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Abstract—Tortuosity of retinal blood vessels is an important
symptom of diabetic retinopathy or retinopathy of prematurity.
In this paper, we propose an automatic image-based method for
measuring single vessel and vessel network tortuosity of these ves-
sels. Simplicity of the algorithm, low-computational burden, and
an excellent matching to the clinically perceived tortuosity are the
important features of the proposed algorithm. To measure tortu-
osity, we use curvature which is an indicator of local inflection
of a curve. For curvature calculation, template disk method is a
common choice and has been utilized in most of the state of the
art. However, we show that this method does not possess linearity
against curvature and by proposing two modifications, we improve
the method. We use the basic and the modified methods to measure
tortuosity on a publicly available data bank and two data banks
of our own. While interpreting the results, we pursue three goals.
First, to show that our algorithm is more efficient to implement
than the state of the art. Second, to show that our method possesses
an excellent correlation with subjective results (0.94 correlation
for vessel tortuosity, 0.95 correlation for vessel network tortuos-
ity in diabetic retinopathy, and 0.7 correlation for vessel network
tortuosity in retinopathy of prematurity). Third, to show that the
tortuosity perceived by an expert and curvature possess a nonlinear
relation.

Index Terms—Curvature, diabetic retinopathy (DR), retinal im-
age, tortuosity measure.

I. INTRODUCTION

D IABETES causes damage in blood vessels. Vessel dam-
ages in heart muscles are related to ischemic heart diseases

and heart attacks; and vessel damages in the retina cause reduc-
tion of sight. The latter called diabetic retinopathy (DR) is one
of the common causes of reduction of sight. In fact, many stud-
ies show that DR dramatically increases chances of blindness
[1] and that it is the leading cause of blindness of the working
age especially in developed countries [2]. Presence of numerous
microaneurysms is the earliest sign of DR [3]. As the disorder
develops, retinal blood vessels become thicker, more twisted and
turned [4]. In more advanced levels, neovascularization through
inability to provide the required amount of nutrition and oxy-
gen for the retina occurs [5]. These newly generated vessels are
very fragile. Therefore, they cause internal bleeding in the retina
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Fig. 1. Two images of the retina with different tortuosity level. (a) Normal
tortuosity. (b) High tortuosity.

that endangers the visual system and might ultimately result in
blindness.

Early diagnosis of DR helps controlling its side effects. This
is possible with the aid of technical examination of the ocular
fundus. Experimentally, it has been shown that when there is no
critical symptom of retinal damage, an escalation in retinal blood
vessel tortuosity is an early sign of DR [4]. Moreover, presence
of tortuous retinal blood vessels is an indicator of retinopathy of
prematurity (ROP) in preterm infants [6]. It is well known that
in serious cases, ROP causes retinal detachment and blindness
[7]. For a detailed review on applications of image process-
ing to diagnosing ROP and comparison of different methods,
see [8], [9].

Qualitatively speaking, tortuosity is an indication of how
winding a blood vessel is [10]. In Fig. 1, two ocular fundus
images with normal and tortuous vessels are shown. As is clear,
the vessel network in Fig. 1(b) is more twisted than a normal
network that alerts probable presence of DR. Note that vessel
tortuosity can happen locally in small portions of blood vessels,
or throughout the blood vessel network.

For quantitative measurement of tortuosity, the vessel is mod-
eled as a smooth connected curve. Based on this model, different
tortuosity measurement algorithms have been proposed in the
literature that could be divided into four general groups:

A. Arc Length Over Chord Length Ratio Methods

Methods of this group have simple mathematical expressions.
Lotmar et al. [11] were the first to introduce methods of this
category and their method was widely utilized thereafter (e.g.,
[12]–[15]). However, it is apparent that the arc over chord length
ratio, on its own, is insufficient for determination of vessels with
smooth curvature and vessels with variation in curvature direc-
tion. For compensation, Bullit et al. [16] and Grisan et al. [17]
proposed modifications on the approach. In [17], vessels are par-
titioned into segments with the same convexity and a weighted
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sum of arc over chord length of all segments is proposed as a
tortuosity measure.

