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Abstract 
 

In current clinical practice, there is no specific standard and grading system that can be used to measure the behaviour of the retinal blood 

vessel curvature. The retinal blood vessel curvature is measured based on clinical experiences. It is very subjective and inconsistent to 

describe the presence of tortuosity in fundus images. Thus, this paper aims to measure the tortuosity of retinal blood vessel using curva-

ture-based method and investigate its relationship with diabetic retinopathy (DR) disease. The proposed tortuosity measures have been 

tested on 43 fundus images belonging to patients who have been diagnosed with DR disease and validated by two clinical experts from 

our collaborative hospital. On average, the proposed algorithm achieved 90.7% (accuracy), 98.72% (sensitivity) and 9.3% (false negative 

rate), that shows significant tortuosity presence in diabetic retinopathy fundus images. 
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1. Introduction 

Diabetic eye disease consists of a group of eye conditions that 

affect people with diabetes, such as diabetic retinopathy (DR), 

diabetic macular oedema (DME), cataract and glaucoma. DR 

evolves with changes in blood vessel structures, thereby leading to 

bleeding or leaking fluid and distort vision. DR is also the most 

common cause of vision loss among diabetic patients. In Malaysia, 

according to the National Health and Morbidity survey 1986 and 

the Global Non-Communicable Disease Report 2014, the number 

of diabetic patients shows significant increase every year. The 

number of Malaysians diagnosed with diabetes has increased to 

15.2% in 2011 from 11.6% in 2006 and it kept increasing to 

17.5% (2015) [1]. This percentage is considered high compared 

with countries in Asia, such as China (9.2%) and India (8.6%). 

Based on the latest statistic in 2015, 3.5 million Malaysian adults 

are diagnosed with diabetes, and more than half of the numbers 

(9.2%) do not know they have the disease. This amount is very 

worrying, because it shows lack of awareness about this disease 

among Malaysians. It is important for diabetic patients to go for 

DR screening process through eyes examination [2]. If left un-

treated, diabetes will lead to worse DR stage and may cause per-

manent blindness [3–5].  

Thus, these pathologies need to be diagnosed and treated effec-

tively at an early stage, during which accurate and objective anal-

yses are performed. The analyses should be sensitive to detect 

minor pathological signs; they should also be robust and compara-

ble with accepted clinical standards and consistent with results 

obtained from the same patient at different times [6]. This work 

sought to investigate the association of retinal vascular tortuosity 

with DR using proposed quantitative measurement algorithm. The 

evaluation of tortuosity is readily accessible in the confined region 

of a retinal fundus photograph. In current clinical evaluation (Ear-

ly Treatment Diabetic Retinopathy Study, ETDRS), tortuosity is 

not critically used when evaluating diabetic fundus, especially for 

retinopathy cases [7]. However, in a number of pathologies and 

genetic disorders such as systemic hypertension, long-term diabe-

tes, diabetic retinopathy and disease in retinopathy of prematurity 

(ROP) [8–11], these diseases had strong correlations with tortuos-

ity. Thus, tortuosity has been proposed to be included in disease 

assessment as an additional marker for the identification of diabe-

tes besides the existing characteristics of ETDRS [8, 12]. 

A normal retinal blood vessel structure can be recognised as 

smooth curvy-like vessel branches, as shown in Fig. 1(a). Howev-

er, Fig. 1(b) shows the abnormal retinal blood vessel structure that 

consist of tortuous vessels. The character of the curves is meas-

ured using curvature mathematical tool to quantify the inflection 

of a curve at a certain coordinate [13]. Tortuosity is a curve prop-

erty that describes the curve’s twistedness or crookedness. It is 

defined as twisted appearance of retinal vascular compare to nor-

mal blood vessels that usually appeared straight or gently curve 

[14-15]. In addition, tortuosity was introduced as one of the meas-

ured characteristics besides the existing abnormal features such as 

exudate, microaneurysm, cotton wool spot and haemorrhage [16–

18]. Curvature-based method is the most common method used in 

measuring tortuosity because of its reliability in computation [8], 

[13, 19–22]. However, it imposes heavy computational burden 

compared with the arc-to-chord length ratio method. Thus, a tem-

plate disc approach was applied in curvature estimation, to provide 

a relatively low computational complexity [13]. 
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(a) (b) 

Fig. 1: Retinal blood vessel structure: (a) Normal curvy-like vessels struc-

ture; (b) Abnormal structure (consist of tortuous vessels). 

