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Abstract

We present an automatic method to segment the
blood vessels in retinal images. Our method is based on
tracking the center of the vessels using the Kalman fil-
ter. We define a linear model to track the blood vessels,
suitable for both the detection of wide and thin vessels
in noisy images. The estimation of the next state is
computed by using gradient information, histogram of
the orientations and the expected structure of a vessel.
Seed points are detected by a set of matched filters in
different widths and orientations. Tracking is carried
out for all detected seed points, however we retrace the
segmentation for seeds with small confidence. Our al-
gorithm also handles branching points by proceeding in
the previous moving direction when no dominant gra-
dient information is available. The method is tested on
the public DRIVE database [10] and shows good results
with a low false positive rate.

1 Introduction

Detection of blood vessels in retinal images offers
a non-invasive method to diagnose various diseases in
the retina. Segmenting the blood vessels can be used as
the first step for subsequent image processing as they
cover big areas of the retinal image. For example, the
automatic detection of other lesions such as microa-
neurysms, which are the first symptoms to appear in
diabetic retinopathy can rely on vessel segmentation
[6, 12]. Another usage is for registering a number of
retinal images from different perspectives and creating
a 3D image of the retinal surface [11, 14]. The regis-
tered image can be used to measure the depression in
the optic disc for the detection of glaucoma.

Methods for segmenting blood vessels can be
roughly divided into those that trace the center of the
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vessels [2, 4, 8], methods based on learning and clas-
sification of feature vectors [9, 10, 13] and segmenting
the vessel boundaries by using some set of filters or
thresholds [1, 3, 5, 7, 9]. The tracking methods usually
find a set of seed points and then use them to trace
the retinal vasculature. The algorithm described in [4]
is most closely related to our work, as both methods
use the Kalman filter for tracking and matched Gaus-
sian filters for detecting the blood vessels. In [4], the
seed points are found in the circumference of the optic
disc and the center of the vessel is tracked using an
extended Kalman filter. Tracing the vessel is made by
using matched filters and detecting branching points.
Tracing stops when the response from the Gaussian
filter is low. However, our method differs in three im-
portant key points: 1) We find seed points all over the
image and do not rely on the hard task of tracing the
vessel for the whole of its length; 2) The next state in
the tracking is based not only on the response from the
matching filters, but also on the distribution of the gra-
dients in a window around the vessel. It is helpful, for
instance, when tracking hollow vessels (where the ves-
sel is brighter than the background); 3) The tracking
method is tolerant to vessels with areas of low response
to the filters (for example, thin vessels with changing
contrast) by ending the tracing only after a few con-
secutive bad responses. However, segmentations which
have little resemblance to a vessel after a few steps are
retraced.

2 Proposed Method

An overview of our proposed method is as follows:

1. Find a set of seed points by convolving the im-
age with a group of matched filters in different
widths and orientations. Unlike many other algo-
rithms, we try to find as many as possible correct
seed points, and do not limit them to certain ar-
eas (such as only the optic disc area). The aim
is to have at least one seed point at every vessel,
therefore removing the need to follow all branches.
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2. Track the center of the blood vessel by using the
Kalman filter and starting from the set of seed
points found in the previous step:

(a) Estimate the next location by using gradi-
ent information from both edges of the blood
vessel.

(b) Refine the estimation by correlating a cross-
section of the estimated vessel with the shape
of a vessel.

(c) Estimate the vessel width using the correla-
tion results.

3. Stop the tracking if the likelihood of tracing a ves-
sel is small for a number of consecutive moves or
when we hit an already segmented vessel.