B. Methods Based on Curvature

Curvature is a mathematical measure for how inflected a curve
is at a certain coordinate. Hart et al. [13] use curvature to propose
two tortuosity measures which are the integral of curvature and
the integral of curvature squared. For future reference, as in
[17], we call these measures τc and τsc . Moreover, the ratio of
these integrals over arch or chord length has also been proposed
as tortuosity measures in [13]. In [18], the integral of squared
curvature derivative is suggested as a measure of tortuosity.
These or other curvature-based algorithms have been used in
most of the recent works including [19], [20] as well. Curvature-
based tortuosity measures are more reliable, but they impose a
heavy computational burden compared to the methods of the
first group.

C. Methods Based on Angle Variation

These methods compute the direction variations of the vessel
to measure tortuosity. In [21], the average of the angles between
sample center points that describe the vessel (called local direc-
tion variation) was used to measure tortuosity. In [22], the same
method is used to measure local angles and the number of times
a local angle surpasses π/6 is considered as tortuosity index.

D. Methods Based on Other Domain

These methods are in fact a subgroup of the curvature-based
methods. The difference is that unlike the first group, they cal-
culate curvature in domains beside the space domain. Kaupp
et al. [23] use Fourier analysis and Ghadiri et al. [24] use circu-
lar Hough transform to calculate curvature. Moreover, in [25],
Non Subsampled Contourlet Transform is used for curvature
calculation. The key feature of these methods is evaluation of
tortuosity without vessel extraction. However, they suffer from
heavy computational burden as well.

There have also been some special cases of tortuosity mea-
surement algorithms. For example, Wallace et al. [26] use
cubic-spline interpolation for measuring tortuosity. Other work
includes [10], [27], [28]. For a more detailed review on differ-
ent tortuosity measurement algorithms and their applications,
see [29].

E. Our Method

Our method is a curvature-based tortuosity measurement;
therefore, it falls into the second group. To illustrate the method,
in Section II, we define curvature as a mathematical tool for mea-
suring local inflection. To calculate curvature, a novel approach
called the template disk method is commonly used. In Section
III, after showing the pitfalls of the template disk method, we
propose two modifications for amendment of the method. Later
in this section, we examine the accuracy of the modified meth-
ods using synthetic functions. Section IV deals with how to use
the template disk method and its modifications for tortuosity

Fig. 2. Curvature calculation with the template disk method.

measurement, and finally in Sections V and VI, the test results,
the concluding remarks, and possible future works are given.

II. CURVATURE CALCULATION

Curvature is an indication of local twistedness of a curve [30].
In the continuous case, for a planar curve y = f(x), curvature
is given by

κ =
y′′

(1 + y′2)3/2 . (1)

Moreover, for the parametric representation x = x(t) and y =
y(t), we have

κ =
y′′(t)x′(t) − x′′(t)y′(t)
(x′(t)2 + y′(t)2)3/2 . (2)

Note that rigid transformations would not affect the absolute
value of curvature. However, the sign may change by rotation.

To calculate curvature using a discrete model of a curve,
numerical approaches have been exploited in [31]. However,
numerical methods are nontrivial and time consuming for large
datasets [32]. An elegant method for estimation of curvature that
has a relatively low computational complexity was introduced
in [33]. This approach, known as the template disk method, is
further explored for 2-D images in [34]. Through its simplic-
ity, this method has been widely utilized in most applications
requiring curvature calculation. The basic idea of the method
is to relate the area between the curve and a template disk of
a suitable radius with curvature. To illustrate the method, note
that for a point with zero first derivative, we have

κ = f ′′(x). (3)

Hence, to calculate curvature for a point (x, y), first a template
disk of radius b is sketched around the point (see Fig. 2). Next,
the center of the Cartesian coordinate system is set on the point
to ensure that f(0) = f ′(0) = 0. Under this assumption, Taylor
series for points in the vicinity of zero is

f(x) = 0 + 0 +
1
2
κx2 + o(x3) (4)

where κ denotes curvature at the origin and o(x3) expresses
higher order terms of the series. Using polar coordinates (r, θ),
we have

rsinθ =
1
2
κr2cos2θ + o(r3cos3θ). (5)
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Fig. 3. Estimated curvature versus analytical curvature for a parabola.