 

We proposed the tortuosity measurement method using the modi-

fied curvature-based method that applied template disc approach 

and trigonometric identities to curvature function. This measure-

ment is tested on 43 DR images from DRIVE [23], STARE [24] 

and HRF [25] databases. The tortuosity value obtained from pro-

posed algorithm is compared with a predefined threshold value in 

order to identify the DR image in a DR with tortuous vessels or a 

DR with non-tortuous vessels. Then correlation between retinal 

blood vessel tortuosity and DR will be identified. This will signif-

icantly contribute to the practice of considering tortuosity as one 

of the important criteria in measuring DR progression. The rest of 

this paper is organised as follows. Section II describes the meth-

ods used and the proposed algorithm to measure the retinal blood 

vessel tortuosity. Results with detail discussions are provided in 

Section III together with a comparison between previous and pro-

posed tortuosity measure. Finally, Section IV provides the conclu-

sions of this paper. 

2. Literature Review 

In current process, DR is diagnosed through patients’ fundus im-

ages and the presence of DR abnormal features such as exudates, 

haemorrhage, cotton wool spots and microaneurysms are manually 

identified by clinical experts [26]. However, this manual process 

is a tedious work, tiring, time consuming and imposes high work-

loads to ophthalmologists. The shortage of professional clinical 

observers and expert ophthalmologists has encouraged the usage 

of computer-assisted monitoring. In addition, the consequence of 

manual process is a long waiting time for patients to receive the 

diagnosis results and it leads to late treatments. Hence, an auto-

mated DR grading system is developed by researchers to aid the 

ophthalmologists in this time consuming screening and grading 

process [27-28]. An automated DR screening and grading system 

is needed because the number of diabetic patients is increasing 

every year, and it has become a major challenge for health care 

provider to come up with a systematic and time saving system to 

accurately diagnose DR in diabetic patients. In [28] have proposed 

a study on the efficiency of classifying disease or no disease con-

ditions, in which a comparison is made between manual and au-

tomated grading system and against the reference standard. This 

study offers more sensitive but less specific system compared with 

a manual system, and it could reduce the grading workload re-

quired. Furthermore, an automated grading system is operated at a 

lower cost and is similarly effective when compared with a manu-

al grading system [27, 29]. However, the cost effectiveness of an 

automated grading system is less favourable if the area lacks infra-

structure such as in rural areas [29].    

Tortuous blood vessels happen when the blood vessels are dilated, 

thereby causing twisting and turning in their direction. Dilation is 

caused by radial stretching of the blood vessel, and twisting and 

turning occur due to longitudinal stretching [30]. Tortuosity may 

occur in a small region of retinal blood vessel or may also involve 

the entire retinal vascular network [30]. Tortuosity is linked with 

DR, as it increases with diabetic progression levels. This finding 

has been reported by several studies [14, 31–35]. Nevertheless, in 

other studies, inconsistent findings have been reported on the rela-

tionship between tortuosity and DR. A strong association of tortu-

osity and DR is found in patients with longer diabetes duration 

and type 2 diabetic patients with No DR [16, 36]. In [36] found a 

26% increase of average arteriovenous channels in type 2 diabetes 

mellitus with no DR subjects. In an Asian population, Cheung et 

al. concluded that persons with diabetes have less tortuous arteri-

ole than without diabetes; among non-diabetic subjects, those with 

retinopathy have more tortuous venules than those without reti-

nopathy [10]. Thus, research on the association between retinal 

vascular tortuosity and DR is still in its infancy. An objective and 

reliable tortuosity index is needed in order to support early hy-

potheses.   

