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Abstract
Vascular tortuosity as an indicator of retinal vascular morphological changes can be quan-

titatively analyzed and used as a biomarker for the early diagnosis of relevant disease such

as diabetes. While various methods have been proposed to evaluate retinal vascular tor-

tuosity, the main obstacle limiting their clinical application is the poor consistency com-

pared with the experts’ evaluation. In this research, we proposed to apply a multiple

subdivision-based algorithm for the vessel segment vascular tortuosity analysis combining

with a learning curve function of vessel curvature inflection point number, emphasizing the

human assessment nature focusing not only global but also on local vascular features. Our

algorithm achieved high correlation coefficients of 0.931 for arteries and 0.925 for veins

compared with clinical grading of extracted retinal vessels. For the prognostic performance

against experts’ prediction in retinal fundus images from diabetic patients, the area under

the receiver operating characteristic curve reached 0.968, indicating a good consistency

with experts’ predication in full retinal vascular network evaluation.
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Introduction

The retina is one of the few tissues throughout the body
where blood vessels can be non-invasively observed in vivo
with photographic techniques like fundus photography or
optical coherence angiography (OCTA), providing cost-
efficient and highly repeatable access for studying the
microcirculation and the hemodynamic of blood flow.1,2

Retinal vessels are thought to reflect the general status of
the microvasculature in human body as the eye itself is one
of the target organs affected by vascular diseases.3

Analyzing the vascular system in the eye fundus can
resolve common symptoms including neovascularization,
occurrence of pathological structures, or vascular morpho-
logical alteration.4 To perform quantitative evaluation of

retinal vascular system, various studies have been con-
ducted to extract vessel morphological parameters includ-
ing vessel diameter, density, branching, tortuosity, etc.
and assess their relationship with systemic and ocular
diseases.5,6

Since the early diagnosis and effective treatment are
important to most of the diseases, retinal vascular tortuos-
ity variation has been identified as one of earliest indicators
to a number of relevant diseases such as diabetes, cerebro-
vascular disease, stroke, and ischemic heart disease.4,7

Vascular tortuosity is defined by the degree of being
tortuous of blood vessels (curved and twisted, having
many turns). While it is crucial to ensure repeatable and
reliable evaluation of vascular tortuosity, it is difficult to
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describe and annotate with words due to the lack of a
precise and standardized protocol and its manual
evaluation is often tedious and introduces a high inter
and intra operator variability.8,9 Thus, automatic and pre-
cise quantification of retinal vascular tortuosity is of great
significance.

To quantify retinal vascular tortuosity, various numbers
of computational approaches have been proposed and
applied,10–23 mostly based on retinal fundus images as it
is the most widely accessible retinal imaging method. One
common vascular tortuosity measurement method intro-
duced by Hart et al. is calculating the ratio of the length
to the chord of blood vessel segment centrelines,13 based
on which some other length-based calculations have also
been developed and applied to clinical studies in subse-
quent researches.14–16 Hart et al. also applied the concept
of total curvature,17 which was later introduced with
changes by Bhuiyan et al. considering numerical derivative
for the calculus of the total curvature18 and Trucco et al.
generalizing the vessel skeleton curvature measurement.19

Other changes like average angular transformation and
integral of curvature squared have also been introduced
for the curvature-based calculation of retinal vascular
tortuosity.20

Nevertheless, most of the computational retinal vascular
tortuosity measurement methods tend to evaluate the vas-
cular tortuosity in a relatively global way while failed to
evaluate the actual turns and twists within the vessel seg-
ment.21–23 Moreover, since the retinal vascular tortuosity
evaluation in clinical practice is mostly based on the
experts’ experience, computational methods do not
always match the clinical concept of tortuosity.24 In order
to perform better quantitative retinal vascular evaluation
with improved mathematical metrics while being robust
enough to compare with those perceived by ophthalmolo-
gists: Grisan et al. proposed an approach based on
partitioning each vessel segment into sub-segments of
constant-sign curvature and combining together each cal-
culation;25 Onkaew et al. developed an alternative method
by using the curvature calculated from improved chain
code algorithm taking the number of inflection point of a
vessel segment into account;26 Ramos et al. proposed a
novel computational tortuosity assessment incorporating
clinically domain-related anatomical information, provid-
ing more adjusted evaluation to the specialists’
perception.27