Normalizing the coordinate system by the radius of the template
disk b, we get

Rsinθ =
1
2
KR2cos2θ + o(R3cos3θ) (6)

where R = r/b and K = κb. Now, assume that θ is near zero,
we can approximate cosθ by one and sinθ by θ and define θ as
a function of R and K

θ(R) ≈ sin−1
[
1
2
KR + o(R2)

]
. (7)

Using this expression, we could approximate area A, which is
the area between the disk and the curve. Define:

a =
∫ 1

0
RdR

∫ π−θ(R)

θ(R)
dθ (8)

then A = ab2 . As it turns out, analytical calculation of this
integral does not yield a linear relation between curvature and
this area. However, if θ(R) is further approximated by its Taylor
series around zero, we get

θ(R) ≈ 1
2
KR + o(R2). (9)

Ignoring higher order terms, the normalized area using (8) is

a ≈ π

2
− K

3
(10)

and rearranging terms yield

κ ≈ 3π

2b
− 3A

b3 =
3Ac

b3 − 3π

2b
(11)

where Ac is the complement of A. Therefore, κ ∝ Ac . Based
on this relation and the argument given in the next section, the
nonlinear estimation of curvature κnl is defined as

κnl � Ac. (12)

III. MODIFICATIONS OF THE TEMPLATE DISK METHOD

As we saw in the previous section, the assumption that θ is
small simplifies (6) and results in (7). However, this assumption
is valid merely if curvature is sufficiently small. To show that
(11) fails to deliver for large curvature, assume that κnl is used to
estimate the curvature of a parabola y = cx2 at the origin. Fig. 3
is a comparison of the analytical curvature 2c (horizontal axis)
versus curvature derived by the method. As is clear, though
for small curvature (small c) estimated curvature and actual
curvature are proportional, the relation for large curvature is far
from being linear. On the other hand, as indicated by the test

Fig. 4. Approximating area A using the crossover point of the curve and the
template disk.

results of [34], for error free calculation of curvature in digital
images, the radius of the template disk should be large. This
is due to the fact that for small radius, area calculation may
contain significant error. However, as b increases, area A has
weaker dependency on κ. Therefore, we face a contradiction
between the assumption that simplifies (7) (which assumes a
small radius for the disk) and the one that is required for accurate
implementation (which requires a large radius for the template
disk).

Although we showed that the template disk method is inac-
curate when estimation of high curvature is concerned, through
its simplicity, we try to perform the necessary modifications
in order to make it applicable to all curvature values. In what
follows, two modifications are given.

A. First Modification: Based on Crossover Point (κcp )

As Fig. 4 shows, irrespective of θc (the crossover angle of the
curve and the disk), the area between the curve and the template
disk is the gray area plus the green area. Therefore, area A could
be approximated by the gray area or Ã. In what follows, we try
to relate Ã and θc .

To derive θc , it suffices to set R = 1 in (6). We have

sinθc =
1
2
Kcos2θc + o(cos3θc). (13)

Now, we assess three different cases:
1) θc Near Zero: In this case, sinθc is approximated by θc

and cosθc by one. We have

θc =
1
2
K. (14)

Thus, Ã is

Ã ≈ πb2

2
− Kb2

2
. (15)

Rearranging terms yields the following relation for small
crossover angle:

κ ≈ π

b
− 2Ã

b3 . (16)

Note that as was expected, this equation is similar to (11) ne-
glecting a scaling factor.