4. Retrace the segmentation, if the tracking failed in
less than a minimum number of steps.

2.1 Detection of seed points

Matching filters have been used before [3] for the
detection of blood vessels, and we use them as well,
mainly for the detection of the seed points. A cross-
section of a blood vessel will usually have the darkest
value in the middle and brighter values as approach-
ing the edges (see Fig. 2(b)). We therefore build the
matching filters with a similar shape. The kernel is
approximated by using a second order derivative Gaus-
sian filter, k(x; σ) as described in [4], where the value of
σ is half of the estimated vessel width. Because the ves-
sels are considered to be piecewise linear segments, we
create a 2D kernel by using a number of cross-sections.
We define a set of 2D kernels with different orientations
and widths:

kij(x, y; θi, σj), 0 ≤ θi < 180 2σj = 2, 4, 6, 8,
(1)

in order to cater for the different vessels’ widths and
orientations. We use 6 different orientations for θ
spaced in 30 degrees from each other, therefore hav-
ing a total of 24 kernels. The kernel’s size is defined as
11 × 11 when 2σi < 8 and 17 × 17 when 2σi = 8, as
we expect to have a longer continuous vessel structure
at the same orientation for wide vessels. The kernels’
size is based on measuring the minimum and maximum
widths of the blood vessels in the given dataset. The
kernel is normalized so the sum of its elements is 0 and
variance is 1, therefore higher intensity pixels would
not dominate the convolution response. We then con-
volve each of the 6 oriented filters for a given width
with the image:

C(x, y; θi) = k(x, y; θi, σ) ∗ f(x, y), 1 ≤ i ≤ 6 (2)

(a) (b)

Figure 1. The detected seed points around the
macular area (in white): (a) after using Eq. 3
(b) after further using gradient information. The
macula is framed by the black square and the ar-
rows point to incorrect seeds. Most of the erro-
neous seeds are removed, and the rest should not
be developed at the tracking step. Some legitimate
seeds have been removed as well, but they are still
surrounded by seed points. The final segmenta-
tion of this image appears in the third column of
Fig. 5.

and then only the responses that are above a threshold
in a certain direction, but have weaker response in the
orthogonal direction are taken:

C(x, y; θi) > Ts and C(x, y; θj) < Ts, |θi − θj | = 90.
(3)

However, the threshold cannot be too high, because
then no seed points are found in thin, low contrast ves-
sels. It is generally preferable to use a mild threshold
and then remove the false seed points during the track-
ing (see section 2.3). For each pixel found by a kernel
kij(x, y; θi, σj), a cross-section in the direction normal
to θi and of length 2σj is built. As we expect the pixel
to be in the vessel’s center, the gradients’ angles at
each end should be roughly in opposite directions. Fi-
nally, a small percentage of the brightest seed points is
removed to avoid taking seeds that are between bright
lesions or on the optic disc. The whole process is re-
peated for the 4 different vessel widths given by σ. For
each seed point we record the vessel’s estimated width
and orientation to be used for the tracking. This step
is usually quite fast and takes only about 10 percent of
the running time. An example of the seed points that
are found around the macular area (which does not
contain vessels) after using (3) is shown in Fig. 1(a).
The remaining seed points in this area after applying
further validation as described before are shown in Fig.
1(b). The rest of the erroneous seeds are expected to



(a)

(b)

Figure 2. (a) A zoomed area of the vasculature
from Fig. 5(a) middle row, showing the detected
seed points (as vectors) and their orientation.
The vector’s length is related to the estimated
vessel’s width. (b) A blood vessel and its cross-
section painted by the white lines. The black lines
show the direction the pixels are averaged to cre-
ate the vector Ar as explained in Sec. 2.3. The
next state found by the tracker after the validation
step is pointed out.

be removed during the tracking step, so they do not
develop to vessel segments. In Fig. 2(a), a magnified
area around the main vessel is shown with the seed
points found and their orientation and length.

2.2 The Kalman Filter

Starting from a detected seed point with an esti-
mated vessel width and orientation, the aim is to pre-
dict the trajectory of the center of the vessel. By con-
sidering the vessel tracking as a time series, where each
state is a location in the vessel, it can be modelled by
a state-space approach, such as the Kalman filter. The
Kalman filter has been widely used to solve computer-
vision related time series problems, such as road track-
ing, where the center of the road has to be detected

[15]. Our method uses the traditional Kalman filter as
the basis for the tracking, but we add additional error
models that fit better to the problem in hand.