In this study, in order to be more in line with manual
assessment, we demonstrated a novel retinal vascular tor-
tuosity quantification method based on multiple subdivi-
sion of retinal vessels. With automatic retinal vessel
network segmented and split into single vessel segments,
multiple subdivision algorithm is applied to divide single
vessel into overlapping sub-segments corresponding to the
continuous changing chord lengths. The tortuosity index of
a single vessel segment is calculated as the maximum of the
accumulated absolute tangent angle difference of the sub-
segments multiplied by a transformed sigmoid learning
curve function of the inflection point numbers of the
vessel segment curvature sign, giving prominence to local
vascular turns and twists. The performance of our newly

defined vascular tortuosity measurement algorithm was
compared with traditional arc length to chord length ratio
method introduced by Hart et al.13 and tortuosity evalua-
tion method developed by Grisan et al.25 in analyzing the
RET-TORT public data of retinal vessels. Tortuosity analy-
sis and prognostic performance against expert observers’
evaluation were also demonstrated on a clinical fundus
image dataset of diabetic patients.

Materials and methods

Dataset

Considering the relation between retinal vascular tortuosi-
ty and diabetes,14,28,29 in this study, we included 104 retinal
fundus images of diabetic patients ranging from non-
visible vascular abnormality to severe vascular tortuosity
without other obvious pathological structures like exu-
dates, hemorrhages, microaneurysms, etc. The fundus
images were taken by a fundus camera (Topcon, TRC-
50DX, Japan) with 50� field of view. All the data used
have been anonymized. The experimental procedures
adhered to the tenets of the Declaration of Helsinki [1983]
and were approved by the Institutional Review Board of
Zhongshan Ophthalmic Centre, Sun Yat-sen University,
China (protocol number: 2017KYPJ104). Three mid-level
or higher ophthalmologists actively involved in daily clin-
ical practice were asked to give their perspectives in three
different rounds regarding whether the retinal vascular
network is tortuous or not. While there is no standard
guide for retinal tortuosity evaluation presented, for
manual evaluation of the retinal vascular tortuosity, oph-
thalmologists typically integrate the information on how
many times a vessel turns and twits and how large the
amplitude turning amplitude is based on their daily clinical
experience. Note that, in retinal fundus image, straight ves-
sels typically present a smooth semi-circular or parabolic
shape due to the hemispherical shape of the retina. The
rating scale is defined as zero for negative and one for pos-
itive, respectively. To establish a unified criteria for the
characterization of quantitative retinal vascular tortuosity
assessments, the result for each ophthalmologist is marked
as their own opinion being consistent for more than twice
on every fundus image, and the final ground truth for the
dataset is formed by the same opinion of more than two
ophthalmologists.

Vessel segmentation

Before performing computational retinal vascular tortuosi-
ty analysis, the first step is to segment the vascular network
from the retinal fundus image and extract the vessel seg-
ments as shown in Figure 1. For vessel network and optic
disc segmentation, a multi-path recurrent U-Net network
architecture combining a convolutional neural network and
a recurrent neural network is used.30 In this algorithm, the
applied multi-branching of the encoding path and the
decoding path ensure more effective semantic features
extraction, and the multi-path recurrent U-Net combines
the recurrent neural network further improves the target
features by sequencing the multi-path output features in
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time, thus ensuring more accurate retinal vessel and optic
disc segmentation. The original retinal fundus image of
2656� 1992 pixels is firstly rescaled to 512� 512 pixels
before feeding into the network. With the retinal vascular
network and the optic disc segmented, the optic disc area is
subtracted from segmented vascular network to remove the
twisted overlapping optic disc vessels that may interfere
future tortuosity analysis. Then the resulted prediction
image is padded to the original image size obtaining
binary vascular network image (Figure 1(b)). A thinning
process with fast parallel algorithm31 is further applied to
the binary vascular networks to extract the central vessel
skeleton. Finally, based on the geometrical and topological
properties of the blood vessels, bifurcation and crossover
points of the vessels are detected and eradicated at vessel
skeleton centerline pixels with more than two neighbors,
reconnected for crossover vessels and branches with simi-
lar vessel diameter,32 splitting the skeletonized vascular
network into single vessel segments readily for tortuosity
evaluation (Figure 1(c)).