2) θc Near π/2: If θc is near π/2, we can approximate cosθc

by π
2 − θc and sinθc by one that yields

θc ≈ π

2
−

√
2
K

. (17)
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Hence, curvature for such angles has the following relation with
Ã:

κ ≈ 2b3

Ã2
. (18)

As (16) and (18) indicate, for small curvature (i.e. small
crossover angle), κ has a linear relation with A (or Ã). However,
for large curvature (i.e., large crossover angle), κ is proportional
to the squared reciprocal of A (or Ã). We define the squared re-
ciprocal of A as an approximation of curvature

κcp � 1
A2 . (19)

Note that for small curvature, A is relatively large that results
in a κcp close to zero. Therefore, (19) should have satisfactory
accuracy for small curvature as well. For this reason, we consider
(19) it as a suitable alternative for (12). The test results of Section
III-C will manifest that this presumption is in fact valid.

3) Other Values of θc : As we will show with sufficient tests,
the metric κcp has sufficient accuracy for values which are nei-
ther close to 0 nor close to π/2. Therefore, no further expression
is required to treat such other angles.

B. Second Modification: Trigonometrical Method (κtr )

Returning to (13), if we neglect o(R3cos3θc), we have the
following relation between θc and K:

K ≈ 2sinθc

cos2θc
=⇒ κ ≈ 2sinθc

bcos2θc
. (20)

Using (20), we can directly relate curvature to the crossover
angle. Hence, define

κtr � 2sinθc

1 − sin2θc

. (21)

To compare the three curvature estimation methods, note that
the first two methods rely on area calculation which is a form
of integration. Therefore, we expect these two methods to be
resilient against noise and return smoother results. On the other
hand, to get accurate results using the third method, knowl-
edge of the exact crossover point is a fundamental requirement.
Therefore, even quantization error may widely affect the results.
This phenomenon will be explored in the next section. However,
this method does not need area calculation which is an advan-
tage in terms of implementation. Based on the aforesaid facts,
if we should deal with noise-free signals of relatively low cur-
vature, κtr should produce better results. However, for signals
sampled in the presence of noise, κcp should function better.

C. Accuracy Examination Using Synthetic Functions

In this section, we compare the two modified template disk
methods with the basic method. To do so, we use synthetic
parabolas, circles and sinusoids. Note that even though for each
method the resultant range of values may be different, in our
analysis of tortuosity linear proportionality to real curvature is
of mere importance. Hence, all test results to be presented are
suitably normalized.

Fig. 5. Curvature estimation with the template disk method (a) Drawing the
template disk. (b) Eliminating the inferior segment from inside the disk. (c)
Determining A, Ac , and θc .

In order to estimate curvature for a point on the curve y =
f(x), first a circle with center (x, y) and radius b is depicted on
the curve [see Fig. 5(a)]. Next, the segment of the curve inside
the disk that is connected to the point (x, y) is saved and the
rest of the curve is eliminated [see Fig. 5(b)]. At this point, the
two areas confined within the disk and the curve are calculated.
The larger area is Ac and the smaller one is A. Moreover, the
crossover point of the curve and the disk is used to derive θc and
this angle is used for calculation of κtr .

1) Parabola: For a parabola y = cx2 with c > 0, curvature
for x = 0 using (1) is

κ = 2c. (22)

Fig. 6 shows the estimated curvature versus analytical curvature
for 0.001 � c � 1.5 for four different template disk radii. As
can be seen (and this was shown beforehand) curvature and
κnl are not proportional. On the other hand, κcp and κtr elevate
linearly with analytical curvature. In fact, for small curvature, all
three methods show proportionality to real curvature. However,
as curvature increases, only the two modified methods maintain
their linearity. Note that the stepwise behavior of κtr is due to the
quantization of values of θc . For larger values of c, even small
changes in θc highly affect the denominator of (21). Therefore,
the quantization error for such values is significant.

2) Circle: To estimate curvature for a circle, assume the fol-
lowing equation for a circle that is tangent to the origin:

(y − r)2 + x2 = r2 r � b (23)

where r is the radius of the circle. Using (1), curvature at the
origin is

κ = 1/r. (24)

Fig. 7 shows the estimated curvature versus analytic curvature
for 20 � r � 200 for three different values of b. Relatively low
values of curvature for a circle imply that all three methods
should return acceptable results. Note that κtr is still suffering
from quantization error.