At each step, the measurement is computed by ex-
amining the vessel structure (see Sec. 2.3), and decid-
ing the next location and vessel orientation by combin-
ing the prediction and the measurement. The evolution
of the tracking process is defined by:

xk = fk(xk−1) + wk−1,

where xk is the state vector at time k and wk the
system noise and fk is a function of the state. Given
a measurement zk, the relationship between the state
and the measurement is given by:

zk = hk(xk) + vk,

where vk is the measurement noise. The system noise
and the measurement noise are assumed to be indpen-
dent with covariance matrices Qk and Rk.

For a given seed point with estimated vessel width
2σ and orientation θ, the current state xk and the tran-
sition matrix are given by:

xk = [x, y, sin(α), cos(α)]T , A =

⎡
⎢⎢⎣

1 0 Δ 0
0 1 0 Δ
0 0 1 0
0 0 0 1

⎤
⎥⎥⎦

so the prediction for the next state is xk = Axk−1.
The current tracking direction is given by α, and Δ
represents the move size in each step of the filter, and
is initialized to Δ = σ. Therefore the prediction for
the next step is to move Δ pixels in the same direction
as we moved before. The use of 4 elements in xk (and
not 3), is to be able to use the linear version of the
Kalman filter. The measurement vector zk which is
the observation for the next vessel center, and H , the
measurement model, are given by:

zk = (x, y)T , H =
[

1 0 0 0
0 1 0 0

]

The matrix H relates the state xk to the measurement
zk. We use a simple model with Hxk just returning
the location in the blood vessel given by the state xk.

The system noise covariance matrix Q, is dependent
on the vessel width, where for thinner vessels the noise
in the moving direction is defined to be higher, because
small thin vessels can be winding. The measurement
noise covariance matrix R is set to 1 pixel in each di-
rection. Both matrixes are fixed during the tracking
and are given as follows:

Q =

⎡
⎢⎢⎣

0.1 0 0 0
0 0.1 0 0
0 0 ew 0
0 0 0 ew

⎤
⎥⎥⎦



ew =
{

0.6 if 2σ ≤ 4pixels
0.2 otherwise

R =
[

1 0
0 1

]

At each step the measurement returns an error value,
which is 0 if it seems that the tracking still follows
a vessel and 1 otherwise. The tracing stops only af-
ter 3 consecutive errors, therefore letting the tracing
continue in locations of uncertainty such as low gradi-
ent information, branching or fast change in direction.
This empirical value proved to be suitable for our appli-
cation, because by continuing an additional two tracing
steps, the problematic section can be passed.

Finally, we define a value of the minimum number
of steps that have to be completed by the tracker, in
order to keep the segmentation. The aim is to remove
segmentations from seed points which are not within
a vessel at all and after a few moves no vessel tex-
ture is found. This can happen, for example, when
the seed points are on the macula, on the optic disc
or between two close vessels. We define this value to
equal to 9 steps, which is three times the number of
accepted errors before terminating. We found out that
this value will remove most of the erroneous vessels,
but sometimes can also retrace short sections of valid
vessels. When a decision to retrace the segmentation
from a seed point is made, the whole segment is re-
moved. This is equivalent to treating the seed point as
a false one (or not detecting it at first place).

2.3 Vessel Tracking

In order to predict the next state, the Kalman filter
calls a measurement function that estimates the next
location, given the current location. The function per-
forms a number of correctness checks and if any one
fails, an error status is returned to make a decision
whether to terminate the tracking.

