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ABSTRACT

Introduction: The purpose of this research was
to develop protocols for evaluating the bifur-
cation parameters of retinal arteriole and
establish a reference range of normal values.
Methods: In this retrospective study, we mea-
sured a total of 1314 retinal arteriolar bifurca-
tions from 100 fundus photographs. We
selected 200 from these bifurcations for testing
inter-measurer and inter-method agreement.
Additionally, we calculated the normal refer-
ence range for retinal arteriolar bifurcation
parameters and analyzed the effects of gender,
age, and anatomical features on retinal arterio-
lar bifurcation.
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Results: The measurement method proposed in
this study has demonstrated nearly perfect con-
sistency among different measurers, with inter-
class correlation coefficient (ICC) for all
bifurcation parameters of retinal arteriole
exceeding 0.95. Among healthy individuals, the
retinal arteriolar caliber was narrowest in young
adults and increased in children, teenagers, and
the elderly; retinal arteriolar caliber was greater
in females than in males; and the diameter of the
inferior temporal branch exceeded that of the
superior temporal branch. The angle between the
two branches of retinal arteriolar bifurcation was
also greater in females than in males. When using
the center of the optic disc as a reference point,
the angle between the two branches of the retinal
arteriole at the proximal or distal ends increased.
In contrast, the estimated optimum theoretical
values of retinal arteriolar bifurcation were not
affected by these factors.

Conclusions: The method for the measurement
of retinal arteriolar bifurcation in this study was
highly accurate and reproducible. The diameter
and branching angle of the retinal arteriolar
bifurcation were more susceptible to the influ-
ence of gender, age, and anatomical features. In
comparison, the estimated optimum theoretical
values of retinal arteriolar bifurcation were rel-
atively stable.

Video available for this article.
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Key Summary Points

Why carry out this study?

In the field of retinal vascular analysis,
there has been no standardized
measurement for the bifurcation of retinal
arterioles. Our study aims to establish a
fast, stable, and accurate method for
measuring the bifurcation of retinal
arterioles.

In healthy individuals, we established the
reference range of the retinal arteriolar
bifurcation parameters.

We also analyzed the factors that
potentially influence the bifurcation of
retinal arterioles.

What was learned from the study?

Readers will learn about a standardized
measurement process for retinal arteriolar
bifurcation, including calculation
methods and the measured parameters.

Readers will gain an understanding of the
geometric morphological features of
retinal arteriolar bifurcations, as well as
the factors that influence these features.

DIGITAL FEATURES

This article is published with digital features,
including a video, to facilitate understanding of
the article. To view digital features for this
article, go to https://doi.org/10.6084/m9.
figshare.24885288.

INTRODUCTION

Cardiovascular diseases have been the leading
cause of global mortality for the past 15 years
[1]. Microvascular dysfunction has played a
significant role in the development and pro-
gression of cardiovascular diseases, leading to

higher rates of cardiovascular mortality [2-5].
The assessment of microvascular structure and
function has not advanced as rapidly as the
noninvasive assessment of larger arteries, pri-
marily due to technical complexities involved
in making such measurements. Presently, the
primary techniques used to evaluate microcir-
culation include skin videomicroscopy, skin
laser-Doppler flowmetry, flow motion, retinal
videomicroscopy, and retinal photography [6].

With the advancement of retinal imaging
technology, color fundus photography has
provided a secure, cost-effective, and efficient
method for capturing images of retinal vessels
[7-9]. This approach has enabled researchers to
assess the physical characteristics of the retinal
vessels without the need for invasive proce-
dures. In recent years, an increasing number of
studies have utilized the retinal vasculature as a
means to gain insight into the overall health of
the cardiovascular system [10, 11]. The primary
geometric morphometric parameters of retinal
vessels currently utilized include diameter
[12-16], fractal dimension [17-20], curvature
[21-23], and branching pattern [24, 25].