A precise guideline and standard description of abnormal retinal 

blood vessel tortuosity has not been formally established. Usually, 

ophthalmologists will describe and evaluate the blood vessel tor-

tuosity based on their experience. It is done by recognising rela-

tive characteristics such as differences of abnormal vessels to 

normal healthy vessels in terms of vessel’s length, width, location 

and type and number of twists [37]. Therefore, researchers need to 

develop mathematical formulations of tortuosity (quantitative 

measurement) to meet the needs of ophthalmologists’. Quantita-

tive measurement of retinal blood vessel tortuosity was first intro-

duced in 1979 by [38]. They presented the idea of tortuosity by 

measuring the relative length of vessel curve over the length be-

tween two end points; this is known as arc-to-chord ratio method. 

This method was also adapted by other researchers [39–45] be-

cause it is the simplest method for measuring retinal blood vessel 

tortuosity. However, this method only compares vessel elongation 

without considering the shape of the vessel [4]. Furthermore, us-

ing this method, the curve segment (non-tortuous) and sinusoidal 

segment (tortuous) that have the same arc and chord lengths leads 

to the same tortuosity value [4, 46].  

The limitation found in terms of angle changes due to vessel direc-

tion and has driven the formulation of an angle variation method 

[31, 34, 46–47]. However, it does not consider the shape of the 

vessel curves, and the vessel segments with no variation in direc-

tion will not contribute to tortuosity measure. Other domain-based 

methods for evaluating blood vessel tortuosity have been intro-

duced by other studies [48–50]. However, these proposed methods 

are difficult to apply and highly sensitive to noise during vessel 

extraction to obtain vessel midline [48]. Furthermore, lower accu-

racy was achieved when compare to arc-to-chord ratio in terms of 

Spearman correlation [50]. Hence, we proposed a quantitative 

measurement that makes use of modified curvature-based trigo-

nometric identities. This measurement applied the modified tem-

plate disk method and trigonometric identities to extended curva-

ture function to measure the vessel curvature. The proposed 

measures identified the curve vessel as tortuous if the curve value 

is lower than a predefined threshold value, as described in Section 

3. 

3. Methodology  

This work is conducted due to early hypotheses emphasising that 

tortuosity of retinal blood vessel in patients with DR is higher than 

in normal patients and increases with DR severity. Initially, the 

diagnosed DR’s image is assumed to contained tortuous vessels. 

The measurement of retinal blood vessel tortuosity requires blood 

vessel segmentation, vessel thinning process, detection and re-

moval of blood vessel crossover and bifurcation nodes. Lastly, the 

local and global tortuosity measurements are performed. The pro-

cess began by manually sorting the fundus images of the right and 

left eyes. Then, the fundus image (RGB image) undergoes the 

segmentation phase to obtain the retinal blood vessel network, and 

the unwanted noises (artefacts) and lesions are removed. Retinal 

blood vessel segmentation is a preliminary step for most vessel 

analyses procedures, such as measurement of vessel tortuosity, 

vessel width, vessel length, vessel diameter and others. In the 



International Journal of Engineering & Technology 135 

 
retinal blood vessel segmentation process, the blood vessel net-

works were classified into vessel and non-vessel pixels. Next, the 

thin branches of retinal blood vessel were removed from the struc-

ture, thereby leaving only the main and first branches (thick 

branches). In current practices, clinical graders evaluate the retinal 

blood vessel on the thick branches, as it appears more visible to 

the naked eye compared with thin branches. Thus, the retinal 

blood vessel tortuosity was measured on the thick branches, so 

that our findings will be in line with those of clinical graders.   

The tortuosity of the blood vessel was measured using the pro-

posed modified curvature-based method that applied the modified 

template disk approach and trigonometric identities to extended 

curvature function. Fig. 2 depicts the flow chart of the proposed 

method, which is discussed in detail in the following subsections. 