2.3.1 Gradient computation.

A window centered around the current location xk in
the blood vessel is created. The window is of size
(2w+1)×(2w+1), assuming the vessel estimated width
is w. The gradients Gx,Gy in the x and y directions
respectively are computed in the window. We are inter-
ested in finding the orientation which has the strongest
magnitude response and assume the vessel orientation
is perpendicular to it. Therefore, the gradient’s angle
and magnitude are given by:

θ = arctan(Gy/Gx), mag(x, y) =
√

G2
x + G2

y (4)

(a) (b)

Figure 3. (a) Histogram of the magnitudes of the
double angle for the point marked with a star in
part (b). In this histogram the double angle is
divided by two, therefore retrieving the original
angle from 0 to 180. The highest peak is the esti-
mated vessel’s orientation. (b) Example of track-
ing the vessels using two seed points marked by
X. The left seed has an initial width estimation
of 7 pixels and the right one of 3 pixels. Only the
center of the vessel has being segmented, so it is
possible to see how the segmentations follow the
center of the vessels and merge into one line and
then separate again. Also the hollow vessel on the
upper right hand side has been traced.

However, in order to take advantage of the gradient in-
formation from both edges of the vessel, we compute
the double gradient angle, 2θ, for each pixel. The rea-
son is that gradients of points on opposite edges of the
vessel will differ by 180 degrees, so doubling the angle
will make them equal and reinforce each other.

2.3.2 Histogram computation.

In order to find the best orientation for the next
state, we use a similar method to the Parzen’s window
method. Our random variable is the double angle rang-
ing from 0 to 360 degrees. The sample points are the
double angles computed inside the window. For each
angle we sum the corresponding pixel’s magnitude as
given by (4) (and not just the number of occurrences of
the angle). The histogram is smoothed by convolving
with a Gaussian filter with a small variance. As we are
looking at a section of a vessel we expect the histogram
to have only one peak with a probability distribution
exceeding a threshold, as most vessels have stronger
gradient information than the surroundings (see Fig.
3(a)).

2.3.3 Validation by cross-section.

The angle θm of the strongest peak in the histogram is
taken. This angle is perpendicular to the vessel’s ori-



entation, so is used to build a cross-section of the blood
vessel at the current location xk to validate and refine
our estimation for the orientation. We use a similar
idea to the one used to built the matching filters: A
single cross-section is built as a vector of intensities of
length 4Δ + 5 and orientation θm. Utilizing the piece-
wise linearity of the vessel, and looking at a set of 2Δ
parallel cross-sections, a matrix of size 2Δ×(4Δ+5) is
created. For each column the average pixel value Ar(x)
is calculated, as shown in Fig. 2(b) by the direction of
the black arrows. The length of the cross-section is
chosen so it will always span the whole width of the
vessel (2Δ), even when the current state is on the ves-
sel’s end. The vector Ar is correlated with a Gaussian
to find the center of the vessel and the degree of corre-
lation. If the correlation is above a threshold the new
orientation is taken as pointing towards the point of
maximum correlation (shown in Fig. 2(b) as the next
location). Otherwise, the orientation stays the same
one as the previous one. An example of tracing the
vessels from two seed points until the ending condition
is fulfilled is shown in Fig. 3(b).

2.3.4 Estimating the vessel’s width.

The averaged cross-section vector Ar is scanned to-
wards both ends of the vector starting from the pixel
with the highest correlation. A pixel will be segmented
only if:

[Ar(x) > max(Ar)T3] and [Ar(x) > T4], (5)

where the first term puts a boundary on the highest
intensity that is still a vessel and the second one puts a
minimum threshold on the difference in intensity from
the background. Once a pixel does not comply with
(5) the search in that direction is stopped. The thresh-
olds T3 and T4 have strong influence on the result as
they define the sensitivity to low contrast vessels and
to pixels on the vessel’s boundary. We found out that
different thresholds give better results with different
manual segmentations. We also incorporate our initial
estimation of the vessel’s width to control the number
of pixels segmented.

3 Results

We tested our method on the public database of
DRIVE [10], which includes 40 images: 20 training im-
ages and 20 test images. For the test images, 2 manual
segmentations are given. Previously published results
use the 20 testing images and compare their results to
the first manual segmentation. We used the same im-
ages and manual segmentations and also the provided

Figure 4. ROC curve of our algorithm. Our re-
sults are drawn by the continuous line. Other
methods are plotted with unconnected points.

mask image for the retinal area to calculate the false
positives (FP). Fig. 4 shows the ROC curve for our
algorithm. In order to induce the graph the param-
eters Ts, T3 and T4 were set and changed in (3) and
(5). Their values were tested by running experiments
on all images and estimating the range which provides
valid results. As the manual segmentations are sub-
jective, and there is only a 78% agreement between
the two given manual segmentations, it makes sense
to have parameters that will be finalized according to
the given database. The threshold in (3) determines
the number of seed points that will be detected and
whether low contrast vessels will have seed points in
them. The thresholds in (5) set the sensitivity when
segmenting the vessel’s width and mainly affect the
number of boundary pixels that will be segmented.