Of all the parameters, the retinal bifurcation
pattern has been the least studied. A small
number of studies have attempted to establish
the association of retinal arteriolar bifurcation
parameters with diabetes [26, 27], hypertension
[25], stroke [28], cognitive impairment [29],
coronary heart disease [30], and peripheral vas-
cular disease [31]. Unfortunately, some investi-
gations failed to establish any correlation, while
others yielded conflicting outcomes. One pri-
mary reason for this issue has been the lack of
uniform measurement criteria. Firstly, it is
important to determine the specific location for
vascular bifurcation measurement, including
which branch of the central retinal artery/vein
to measure and the distance from the optic disc
where the measurement should be taken. Sec-
ondly, it is crucial to establish the specific range
of measurement and ensure that any data fall-
ing outside of this range are excluded from the
calculation. Lastly, it is important to clearly
define the parameters that need to be measured
and calculated. According to the established
physiological principles of the cardiovascular
network proposed by Murray in 1927 [32-34],
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maintaining the bifurcation pattern of micro-
circulation in an optimal state ensures efficient
blood transport to terminal organs with mini-
mal energy consumption. Even when factors
affect the physiological function of microvas-
culature, a compensatory mechanism maintains
it within the optimal range until compensation
is lost. Therefore, accurately obtaining the
parameters of microvascular bifurcation is cru-
cial for accessing the cardiovascular system. The
main objective of this research was to develop a
standardized protocol for assessing the retinal
arteriolar bifurcation and establish a reference
range of normal values.

METHODS

Study Design

This was a single-center, retrospective, ran-
domized, single-blind study conducted in
accordance with the Declaration of Helsinki.
The protocol received approval from the Insti-
tutional Review Board (IRB2019.K010.01) of He
Eye Specialist Hospital. All participants were
recruited from the Health Examination Center
at He Eye Specialist Hospital. Following the
application of the exclusion criteria detailed in
Table 1, we enrolled 100 subjects, comprising 54
males and 46 females, with ages ranging from 3
to 80 years and a mean age of 39.6 £+ 22.2 years.
All subjects or their legal guardians gave written
informed consent, and minors gave assent.

Ophthalmological Examination

All subjects underwent a comprehensive stan-
dard ophthalmological examination. Visual
acuity was assessed using the Standard Loga-
rithmic Visual Acuity Chart. Refractive errors
were determined using an autokerato-refrac-
tometer (KR-8100, Topcon, Tokyo, Japan).
Intraocular pressure was measured with a non-
contact tonometer (CT-800, Topcon, Tokyo,
Japan). Slit-lamp microscopy (LS-5, Sunking-
dom Medical Instrument, Chongqging, China)
was utilized to examine the anterior segment
and fundus.

Table 1 Exclusion criteria

1  Patients with moderate/high myopia
Patients with moderate/high hyperopia

Patients with moderate/high astigmatism

L NS I )

Patients with refractive media opacity (e.g., cataracts,

fundus hemorrhage, and similar conditions,
which may hinder clear fundus photography)

S Patients with small pupils, making it difficult to
capture complete photographs of the back of the

eye
(e.g in the case of glaucoma)

6  Patients with ocular diseases leading to abnormalities
in the retinal blood vessels (e.g., central retinal

arterial

or venous obstruction, and ischemic optic

neuropathy)

7  Patients with fundus photographs that do not meet
the specified criteria (e.g, underexposure, criteria,

such as underexposure,

overexposure, missing anatomical structures such as

the optic disc or macula, and artifacts)
8  Patients with diabetes mellitus
9  Patients with hypertension
10 Patients with hyperlipidemia
11 Patients with obesity

12 Patients with a history of cardiovascular and

cerebrovascular diseases

Assessment of Cardiovascular Risk Factors

All participants were interviewed and assessed
for cardiovascular risk factors. Resting blood
pressure was evaluated following a standardized
protocol, and hypertension was defined by
having self-reported antihypertensive medica-
tion use, systolic blood pressure > 140 mmHg,
or diastolic blood pressure > 90 mmHg. Body
mass index (BMI) was calculated as weight in
kilograms divided by the square of height in
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meters. Fasting venous blood samples were
collected from participants after an 8-h fast to
measure serum glucose, lipids, and lipoproteins.
Diabetes mellitus was defined as fasting plasma
glucose > 7.0 mmol/l, 2-h post-load glucose
levels > 11.1 mmol/l, or use of diabetes medi-
cation (insulin or oral). Additionally, detailed
clinical records, including age, sex, occupation,
smoking status, alcohol consumption, and
tamily and cardiovascular disease history, were
collected for each participant.

Retinal Photography and Retinal Image
Preprocessing

Color fundus photographs, centered on the
macula, were obtained from a single eye of each
participant by trained technicians using a 45°
non-mydriatic digital camera (TRC-NW300,
Topcon, Tokyo, Japan). For each participant,
generate a random number between 1 and 2,
where 1 represents the left eye and 2 represents
the right eye. Each fundus photograph was
compressed into JPG format and saved as a JPG
file. We stored the photographs in three sepa-
rate color channels (red, green, blue) to preserve
complete color information. Each individual
fundus photograph had dimensions of 2048 x
1536 pixels and a resolution of 96 dots per inch
(dpi). The photographs were cropped to the
field of view (FOV) and resized to 2048 x 2048
pixels, as shown in Fig. 1a. After cropping the
images, the ratio of the vertical diameter to the

horizontal diameter of FOV remained

unchanged.