3) Sinusoid: One of the functions that is commonly used for
examination of the accuracy of a tortuosity measure is a sinusoid.
If a sinusoid is given by y = Am sin(ωx), then curvature for
every point using (2) is

|κ| =
∣∣∣∣ Am ω2sin(ωx)
(1 + A2

m ω2cos2(ωx))3/2

∣∣∣∣ . (25)



590 IEEE JOURNAL OF BIOMEDICAL AND HEALTH INFORMATICS, VOL. 20, NO. 2, MARCH 2016

Fig. 6. Estimated curvature with κn l , κcp , and κtr versus actual curvature for a parabola.

Fig. 7. Estimated curvature with κn l , κcp , and κtr versus actual curvature
for a circle.

With three tests, we compare the analytical curvature with κnl ,
κcp , and κtr . In the first test, we compare (25) with the outcome
of the three methods for a specified frequency and amplitude. In
the next two tests, we employ an image of a sinusoid and observe
the effect of amplitude and frequency variation on the estimated
curvature. To do so, the average value of curvature for each
image is calculated. Note that as Grisan et al. [17] claim, increase
in amplitude or frequency should increase average curvature.
Detailed description of each test is given below.

4) First Test: Fig. 8 shows the graph of |κ| and results of
point-wise curvature calculation with each method for a sinusoid
with Am = 200 and ω = 2π/100, where b is 11 pixels. It is clear
that κcp is most similar to real curvature and curves of κtr and
κnl are very much alike.

5) Second Test: For this test, first a 500 × 500 pixel image
containing a sinusoidal curve is created. Next, the period of the
sinusoid is held fixed at 100 pixels and its amplitude is varied
from 50 to 200 pixels. For each method, mean curvature of each
image using a template disk of radius 11 is depicted in Fig. 9. As
the figure shows, elevation in average curvature with amplitude
increment is more apparent for κtr than κcp and κnl .

6) Third Test: For this test, the same image as the second test
was used. Only this time, the amplitude is fixed at 100 pixels and
the period is changed from 50 to 250 pixels. Using a template
disk of radius 11, mean curvature of each image was calculated
(see Fig. 10). As can be seen, proportionality between frequency
and curvature is better seen for κtr and κcp .

IV. TORTUOSITY EVALUATION

In this section, we propose an algorithm for automatic evalu-
ation of tortuosity in retinal images. Since curvature calculation
is the core of this algorithm, all three curvature estimation meth-
ods given in Section III are used so as to test their performance
in the algorithm. The algorithm contains the following steps:

1) Vessel detection.
2) Extraction of vascular skeleton.
3) Elimination of crossovers and bifurcations.
4) Local and global tortuosity measurement.

A. Vessel Detection

For vessel detection, we use the algorithm in [35]. To detect
a vessel map using this algorithm, first the green layer of the
RGB representation of the image is extracted. The significant
property of this plane is that the vessel and the background
possess the highest contrast. Next, this plane is divided into a
number of overlapping blocks and by placing a circular mask,
the Radon transform for each block is calculated. The angle
for which the local sinogram reaches its maximum value is the
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Fig. 8. Point-wise estimated and analytical curvature for a sinusoid (b = 11, Am = 200, and ω = 2π/100 ).

Fig. 9. Effect of amplitude increment on estimated average curvature for a sinusoid (b = 11 and ω = 2π/100) .

Fig. 10. Effect of frequency increment on estimated average curvature for a sinusoid (b = 11 and Am = 100).

Fig. 11. Vessel detection algorithm. (a) Retinal Image. (b) Vessel map.

direction perpendicular to a vessel. By verifying the presence
of a vessel, a linear approximation of the vessel is depicted
and Combination of these local linear vessels gives the vessel
network. Fig. 11 shows an image of a retina and the resultant
vessel map. Smoothing effect of Radon transform is the reason
why this method is so powerful in presence of noise.