Multiple subdivision-based vascular tortuosity
assessment

The common mathematical model proposed by Hart et al.
for measuring vascular tortuosity is defined by the ratio of
the length of the curve to the chord length

sh ¼ Lc
La

� 1 (1)

where LC is the length of the curve, calculated by all the
points from the beginning to the end of a vessel segment,
and La is the length of the underlying chord, which is actu-
ally the Euclidean distance between the starting and ending
points of a vessel segment. However, this method is insuf-
ficient to reflect the small variations of vessel segments. To
address the number of twists and local winding, Grisan

et al. proposed modifications by subdividing each vessel
segment into sub-segments of constant-sign curvature
and combining them together for global evaluation as
follows

sg ¼ n� 1

n
� 1
Lc

Xn
i¼1

Lci
Lai

� 1

� �
(2)

where Lc is the length of vessel segment, Lci and Lai
represent the arc length and chord length of sub-segment
i, and n is the total number of sub-segments. Nevertheless,
the main drawbacks are its scale dependency and it is indis-
tinguishable for curves with only one curvature changing
point.25

To better match manual evaluation concept of vascular
tortuosity focusing not only global but also various local
features while being scale independent, based on the con-
cept of multiple subdivision that has been widely applied
to fractal patterns,33,34 we propose a multiple subdivision-
based method for vessel tortuosity index analysis by
sequentially splitting single vessel segment into overlap-
ping sub-segments with continuous increasing equal
chord length and calculate the accumulated absolute tan-
gent angle difference of sub-segments corresponding to dif-
ferent chord lengths. The detailed concept is illustrated in
Figure 2. For the first division, with minimum unit chord
length (DLA ¼ 1 pixel), a single vessel is subdivided into k1
parts (Figure 2(a)). The split points of the sub-segments of
the first division are marked as p0, p1,. . . pk1. For the
second division, segmentation is performed sequentially
from each split point (p0, p1,. . . ; pk2) with chord length of
2DLA, until the left segment chord length is less than 2DLA,
extracting k2 vessel sub-segments (Figure 2(b)). By this
analogy, for the subsequent nth division, kn sub-segments
of the vessel are extracted starting from split points
(p0, p1,. . . ; pkn) with multiple unit chord length of nDLA,
until the single vessel segment chord length is smaller

Figure 1. Vessel segmentation process and flow chart depicting steps for retinal vessels tortuosity assessment. (a) The original fundus image, (b) the segmented

retinal vascular network, (c) the extracted single vessel segments readily for tortuosity evaluation, and (d) flow chart depicting steps for vascular tortuosity assessment.

(A color version of this figure is available in the online journal.)
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than nDLA. To analyze the vascular tortuosity, the accumu-
lated absolute tangent angle difference / nð Þ of all the cor-
responding sub-segments of each division n is calculated,
and the maximum value U of the accumulated absolute
tangent angle difference is extracted.

U ¼ maxð/ nð ÞÞ ¼ max
Xkn
i¼1

ai�1 � ai

 !
(3)

where n is the sequence number of the multiple division, kn
is the corresponding numbers of vessel sub-segments, ai�1

and ai are the tangent angle values at the endpoints of the i
th

sub-segment in the nth division. Note that for nth division,
1 � kn � k1.

Considering that the number of local turns and twists of
a vessel play an important role in matching the computa-
tional tortuosity evaluation to themanual concept as Grisan
et al. described,25 a learning curve model represented by a
modified logistic function35,36 of the inflection point num-
bers of the vessel segment curvature sign is further intro-
duced into the tortuosity index calculation, incorporating
the artificial evaluation nature of fast and rapid tortuosity
increase with the increase of curvature inflection point
numbers but trends to reach a limit when the number is

too large. The final tortuosity index s of a single vessel seg-
ment is defined as

s ¼ 1

1þ e�1
2 m�4ð Þ � U (4)

where m is the number of the inflection points at which the
second derivative of vessel segment centerlines vanishes,
and is identified by detecting changes in the sign of
curvature37

C ¼ Da
Ds

(5)

where Ds is the arc length that is greater than 0. The sign
change of curvature C depends on the difference of the
tangent angle Da between adjacent split points. The coeffi-
cients of the logistic function in tortuosity index are select-
ed to optimize the correlation between our computational
tortuosity index and the human observer results on the
evaluation of vascular tortuosity as shown in the latter val-
idation part of the paper. To quantify a retinal fundus
image, its global tortuosity index �s is calculated as the aver-
aged tortuosity indices of all the single vessel segments
from the extracted vessel network.