Automatic Measurement Method
of Retinal Arteriolar Bifurcation

The process involved several steps, including
the segmentation of retinal vessels, selection of
the bifurcation area, extraction of the bifurca-
tion skeleton, calculation of the center point
coordinates, identification of the effective
measurement area, and measurement of the
diameter and branch angle. Semantic segmen-
tation of retinal vessels in fundus images was
performed using the SeqNet segmentation net-
work [35], resulting in the segmented images
shown in Fig.1b. Notably, the method
improved the AUC to 0.98 for segmentation
and achieved an accuracy of 0.92 over the
DRIVE dataset.

To measure the retinal arteriolar bifurcation,
a 321 x 321 px subgraph was created with a
field of view radius of 110 px, as shown in
Fig. 1c. The generated subgraph was used to
extract skeleton lines for the selected retinal
arteriolar bifurcations, from which the coordi-
nates of the intersection points of the three
skeleton lines were calculated, shown in Fig. 1d.

Two green concentric circles were utilized to
define the measurement area. The smaller circle
had a radius of 15 px, while the larger circle had
a radius of 65 px, delineating the 50-px-wide
annular region representing the valid measure-
ment area of the retinal arteriolar bifurcation, as

Fig. 1 Process for calculating retinal arteriole bifurcation parameters
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depicted in Fig. 1e and g. For each pixel point
on the skeleton line within the valid measure-
ment area of the retinal arteriolar bifurcation, a
diameter line perpendicular to the skeleton line
was drawn. The width of the retinal arteriole
was calculated at each pixel point along the
skeleton line, and the average value was regar-
ded as the overall width. The unit of measure-
ment is expressed in pixels, as shown in Fig. 1f.
Originating from the parent vessel and rotating
counterclockwise, these branches are referred to
as Branchl, Branch2, and Branch3.
Furthermore, a circle centered at the bifur-
cation point with a radius of 40 px was depic-
ted, as illustrated in Fig. 1h. The circle intersects
with three radial skeletal lines, creating three
angles. Originating from the parent vessel and
rotating counterclockwise, these angles are
referred to as Anglel, Angle2, and Angle3.

Calculation of Retinal Arteriolar
Bifurcation Parameters

To depict the bifurcation pattern of the retinal
arteriole more accurately, we converted the
direct measurements (Branchl, Branch2,
Branch3, Anglel, Angle2, and Angle3). A retinal
arteriolar bifurcation is defined by the diameters
do, d;, and d, of the parent vessel, the larger
branch, and the smaller branch, respectively, as
well as the angles 0; and 0,. These angles rep-
resent the orientation of the larger and smaller
branches in relation to the direction of the
parent vessel, as illustrated in Fig. 2. The total
angle 0 is the sum of 6; and 0,.

The “asymmetry ratio”, represented by the
symbol ¢, is the ratio of the cross-sectional area

Fig. 2 Schematic diagram of retinal arteriolar bifurcation

of the smaller branch to that of the larger
branch.

o= d3/d}

The sum of the cross-sectional areas of the
two branches divided by that of the parent
artery is generally referred to as

The “area ratio”, denoted by the symbol f, is
typically defined as the total cross-sectional area
of the two branches divided by that of the par-
ent artery.

p = (di +d3)/d5.

Retinal vascular geometric morphological
parameters have been shaped by the
physiological principles of the cardiovascular
network, as originally proposed by Murray in
1927 [34]. Subsequently, Murray’s principles
have evolved to encompass four main tenets:
minimum lumen volume, minimum lumen
surface, minimum pumping power, and
minimum drag [36, 37].

The angles 07 and 0} represent the esti-
mated optimal theoretical values based on
minimum lumen volume and pumping power
considerations.

cos0¥? = {(1 4 a3/2>4/3 1 az} /2<1 N d3/2>2/3

cosOf = [(1 i O(3/2)4/3 L2 1} /Zcx(l N O(3/2)2/3

The angles 6 and @ represent the
estimated optimal theoretical values based on
the minimum Iumen surface and drag
considerations.

cosfy’ = {(1 + oc3/z>2/3 +1- oc] /2(1 + a3/2)1/3

cosy! = {(1 + “3/2>2/3 Ty 1} /2412 (1 " “3/2)1/3

The average of the two optimal predictions is
considered as the theoretical optimum value of
the angle, denoted as 6,/ and 6,/ respectively.
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021 = (07 +03') /2

