers by one of the
o-authors (T.I.), the average shift in the x and y directions were 5.5
nd 4.2 pixels, respectively, with a distance of 7.7 pixels. In 16 of 20
ases, the distance was within 10 pixels. The average difference in
iameters was  7.0 pixels (8.2%), and the difference was  within 10
ixels in 17 out of 20 cases. This result suggested that the positions
here AVRs would be measured were slightly different from those
esired.
.3. Vessel classification

By use of the classifier trained with five image features in the
raining cases, the centerline pixels of the candidate vessels in the
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

test cases were classified into those belonging to arteries and veins.
The classification accuracy of the centerline pixels of the detected
major vessels was  92.8%, which was equivalent to that for the
training cases (result of the resubstitution test). On average, the
classification was  more accurate for veins (96.0%) than for arteries
(90.5%). However, in half of the cases, all the pixels belonging to
the veins were classified correctly, whereas in 8 out of 20 cases,
all of the artery pixels were classified correctly. In four cases, the
classification was  perfect for the major vessels.

On the basis of the result for these centerline pixels, the vessel
segments in the measurement zone were classified as to whether
they were parts of arteries or veins. By the majority rule, 54
and 74 segments were classified correctly as arteries and veins,

respectively, whereas seven and two  segments that were parts
of major arteries and veins, respectively, were misclassified. Note
that small segments with areas less than 20 pixels were not
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Fig. 8. Vessel selection results. (a, c, e, g, i and k) Original images with the gold standard. (b, d, f, h, j and l) Selected paired arteries (red) and veins (blue) for (a, c, e, g, i and k).
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orrect  vessel selection in upper and lower pairs (b, d and f). Correct selection in lo
air  and wrong selection in upper pair due to missegmentation of artery (l). (For in
eb  version of the article.)

ounted, and other segments that were part of major vessels but
issed in the vessel segmentation process were not included

n this analysis. Some of the misclassified segments were later
witched to the correct classification during the vessel selection
rocess.

.4. Vessel selection

At distances of every five pixels in the measurement zone, pairs
f major arteries and veins were selected for measurement of AVR.
n 29 out of 40 pairs, the paired vessels were predominantly iden-
ified and selected correctly (both vessels were correctly selected
n more than 70% of the part, and one of the pair was misselected
n the remaining part). In some cases, when the major vessels were
isconnected due to vessel crossings or bifurcations, other vessel
egments were selected instead. In 7 out of the remaining 11 pairs,

 proportion of the paired vessels was misselected (both vessels
ere correctly selected in more than 30% of the part, and one of the

air was misselected in the rest). The remaining four pairs were
isselected, mostly because the major arteries were not detected

ue to their low contrast. Fig. 8 shows the results of the correct and
ncorrect selections.
air and partially correct selection in upper pair (h and j). Correct selection in upper
etation of the references to color in this figure legend, the reader is referred to the

4.5.  AVR measurement

From the selected pairs of vessels, the average AVRs were deter-
mined. The measured AVRs ranged from 0.44 to 0.98, whereas the
gold standard AVRs ranged from 0.49 to 1.12. The average error in
AVRs was 0.11, whereas errors for the upper and lower pairs were
0.13 and 0.10, respectively, indicating there was  no location effect
(p = 0.5 by the t-test). Excluding the 4 and 11 pairs, in which the
majority and minority, respectively, of major vessels were incor-
rectly selected, the average errors in AVRs were both 0.11. These
results indicate that incorrect selection of the major vessels could
not completely account for the measurement errors. The average
errors in the measured diameters were 0.71 and 0.70 pixels for the
arteries and veins, respectively.

5. Discussion
A computerized scheme for the fully automated measurement of
AVRs in retinal fundus images is investigated. The proposed scheme
is trained and refined using the training dataset and evaluated on
the test dataset in the DRIVE database.
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The retinal blood vessels are segmented by a combination of
wo methods, i.e., the THT and DRF. These techniques have advan-
ages and disadvantages [17]. While vessel walls extracted by the
HT tend to be uneven, optic disc edges are often misdetected as
essels by the DRF. In general, the THT provides higher sensitiv-
ties with higher false positive rates than the DRF. By combining
he two methods, the high sensitivity obtained by THT is retained
hile taking advantage of the lower false positive rate achieved by

he DRF. There are many research groups investigating segmenta-
ion methods for the retinal blood vessels [7].  The results cannot be
ompared directly because our goal in this study is to extract large
essels to be used for the measurement of AVR, and we  do not focus
n extracting small vessels as others did. The equivalent results for
he training and test cases suggest that comparable results can be
xpected in images with similar image quality. However, the sen-
itivity needs to be improved, especially for the arteries. The image
ontrasts for some of the arteries are very low, making it difficult
o extract them concomitantly with veins. A new approach may  be
eeded for accurate segmentation of the arteries.