Figure 2. Schematic demonstrating the principle of multiple subdivision method for the overlapping split of extracted vessel segment for vascular tortuosity com-

putation. (a) For the first division, the curve is continuously subdivided with fixed chord length La ¼ DLA, and the accumulated absolute tangent angle differences of the

split sub-segments’ endpoints are calculated. (b) The second division is performed with fixed chord length La ¼ 2DLA at each split point of the first division with the

sub-segments overlapped with each other. (c) The third division is performed with fixed chord length La ¼ 3DLA at each split point of the first division. (A color version of

this figure is available in the online journal.)
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Validation and experiments

To validate the performance of our newly defined multiple
subdivision-based vascular tortuosity algorithm, a publicly
available dataset of retinal vessels with clinical annotations
of vascular tortuosity, RET-TORT,25 is used. Established by
the University of Padova, RET-TORTcontains extracted ret-
inal vessel images of 30 arteries and 30 veins, which are
ranked independently by their tortuosity. With our auto-
matic tortuosity analysis method, the tortuosity indices s
of all the arteries and veins are calculated. The performance
of our algorithm is demonstrated using Spearman’s rank
correlation with SPSS (SPSS Inc., SPSS Statistics V25, USA)
between the automatic results and the clinical annotations
of the vascular tortuosity. Statistical significance was set at
P� 0.05. The correlation coefficient of the multiple
subdivision-based vascular tortuosity index s is also com-
pared with those of the traditional vascular tortuosity sh
introduced by Hart et al. (formula (1)) and the previous
established tortuosity index sg developed by Grisan et al.
(formula (2)).

Since the assessment of the whole retinal vascular net-
work tortuosity is important for the clinical need in aiding

diagnosis, tortuosity analysis and its prognostic perfor-
mance evaluation are performed on our own clinical
fundus image dataset. With the ground truth of whether
the retinal fundus images are tortuous or not defined by the
ophthalmologists, all the 104 included fundus image are
processed by the aforementioned algorithm, acquiring
their global tortuosity indices �s. To evaluate the prognostic
performance of our multiple subdivision-based tortuosity
index against the experts’ prediction, the association
between �s and clinical experts’ grading ground truth is
established using Spearman’s rank correlation with SPSS
(SPSS Inc., SPSS Statistics V25, USA), statistical significance
was accepted at P� 0.05. An ROC (Receiver Operating
Characteristic) analysis is also performed by using the
tortuous/non-tortuous classification as the target ground
truth. Thus, the ROC curve can be built from the reciprocal
relation between sensitivity and specificity calculated for
all the possible threshold values for the calculated tortuos-
ity index �s:38 The ROC analysis is also conducted in SPSS
(SPSS Inc., SPSS Statistics V25, USA).

Results

Validation results

Table 1 shows the Spearman’s rank correlation coefficients
results from the correlation of our tortuosity index s with
the clinician’s grading for the 30 arteries and 30 veins in the
RET-TORT. The correlation coefficients for tortuosity indi-
ces sh and sg are also shown in Table 1 for comparison.25

Our multiple subdivision-based tortuosity index s has
achieved a high correlation coefficients of 0.931 for arteries
and 0.925 for veins in the RET-TORT, indicating better

Table 1. Spearman’s rank correlation coefficients of the tortuosity

indices (s; sh; sg) with the clinical grading for the RET-TORT dataset.

Tortuosity measure

Correlation coefficient

Arteries Veins

sh
25 0.792 0.656

sg
25 0.949 0.853

T 0.931 0.925

Figure 3. Vascular tortuosity index s of representative vessels extracted from fundus images. The extracted fundus images of vessels are shown in the left column, the

corresponding binarized single vessel segments are shown in the middle column. The tortuosity indices s of the single vessels are displayed in the right column. Scale

bar: 300 lm. (A color version of this figure is available in the online journal.)
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while balanced correlation with experts’ evaluation in vas-
cular tortuosity. Though our correlation coefficient for
arteries is a little bit lower than sg, we have much better
correlation results for the veins.