B. Extraction of Vascular Skeleton

In order to use the curvature calculation methods described in
Section III, it is necessary to thin the vessel map and extract the
vessel skeleton. For this end, morphologic thinning algorithm
suggested in [36] is used.

Fig. 12. Bifurcation and crossover detection for the vessel map of Fig. 11.

C. Elimination of Crossovers and Bifurcations

Bifurcation and crossover of the vessels could trouble the
tortuosity evaluation process. Therefore, prior to curvature esti-
mation procedure, all areas containing bifurcation and crossover
should be eradicated. To detect such areas, a circle is drawn at
every point on the map and the number of crossovers of the disk
and the map is counted. If this number is three or four, bifur-
cation and/or crossovers in that area is detected. Fig. 12 shows
the outcome of implementing the algorithm for the vessel map
of Fig. 11.
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TABLE I
BEST SRCC REPORTED BY [17] AND [37] FOR THE RET-TORT DATASET AND

SRCC FOR OUR ALGORITHM

Tortuosity Measure Arteries Veins

Grisan 0.949 0.853
Quadratic polynomial decomposition [37] 0.944 0.828
τc over chord length 0.939 0.842
τs c over chord length 0.928 0.804
τs c 0.925 0.826
τc 0.922 0.837
Average angles [21] 0.920 0.814
τn l 0.945 0.840
τc p 0.928 0.830
τt r 0.924 0.851

D. Local and Global Tortuosity Measurement

To calculate global tortuosity of a vessel map, first local tor-
tuosity for each point on the map is calculated using κnl , κcp ,
and κtr . Here, we propose the following formula for measuring
global tortuosity:

τ =
1
m

m∑
i=1

κi (26)

where κi denotes curvature for the ith point on the map and m
denotes the total number of points for which curvature is mea-
sured. Based on the three methods of local tortuosity calculation,
global tortuosity measures are called τnl , τcp , and τtr .

V. RESULTS AND CONCLUSION

In this section, we compare the performance of our algorithm
with the state of the art. Comparison is made both on the ves-
sel level and on the vessel network level. We show that our
algorithm matches the best of the state of the art when tortu-
osity of single vessels is considered. Further, we compare our
method with subjective results for the vessel network case. To
assess correlation with subjective results, we use Spearman’s
rank correlation coefficient (SRCC), which is an indicator of
the linear relation between two datasets. Further, we report the
probability of null hypothesis (or p − value) for each case to
ensure that there is no stronger nonlinear relation between any
two compared datasets. Note that if this number is below 0.05,
it is guaranteed that no such nonlinear relation exists.

A. Vessel Level Tortuosity

To evaluate the vessel level performance of our algorithm,
we conducted it on the RET-TORT data bank. This data bank is
the image bank introduced by Grisan et al. [17] and contains 30
images of arteries and 30 images of veins, sorted based on the
tortuosity level of the images.

Table I shows SRCC for our algorithm and some of other state
of the art. It is apparent that τnl closely accommodates with the
expert’s opinion for the artery images. Further, τtr has the best
correlation for the vein images while τnl is a reliable choice as
well. Therefore, when tortuosity of single vessels is concerned,
Grisan’s algorithm and τnl are as good in terms of correlation.

Note that the results suggest a strong nonlinear relation between
perceived tortuosity of the arteries and curvature. However, the
relation for the veins is uncertain (both linear and nonlinear
metrics are comparable).

B. Vessel Network Tortuosity

An important purpose of introducing a tortuosity measure-
ment algorithm is to calculate the entire vessel network tortuos-
ity of the retina. Since on the vessel level test, Grisan’s algorithm
has the best performance, it is the best candidate for extension
to the vessel network case. To extend Grisan’s algorithm to the
entire vessel network, the following issues should be considered:

1) Since the algorithm is vessel based, identification and
separation of all vessels is most likely a requirement for
vessel network implementation. This is a tough and time
consuming task (see [38]).

2) In [17], Grisan has not specified how their algorithm deals
with vessel bifurcation and/or crossover. Specifically, for
vessel bifurcation, the assignment of tortuosity is not clear.