The optic discs are automatically segmented for determining the
VR measurement zone. When the disc segmentation is not accu-
ate, the region where AVRs are measured would differ from that
sed for establishing the gold standard. As a result, the measured
iameters could potentially become larger or smaller depending
n its location with respect to the “true” optic disc center. In this
tudy, the identified centers are shifted on about 8 pixels on aver-
ge, and the diameters are about 7 pixels larger or smaller. To
xamine the effect of the automated segmentation of the optic disc,
VRs are measured using the manually determined disc centers and
iameters. By use of the manual data, the location of the AVR mea-
urement was generally, but slightly more accurate, except for one
air, in which the correct artery was not selected because it was
ot included in the candidates of the three largest vessels because
f a slight decrease in the average diameter. The average errors in
VRs for 35 and 29 pairs corresponding to the exclusion of cases
ith the major and partial misselection were 0.12 and 0.11, respec-

ively. These results indicate that the effect of the slight shift of the
easurement zone on the AVR is small.
In this study, we set the measurement zone as the region

etween a quarter-disc to a one-disc diameter from the optic disc
argin according to Japanese guidelines. In other countries, the

egion between a half-disc to a one-disc diameter from the optic
isc margin is used. With this criterion, the average errors in AVRs
ere 0.14 and 0.13, which were slightly higher than the original

esults. The probable reason for this might be the limited measure-
ent data. In clinical practice, ophthalmologists probably select

ne or several points for the measurement of AVRs. It is likely that
hey avoid regions where vessels cross or bifurcate, and where the
ontrast of vessels is low. Therefore, in future, the measurement
one for each case should be selectively determined.

Using the linear classifier, most vessel segments are classified
orrectly into arteries and veins. The use of other types of classi-
ers may  improve the classification accuracy. In this study, the color

nformation and the contrast are used for classifying the vessels.
ther groups have used the red contrast [12,13],  features charac-

erizing the vessels’ intensity profiles [14], and features based on
he hue, saturation, and intensity [15]. Although the number of fea-
ures and definitions are different, the basic idea of differentiating
rteries and veins based on their difference in intensity and the
resence of central reflex in arteries is similar.

In this study, paired major vessels are selected for the measure-
ent of AVRs according to the guideline. Other groups selected
everal large vessels and employed the average diameters. Selec-
ion of specific pairs may  allow computerized schemes to be more
ensitive to localized arteriolar narrowing. On the other hand, ves-
els selection can be simplified in the other method. When a system
aging and Graphics 35 (2011) 472– 480 479

is expected to suggest the locations of suspected narrowing, vessels
need to be paired. However, when a system is used for initial screen-
ing of cases, i.e., merely picking up cases with potential narrowing,
or detecting entirely affected cases, averaging the diameters of
several vessels may  reduce the effect of missegmentation and mis-
selection of vessels. The number of measured vessels can be varied
depending on the ophthalmologists’ expectation.

Because the vessels are disconnected at vessel crossings and
bifurcations, the paired vessels are selected at distances of every 5
pixels in the radial direction with respect to the optic disc center. At
present, the segments could not be reconnected accurately because
vessel crossings are not optimally differentiated from bifurcations.
In future, when vessels can be appropriately reconnected, ves-
sel classification, selection, and measurement may  be improved.
Although AVRs are measured at a distance of every 5 pixels, they
are averaged for the pair for evaluation. Because the measurement
points in testing differed from those used in establishing the gold
standard, it is difficult to compare each measurement. In this study,
we  evaluated our automated measurement scheme in the absence
of the gold standard for arteriolar narrowing. The scheme should
be evaluated with abnormal cases with gold standard locations of
arteriolar narrowing in the future.

The measured AVRs are compared with the gold standard AVRs
determined using the manual segmentation results provided in the
DRIVE database. The average error in AVRs is 0.11. There could
be several reasons for the measurement errors: (1) errors in ves-
sel segmentation results, especially for arteries with low contrast;
(2) exclusion of regions of vessel crossings and bifurcation for the
measurements; (3) errors in optic disc segmentation that result in
differences in the AVR measurement zone; and (4) misselection of
paired major vessels. Although the average error may  seem large,
the average errors in vessel diameters were less than 1 pixel for
both arteries and veins. The low spatial resolution of the images
made the accurate measurement and meaningful evaluation dif-
ficult. In the future, our computerized scheme must be evaluated
with images acquired using a newer camera with higher spatial
resolution.

6. Conclusion

An automated AVR measurement method is proposed. Retinal
blood vessels were segmented, classified into arteries or veins, and
two  pairs of major arteries and veins were selected for the mea-
surement of AVRs. In 36 out of 40 pairs, at least parts of the major
vessel pairs were selected correctly. Although the average error
in the AVRs was 0.11, the average errors in measured diameters
were less than 1 pixel. The proposed scheme needs to be evaluated
with high-resolution images including the images from patients
exhibiting arteriolar narrowing.
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