In the ROC curve we only show the part where the
false positives are lower than 10 percent, since for high
FP values the results become almost useless, since the
segmented widths of the vessels are very inaccurate and
also large areas of non-vessels are segmented. This is
especially true in the case of retinal images as the num-
ber of non-vessels is much higher than the number of
vessels (up to 8:1). We managed to produce almost
80% of true positives (TP) with 4.5% of false negatives
and 85.9% with 8.1% using a different set of param-
eters. Results of four images with their manual seg-
mentations are shown in Fig. 5. Most of the main and
some small vessels are segmented and there are almost
no segmented lesions or other retinal structures. The
rightmost image in the figure is probably one of the
most challenging images in the dataset, as it contains
lesions and hollow vessels, which are hard to segment,
since they are not darker than the background as nor-
mal vessels are. The last row shows the TP, FP and
False Negatives (FN) in different colors over a white



background. Most of the FP (green) are around actual
vessels, therefore the vessels have been segmented, but
do not share the exact border with the manual seg-
mentation. Only small areas of FP are other retinal
structures. The main difficulty is in segmenting the
very thin vessels (red pixels). Some of these vessels
might have seed points in them, but they do not de-
velop due to poor gradient information. Also not all
of these vessels appear in the second manual segmen-
tation. It takes between 20sec to 40sec to segment an
image, depending on the threshold used in (3) and the
number of seed points found for the specific image.

We compare our results with recent publications
that use the DRIVE database. All the results from the
competing approaches were copied or estimated from
the curves provided in the original publications, and
are drawn as unconnected points in the ROC graph.
Cai [1] computed the distance between the ROC curve
to the ideal point (0,1) and compared their results to
Jiang [7] and Staal [10]. Since their graph is plotted
for FP < 0.5, it is not necessary that the best distance
is found for small value of false positives. However,
for the area where FP < 0.1 our results are superior to
both the methods of Jiang and Cai, as can be seen in
Fig. 4. The results presented by Staal [10] are slightly
superior to ours. However, their method is based on
machine learning and requires a lengthy training time
for accumulating data and hand segmenting the im-
ages by clinicians. Furthermore, retraining may be
necessary if the imaging method or technology changes.
This is not needed by our method. Finally, we com-
pared our results with the second manual segmentation
and found out that with all sets of parameters the TP
rate was 2-2.5% higher with almost the same rate of
FP. This result agrees with the subjectiveness of the
manual segmentation.

4 Conclusion

We showed in this paper that combining the track-
ing method of the Kalman filter with multiple seeds
spread out over all the image and retracing those that
seem to be outside a vessel provides good segmentation
results. We managed to segment thin vessels and avoid
segmenting other retinal structures. It will be interest-
ing to improve our method for segmenting the vessel’s
width to be more accurate as well as testing on other
databases.
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(a) (b) (c) (d)

Figure 5. Some of our results (middle row) for 80% TP and 4.5% FP and the manual segmentations (bottom
row). Our segmentation appears as black pixels on top of the original image (top row). In columns (a) and
(b) the images are of healthy retinas. In column (c) the image has hollow vessels, which are hard to segment.
In column (d) the image contains lesions, hollow vessels and many thin vessels. The last row shows the TP in
blue, the FN in red and FP in green. Most of the green pixels appear next to the manually segmented vessels
and only few are other structures. The red pixels are mainly very thin vessels, which are hard to segment with
a low FP rate. These vessels probably require a different segmentation approach, which is more sensitive.
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