01 = (0 +0") /2

Manual Measurement Method of Retinal
Arteriolar Bifurcation

In contrast to the automated measurement
method proposed in this study, we developed a
manual measurement scheme for assessing the
bifurcation parameters of retinal arteriole using
Image] software. The manual process involved
the following steps: manually selecting the
center point of the retinal arteriolar bifurcation,
measuring the angles between the two branches
and the parent vessel with the central point as
the vertex (Anglel and Angle3), calculating the
angle between the two branches by subtracting
the sum of these angles from 360 degrees
(Angle2), and measuring the width of the three
branches at a distance of 40 pixels from the
center point (Branchl, Branch2, and Branch3).
We selected 200 retinal arteriolar bifurcations
from 100 retinal photographs (consisting of one
superior temporal and one inferior temporal
branch from each photograph). Three trained
ophthalmologists applied both methods to
measure these bifurcations, and a consistency
analysis was conducted on the measurement
results.

Statistical Analysis

We conducted statistical analysis using the
Statistical Package for the Social Sciences (SPSS,
version 27.0). Statistical significance was
defined as a p value < 0.05. Continuous vari-
ables were expressed as mean + SD, and cate-
gorical  variables as  percentages. The
independent Student t test was used to compare
continuous variables between two groups, and
univariate analysis of variance (UANOVA) was
used for comparisons among three groups. Pair-
wise comparisons among multiple groups were
performed using a post hoc analysis with Bon-
ferroni correction. To assess the main effects of
retinal arteriole bifurcation parameters, we used
multivariate analysis of variance (MANOVA).

We also calculated the interclass correlation
coefficient (ICC) to describe inter-measurer
(using two-way random-effects model, absolute
agreement, single measurement) and inter-
method (using two-way mixed-effects model,
consistency, single measurement) agreement
for the bifurcation parameters of the retinal
arteriole.

RESULTS

We compared the manual measurement of
retinal arteriolar bifurcations with the auto-
mated method proposed in this study. The
results of these measurements are shown in
Tables 2 and 3, with Branchl representing the
parent vessel and subsequent branches labeled
as Branch2 and Branch3, forming angles
Anglel, Angle2, and Angle3. A, B, and C denote
the three different individuals who conducted
the measurements. Our findings demonstrated
that the method proposed in this study for the
measurement of retinal arteriolar bifurcation
exhibited greater repeatability compared to
traditional manual measurement methods.
Furthermore, we compared the time required to
measure retinal arteriolar bifurcation using two
techniques. The automated measurement
method takes approximately 15s to complete
the measurement and recording of a retinal
arteriolar bifurcation, while the manual mea-
surement method takes around 30s.

In this study, we analyzed nearly all the
retinal arterial bifurcations present in 100 reti-
nal fundus images, amounting to a total of
1314. The parameters of the retinal arteriolar
bifurcation were analyzed separately for age,
gender, and anatomical features, and the results
are summarized in Table 4. The participants
were categorized into four age groups (0—-
20 years, 20-40years, 40-60 years, and 60—
80 years) based on biological and physiological
similarities within each age group. The impact
of age on retinal arterioles was mainly reflected
in a smaller retinal arteriolar caliber among
young adults. The results showed that men had
a smaller retinal arteriolar caliber and branching
angle 6 compared to women. The results
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Table 2 Inter-measurer agreements of retinal arteriole bifurcations

Method

Parameter

Measurer

Mean £ SD

ICC

Py

P,

Automatic-measurement

Manual measurement

Anglel (degree)

Angle2 (degree)

Angle3 (degree)

Branchl (px)

Branch2 (px)

Branch3 (px)

Anglel (degree)

Angle2 (degree)

Angle3 (degree)

Branchl (px)

A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C
A
B
C

139.18 £ 14.81
139.20 + 14.83
139.41 + 14.76
85.23 £ 14.58
85.16 + 14.79
85.07 + 14.63
135.59 £ 14.28
135.63 £ 14.55
135.52 £ 14.51
21.86 £ 3.32
21.76 + 3.29
21.48 £ 3.27
20.22 + 3.45
20.15 £ 3.47
19.80 £ 3.44
20.26 £ 3.70
20.15 £ 3.73
19.82 + 3.68
141.13 £ 18.19
140.38 + 15.60
141.37 £ 16.96
81.05 £ 13.52
81.31 £ 12.96
79.76 & 12.47
137.82 £ 1693
137.56 + 18.61
139.11 £ 17.88
12.10 £ 2.64
10.67 £ 2.48
12.58 =+ 2.66