Representative vessels extracted from retinal fundus
images (Figure 3, left column) and vascular tortuosity anal-
ysis results are shown in Figure 3, demonstrating the cor-
respondence of the vessel morphology to the newly defined
vascular tortuosity index. As the results show, the larger
degree of the vascular curving and the more local turns
and twists, the higher the tortuosity index s.

Full fundus image analysis results

Figure 4 shows the global tortuosity analysis results of three
representative fundus images. The original fundus images
are shown in the left column, and the corresponding seg-
mented vessel network are shown in the middle column.
The global tortuosity indices �s of the images are displayed
in the right column. For fundus image with obvious tortu-
ous vascular network, the global vascular tortuosity index
is much larger.

The Spearman’s rank correlation coefficient between the
global tortuosity indices �s and clinical experts’ grading
ground truth reaches 0.82. Figure 5 shows the ROC curve
of the global tortuosity index �s for the vascular network
tortuosity classification against the ground truth defined
by experts’ prediction. The prognostic performance accura-
cy of our multiple subdivision-based global tortuosity
index �s evaluated by calculating the area under the ROC
curve (AUC) is 0.968, indicating a high prognostic
performance.

Discussion

In this study, we reported a multiple subdivision-based
algorithm for the vascular tortuosity analysis of retinal
fundus images. Our algorithm showed good correlation
(0.931 for arteries and 0.925 for veins) with experts’ grading
of vascular tortuosity in extracted retinal vessels. The prog-
nostic performance of the algorithm against experts’ pre-
diction in evaluating vascular tortuosity of full retinal
fundus images achieved a high AUC of 0.968.

Compared with the pre-published retinal vascular tor-
tuosity methods either considering single vessel segment as

Figure 4. Global vascular tortuosity index �s of representative fundus images. The original fundus images are shown in the left column, the corresponding segmented

vessel network is shown in the middle column. The acquired global tortuosity indices �s of the images are displayed in the right column. (A color version of this figure is

available in the online journal.)
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a whole or dividing into fixed sub-segments, we introduced
for the first time the concept of multiple subdivision into
vascular tortuosity analysis by splitting vessel segment
with continuous changing chord length into overlapping
sub-segments, being more in line with human assessment
considering not only global but also focusing on local vas-
cular features within various vision field scale. Moreover, a
learning curve function of the inflection point numbers of
the vessel segment curvature sign was also incorporated
mimicking the visual perception of fast vascular tortuosity
increase with the number of local turns but trend to reach a
rooftop in the end. Although the correlation coefficient with
the clinician’s grading of our algorithm in the arteries tor-
tuosity analysis is slightly lower than Grisan et al. (0.931 for
s and 0.949 for sg), we have a much better correlation coef-
ficient in the evaluation of the veins (0.925 for s and 0.853
for sg), achieving the highest averaging correlation coeffi-
cient in processing the same dataset comparedwith the pre-
published methods described in Table 1 in Grisan et al.25 In
the prognostic performance evaluation against experts’
evaluation on the vascular tortuosity of full retinal fundus
images taken from diabetic patients, our algorithm also
showed a higher AUC (0.968) compared with the methods
developed by Hart et al. (0.66),17 Trucco et al. (0.65),19 Grisan
et al. (0.80),25 and Onkaew et al. (0.72)26 as demonstrated in
Figure 4 in Ramos et al.27 While our algorithm is proposed
for the vascular tortuosity analysis of retinal fundus
images, it can also be applied to OCTA images if
the vascular network segmented properly. Nevertheless,
the main challenge would remain on the proper vessel seg-
mentation since OCTA images contains massive and dense
capillaries.37

Conclusions

In conclusion, our multiple subdivision-based algorithm
has achieved a good performance in evaluating the vascu-
lar tortuosity of retinal fundus images. Since previous stud-
ies have shown differences in the degree of twisting
between arteries and veins,39,40 future work focusing on
the measurement of vascular tortuosity on the basis of

retinal arterial and venous classification would provide
richer information for the evaluation of retinal fundus
images.
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