3) Grisan’s algorithm requires segmentation of a vessel based
on convexity change. Further, arc and chord length cal-
culation of each segment is a requirement for measuring
the tortuosity of each vessel. Therefore, the algorithm re-
quires two additional steps compared to ours to reach the
same level of correlation.

These are our objections to [17] when extension to the vessel
network case is considered. Finally, since [17], Grisan has only
manually segmented a vessel map to measure whole image tor-
tuosity (e.g., [39]) and has not yet introduced a fully automatic
method (to our knowledge) for this task. Therefore, a quanti-
tative comparison of our algorithm with Grisan’s is impossible
unless they extend their method to the vessel network case.

To evaluate the performance of our algorithm when mea-
suring vessel network tortuosity in DR, we used a data bank
that contains ten full images of the retina with a 2050 × 1748
pixel resolution. This dataset is produced in Khatam-Al-Anbia
hospital of Mashhad and is sorted based on tortuosity by a num-
ber of experienced experts with focus on the subject of DR.
We have provided this dataset and the votes of the experts at
www.eiarg.um.ac.ir. In order to decrease the computational bur-
den, we lowered the resolutions to 575 × 479. We should also
mention that the SRCC between the votes of the experts for
this dataset ranges from 0.758 to 0.964 (p-value < 0.01), which
suggests a fairly good agreement among experts.

Table II is a comparison of SRCC for the three metrics. As
the numbers indicate, τnl is strongly correlated with the experts’
opinion especially when the average vote is considered. This
excellent correlation manifests the power of our algorithm in
grading the tortuosity of retinal blood vessel networks. The
interesting point is that in this test, the nonlinear method is
more capable of following the opinion of each expert rather
than the linear methods. Hence, we conclude that the opinion
of an expert possesses a nonlinear relation with curvature (or a
linear relation with area A). In fact, when estimated curvature
maintains a linear relation with real curvature, results are of
weaker correlation.



AGHAMOHAMADIAN-SHARBAF et al.: NOVEL CURVATURE-BASED ALGORITHM FOR AUTOMATIC GRADING OF RETINAL BLOOD VESSEL 593

TABLE II
SRCC OF THE ESTIMATED VESSEL NETWORK TORTUOSITY WITH SUBJECTIVE

RESULTS FOR THE SECOND DATASET (p−VALUES< 6 × 10−3 )

τnl τcp τtr

Exp. 1 0.939 0.927 0.915
Exp. 2 0.939 0.891 0.878
Exp. 3 0.903 0.903 0.854
Exp. 4 0.891 0.7939 0.8788
Exp. 5 0.818 0.830 0.866
Overall vote 0.946 0.915 0.925

Fig. 13. Boxplot of (a) interexpert correlation and (b) intraexpert correlation.

To evaluate the performance of our algorithm in measuring
the tortuosity of ROP images, we conducted it on a third data
bank that contains 120 full images of the retina. The goal of
the test is to determine the positive cases of ROP among the
images. All images of this dataset belong to preterm infants and
we have provided the dataset at www.eiarg.um.ac.ir. We asked
three ophthalmologists on three different occasions to give us
their opinion on existence of tortuosity by assigning one and
zero to the positive and the negative cases, respectively. Further,
we used the three methods to measure tortuosity for the entire
vessel network.

A full statistical analysis of the votes is given in Fig. 13.
As is clear from the figure, interexpert correlation is not high
enough to ensure sufficient consistency for each individual ex-
pert. Further, when correlation with other experts is considered,
a dramatic decline is observed. Therefore, we conclude that
when it comes to diagnosing the tortuosity of ROP, the problem
(as stated in [40] as well) is the absence of agreement among
experts rather than the metric itself. Irrespective of the above
discussion, as Fig. 14 indicates, τnl is most capable of follow-
ing each vote of all experts. However, correlation is significant
for experts 1 and 3, and is relatively weak for expert 2. More-
over, if we consider 0.5 as a threshold for good correlation, it is
easy to see that while correlation between the experts is mostly
weak (see Fig. 13), τnl is (to a great extent) capable of keep-
ing itself correlated with each individual expert at all occasions
(see Fig. 14). From another point of view, when the average
vote of each expert is considered, as Table III indicates, τnl

is superior to the other two methods and its correlation ranges
from good to strong. Finally, for the average vote of all experts,
SRCC for τnl is 0.701, which (considering the inconsistency of
the votes) suggests a strong correlation between the average vote
and this metric. This strong correlation manifests the capability