 

 
Fig. 2: Flow chart of the proposed method for retinal blood vessel tortuos-

ity measurement 

3.1. Retinal Blood Vessel Segmentation and Thick 

Vessels Extraction 

In this subsection, the segmentation process was adapted from 

previous studies [51-52] with some improvements in the pre-

processing stage. Filling algorithm is added to this pre-processing 

stage in order to fill the vessel’s silver and copper wiring and the 

vessel central reflex on the homogenised image. The filling 

algorithm applied the morphological operations, namely closing 

and median filtering operation, to the homogenised image. The 

implementation of retinal blood vessel segmentation algorithm on 

the fundus image is described in Fig. 3. The thick vessels were 

extracted from the segmented image using a morphological 

operation that involved erosion operation and removal of segments 

that is less than 100 pixels in length. Fig. 4 illustrates an example 

of original fundus image, segmented image and extracted thick 

vessels. 

 

Fundus image

Image pre-processing

Modified multi-scale 

line detector approach

Image post-processing

Segmented 

image

Green channel image

Image masking

Background 

homogenization

Filling vessel central 

reflex

Top-hat 

transformation
 

Fig. 3: Flow chart of implementation of retinal blood vessel segmentation 
algorithm on fundus image 

 

 
(a) (b) (c) 

Fig. 4: Retinal blood vessel segmentation and extraction of thick vessels: 

(a) Original fundus image; (b) Segmented image; (c) Extracted thick ves-
sels 

3.2. Tortuosity Pre-Processing 

This stage consists of several processing steps before blood ves-

sels’ tortuosity can be measured. This stage includes blood vessel 

thinning process, detection of crossover and bifurcation nodes and 

removal of such nodes from retinal blood vessel segment. Retinal 

blood vessel thinning process is performed using morphological 

thinning algorithm, bwmorph, as suggested by [53]. Then, the 

crossover and bifurcation nodes are identified from the skeleton-

ised blood vessel tree. In order to identify the nodes, it is im-

portant to understand the definition of crossover and bifurcation 

junctions. Crossover is defined as a point of crossing from one 

side to the other, which causes the vessel to overlap with other 

vessels. Bifurcation is defined as the division of one vessel branch 

into two vessel branches. The definition of these junctions is illus-

trated in Fig. 5. 

 

 
Fig. 5: Illustration of bifurcation and crossover junctions 

 

In the next process, the segmented image that contained only thick 

vessels went through the thinning process to obtain the skeleton-

ised retinal blood vessel branches. The bifurcation and crossover 

nodes were then identified from the skeletonised structure shown 

in Fig. 6(a). The identified nodes were then extracted from the 

blood vessel structure, thereby leaving only the blood vessel sub-

segments. The sub-segments are shown in Fig. 6(b). The purpose 

of segregating the vessel segment into sub-segments was easily 

measure local tortuosity. 

 

 
(a) (b) 

Fig. 6: Skeletonised segmented image: (a) Identified bifurcation and 

crossover nodes; (b) sub-segments on retinal blood vessel structure 

3.3. Tortuosity Measurement using Modified Curva-

ture-based Method 

In this work, the proposed retinal blood vessel tortuosity meas-

urement used the combination of local and global measurements 

adopted from [54, 13]. The local measurement computes the tor-

tuosity value for each sub-segment, and each sub-segment values 

will be added and averaged to obtain the global tortuosity value. In 

(1) shows the mathematical expression of global retinal blood 

vessel measurement, as follows: 

 

 

(1) 
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where ki denotes the local tortuosity measure of i-th sub-segment 

point or line on the blood vessel structure and m is the total num-

ber of sub-segment point or line in the structure. Basically, global 

measurement can be said as the average value of the blood vessel 

segments in the fundus image.  

In order to locally measure the vessel sub-segments, this work 

proposed a quantitative measurement used modified curvature-

based trigonometric identities. This measurement applied the mod-

ified template disk method and trigonometric identities to extend-

ed curvature function to measure the vessel curvature. In (2) pre-

sents a planar curve of a continuous case, y = f(x), which can be 

written as follows: 

 

 

(2) 

 

The parametric representation of a curve with x = x(t) and y = y(t) 

is shown in (3). 

 

 

(3) 

 

A template disk with a suitable radius is drawn on the curve and 

produces overlapping region between them. The overlapping re-

gion is represented by a point at zero first derivative as follows: 

 

 (4) 

 

Hence, the curvature function using Taylor series for points in the 

vicinity of zero [9] is defined as follows: 

 

 

(5) 

 

where k denotes the curvature at the origin, and o(x3) expresses 

the higher order term of the series. Applying polar coordinates (r, 

θ) to planar curve, y = f(x), we acquired the following: 

 

 

(6) 

 

Then, the coordinate systems in (6) is normalised by the radius of 

template disk, b, in which R = r/b and K = kb. In this case, we 

assume that the radius of template disk is b = 1 since this value 

provides the ideal template disk diameter. 

 

 

(7) 

 

Next, θc is derived by setting R = 1 in (7). Thus, we obtained the 

following: 

 

 

(8) 

 
(9) 

 
(10) 

 

The derived relation between K and θc is stated in (11). 

 

 
(11) 

 

Applying the trigonometric identity  and K = 

kb in (11), we finally obtained the curvature function in the form 

of k 

 

 
(12) 

 

The proposed tortuosity measurement (ktr_modified) is defined as 

follows: 

 

 

(13) 

 

The proposed method is resilient against noise and variant to 

translation, rotations and scaling and returned milder results, as 

shown in Table 1. The advantage of ktr_modified 
is this method does 

not ignore the highest order of the curvature function (R3 cos3θ) as 

it presents the complete cycle of the curve. The order significantly 

indicates the curve’s shape and direction. Therefore, it is benefi-

cial to implement this method in measuring the tortuosity of reti-

nal blood vessels. As shown in Table 1, ktr_modified measurement 

has been conducted on three synthetic images. The curvature value 

is decreasing as the curve became curvier or more tortuous. 

 
Table 1: ktr_modified value of curve synthetic images 

No. Synthetic Image ktr_modified 

1 

 

 2 

2 

 

 1.5512 

3 

 

 1.4751 

3.4. Tortuosity Measurement: Parameter Setting 

As mentioned in previous sub-sections, tortuosity is measured 

locally using modified curvature-based method and globally by 

finding the average tortuosity value for the whole sub-segments in 

the quadrant. In order to classify the DR image in an image with 

tortuous vessels or with non-tortuous vessels, a threshold value is 

determined in (14) as follows: 

 

 

(14) 

 

where τmaximum is the maximum curve value of DR image, and 

τminimum is the minimum curve value of DR image. The DR image 

is classified as an image with tortuous vessels if the curve value is 

less than the threshold and classified as an image with non-

tortuous vessels if the curve value is greater than the threshold. In 

the following section, the results obtained from the proposed 

measurement and validations with two clinical expert graders were 

discussed in order to determine the effectiveness of the algorithm. 

Based on the findings, we concluded that a relationship was pre-

sent between retinal blood vessel tortuosity and DR disease. 
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4. Results and Discussion  

In this work, 43 DR images obtained from DRIVE, STARE and 

HRF databases were used to evaluate the performance of the pro-

posed tortuosity measurement algorithm. The fundus images were 

already confirmed to have DR based on the diagnosis provided 

from the databases. The grading was made upon the appearance of 

abnormal DR pathological features such as microaneurysms, exu-

dates, haemorrhages and cotton wool spot in the fundus image. 

Two clinical experts (A and B) were assigned to measure the tor-

tuosity of retinal vessel, because a precise guideline and standard 

description of abnormal retinal blood vessel tortuosity is not for-

mally established. The retinal vessel tortuosity was observed and 

evaluated based on the experts’ clinical experiences. From the 

observation, Expert A has classified 39 and 4 images to be DR 

with tortuous vessels (DRWT) and DR without tortuous vessels 

(DRWoT), respectively. Meanwhile, Expert B classifies 37 images 

as DRWT and 6 images as DRWoT. Thus, in overall it can be 

concluded that both experts have almost similar prediction out-

comes for all images in which their outcomes were in agreement.  

Table 2 contains four τtr_modified values for the selected DR images. 