Fig. 14. SRCC of each vote the experts with subjective results for the third
dataset (Note that the pair (i, j) on the horizontal axis denotes the ith vote of
the jth expert).

TABLE III
SRCC OF EACH METHOD WITH AVERAGE VOTE OF THE EXPERTS FOR THE

THIRD DATASET (p−VALUES< 0.002)

τnl τcp τtr

Exp. 1 0.61 0.56 0.41
Exp. 2 0.48 0.41 0.28
Exp. 3 0.7 0.61 0.48
Overall average vote 0.71 0.61 0.47

of our algorithm in determining the positive cases of tortuosity
in ROP images. Moreover, based on the results we have from all
three tests, we conclude that tortuosity and curvature possess a
nonlinear relation.

To compare the computation time of the given three algo-
rithms, the total performance time of the algorithms on the ten
images of the second data bank was measured. The program
was written as single thread in MATLAB R2012 and was ran
on a computer with Corei5-3570K CPU. The running time for
all measures were approximately the same and was nearly 35 s
(3.5 s /image). We should mention that a MATLAB implemen-
tation of our algorithm is available at www.eiarg.um.ac.ir. We
encourage the research society to use our algorithms and pub-
lish their results. Further, we encourage using the two introduced
datasets for comparison tests in the future.

In this paper, we presented a fully automatic algorithm for
evaluating tortuosity in retinal images. Our algorithm is a
curvature-based algorithm. For curvature calculation, we used
the template disk method. We presented two modifications on
this method to correct the nonlinearity of template disk method
against curvature and assessed the linearity of results with nu-
merous tests. Finally, we used all three methods for measuring
tortuosity of retinal images. In doing so, we showed that tortuos-
ity has a nonlinear relation with curvature. No requirement for
classification of vessels as opposed to vessel based measures,
simplicity of the measure, low-computational burden, and an
excellent matching to the clinically perceived tortuosity of the
retinal blood vessels are the major features of the algorithm
proposed in this paper.
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VI. FUTURE WORKS

We believe the following issues need more in-depth analysis
and consideration:

1) Relation Between Tortuosity of Arteries and Vessel Net-
work Tortuosity: Note that both vessel network tortuosity and
tortuosity of arteries are highly correlated with a nonlinear func-
tion of curvature. Therefore, it seems that the state of arteries
have a major impact on vessel network tortuosity. This is due to
the observation that even though τnl does not follow the tortuos-
ity of veins as well as the arteries, the vessel network tortuosity
is still very well followed by this metric.

2) Relation Between Nonlinear Curvature and Caliber of
Vessels: As Trucco et al. [10] claim, while measuring the tortu-
osity of a vessel network, more attention should be given to the
thicker vessels, which is possible by introducing a weighting
system. It seems that τnl provides such a weighting as wll. This
is due to the observation that usually thinner vessels are more
tortuous than thicker vessels and the fact that κnl saturates for
high curvature suggest a reduction of curvature for such vessels
(same as assigning a smaller weight to these vessels). Therefore,
the nonlinear method provides a natural filtering to ensure that
the assigned tortuosity to a vessel is related to the caliber of that
vessels. By proving this, we will be able to explain the reason
why tortuosity and curvature possess a nonlinear relation.

3) Fitting a Model to Veins and Arteries: Based on the results
for synthetic functions (see Section III-C), it seems that the best
mathematical model for a vein is a sinusoidal. For the arteries,
however, a parabola might be a better choice since τnl has the
best correlation with subjective results.
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