The images were classified into two categories, namely, DRWT 

and DRWoT. τtr_modified is determined based on the average curve 

value of main and first branches. From Table 2, average curve 

value, which is less than the threshold value was categorised as 

DRWT and vice versa. The threshold value was determined in 

(14). Segmented image numbers 2 and 4 still consisted of unwant-

ed noise (exudates and laser marks) that were difficult to remove 

by segmentation process. These noises were classified as false 

negative (FN) components. 

 
Table 2: τtr_modified value for selected DR images 

Original Image Skeletonized Image (Main and First Branches) τtr_modified Value Identification Results 

  

1.4876 DR with Tortuosity (DRWT) 

  

1.4831 DR with Tortuosity (DRWT) 

  

1.4917 DR without Tortuosity (DRWoT) 

  

1.5778 DR without Tortuosity (DRWoT) 
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The performance of proposed algorithm in measuring the blood 

vessels tortuosity of DR images was evaluated by its application 

to 43 DR images. The goal of the evaluation was to determine the 

positive cases of DR that consisted of tortuous vessels. Two oph-

thalmologists (clinical experts) on two different occasions were 

asked to give their observation on existence of tortuosity in the 

DR fundus images. The tortuosity was evaluated by assigning ‘T’ 

and ‘N’ to the positive (tortuous) and the negative (non-tortuous) 

cases respectively. Then, the proposed algorithm was used to 

measure tortuosity of retinal blood vessel in the fundus image. The 

outcomes obtained from the proposed algorithm were compared 

with the evaluation made by two clinical experts. Fig. 7 shows the 

performance measures of τtr_modified on 43 DR images. In medical 

diagnosis, sensitivity and specificity are useful for evaluating a 

clinical test, whereas positive and negative predictive values (PPV 

and NPV) are useful in disease screening or preclinical tools. PPV 

and NPV are dependent on the prevalence of the disease in a 

population of interest; in this paper, we focus on DR population. 

The predictive value provides an answer to clinicians who evalu-

ate the chances of diabetic patient to develop DR disease, even if 

the test result is positive. Meanwhile, the percentage of accuracy 

represents the evaluation of the accuracy of a proposed algorithm 

quality.  

The overall performance of the proposed algorithm can be seen 

from the percentage of accuracy. The proposed algorithm 

achieved 90.7% accuracy (Acc) based on the validation of two 

clinical experts. Higher sensitivity (Sen) values (98.72% on aver-

age) and lower specificity (Spe) values (29.17% on average) 

showed that there are few false negative (FN) results and thus, 

fewer cases of disease missed. Higher PPV value (91.46% on 

average) shows that the proposed algorithm provided a high prob-

ability of subjects with a positive screening test to develop the 

disease. Meanwhile, NPV percentage (75% on average) projected 

a good probability of identifying subjects without disease from a 

negative screening test. The low false negative rate, FNR (9.3%) 

demonstrated the low disagreement between proposed algorithm 

outcomes and clinical experts’ judgement. The performance 

measures outcome indicated the significant agreement among 

experts and proposed algorithm outcomes, τtr_modified (see Fig. 7). It 

also showed a strong correlation, which manifested the capability 

of the proposed algorithm to determine the positive cases of tortu-

osity in DR fundus images. 

 

 
Fig. 7: Performance measurement of τtr_modified based on validation out-

comes from two clinical experts 

5. Conclusion  

A quantitative approach that used the modified curvature-based 

method and trigonometric identities was proposed to measure the 

tortuosity of retinal blood vessel in DR fundus images. The pro-

posed algorithm applied the modified template disk and trigonom-

etry identities to extended curvature function. The algorithm was 

applied to the selected blood vessels comprising the main and first 

branches of blood vessels, which are also known as thick vessels. 

The results obtained from proposed algorithm were then validated 

by two clinical experts to determine the correlation between blood 

vessels tortuosity and DR disease. Excellent matching between 

algorithm outcomes and additional low FNR (as judged by the 

experts) showed the significant correlation between tortuosity of 

retinal blood vessel and DR disease. This finding proved that the 

tortuosity measurement using proposed algorithm has the bright 

potential to be used during disease assessment, especially as an 

additional marker when identifying DR among diabetic patients. 
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