0.99

0.99

0.99

0.95

0.96

0.97

0.90

0.85

0.92

0.45

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.01

0.01

0.00

0.71

0.86

0.76

0.19

0.82

0.43

29.19

0.986

0.994

0.997

0.492

0.422

0.470

0.830

0.442

0.648

< 0.001
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Table 2 continued

Method Parameter Measurer Mean + SD ICC P, F P,
Branch2 (px) A 10.14 + 2.39
B 8.38 £+ 1.88 0.26 < 0.001 64.33 < 0.001
C 10.70 + 2.10
Branch3 (px) A 10.23 £ 2.45
B 8.54 + 2.14 0.47 < 0.001 53.22 < 0.001
C 1091 + 2.49

Automatic measurement the method for the measurement of retinal arteriolar bifurcation proposed in this study; Manual

measurement the measurement of retinal arteriolar bifurcation using the Image] software; 4, B, C the three different
measurer; JCC interclass correlation coefficient; P, statistical significance based on ICC; F statistic in standard univariate
analysis of variance; P, statistical significance based on univariate analysis of variance; SD standard deviation

indicated no significant disparity in data
between the right and left eyes. The distance
from the optic disc, the branches to which the
arterial bifurcation belongs, asymmetry ratio,
and area ratio of the retinal arteriolar bifurca-
tion were all thought to be important influ-
encing factors for bifurcation parameters of
retinal arteriole. The measurements for dis-
tance, asymmetry ratio, and area ratio were
sorted in ascending order and then grouped
into three equal parts according to quartiles.
The results indicated that these anatomical
features had a more pronounced influence on
the characteristics of retinal arteriolar branch-
ing on the retinal arteriolar bifurcation.

Table 5 presents the results of the multi-
variate analysis of variance and parameter esti-
mates for each aspect of the retinal arteriolar
bifurcation. The parameter estimates illustrate
the differences in estimated marginal means
compared to the reference level, denoted as
“Ref” in the table. NA indicated that this vari-
able had no statistical correlation with the
dependent variable after controlling for other
confounding factors and was not included in
the final model. The analysis revealed that
nearly all the factors under investigation had a
profoundly significant impact on retinal arteri-
olar caliber. Among healthy individuals, the
retinal arteriolar caliber was narrowest in young
adults and increased in children, teenagers, and
the elderly; retinal arteriolar caliber was greater

in females than in males; and the diameter of
the inferior temporal branch exceeded that of
the superior temporal branch. Factors influenc-
ing retinal arteriolar branching angle were rel-
atively few. The angle between the two
branches of retinal arteriolar bifurcation was
larger in females than in males. When using the
center of the optic disc as a reference point, the
angle between the two branches of the retinal
arteriole at the proximal or distal ends
increased. Age, gender, the distance from the
optic disc and the branches to which the arterial
bifurcation belongs had no effect on the esti-
mated optimum theoretical values of retinal
arteriolar bifurcation.

DISCUSSION

The retinal vasculature serves as a “window”
into the entire cardiovascular system, providing
significant scientific and practical value [38, 39].
Therefore, it was crucial to develop a fast,
accurate, and reproducible method for the
quantitative assessment of retinal vessels. In
this study, the method for measuring retinal
arteriolar bifurcation showed high repeatability
across different measurers. Compared with tra-
ditional manual measurement methods, it pro-
vided stable measurements of retinal arteriolar
caliber. The retinal arteriole appeared signifi-
cantly thinner in fundus photographs, leading
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Table 3 Inter-method agreements of retinal arteriole bifurcations

Measurer Parameter Method Mean * SD ICC P, F pr,
A Anglel (degrees) Automatic 139.18 + 14.81 0.85 < 0.001 1.38 0.241
Manual 141.13 + 18.19
Angle2 (degrees) Automatic 85.23 £ 14.58 0.89 < 0.001 8.82 0.003
Manual 81.05 £ 13.52
Angle3 (degrees) Automatic 135.59 + 14.28 0.83 < 0.001 2.03 0.155
Manual 137.82 + 16.93
Branchl (px) Automatic 21.86 £ 3.32 0.45 < 0.001 1058.66 < 0.001
Manual 12.10 + 2.64
Branch2 (px) Automatic 20.22 £ 345 0.40 < 0.001 1151.31 < 0.001
Manual 10.14 £+ 2.39
Branch3 (px) Automatic 20.26 + 3.70 0.34 < 0.001 1020.80 < 0.001
Manual 10.23 + 2.45
B Anglel (degrees) Automatic 139.20 £+ 14.83 0.89 < 0.001 0.60 0.440
Manual 140.38 £+ 15.60
Angle2 (degrees) Automatic 85.16 £ 14.79 0.88 < 0.001 7.67 0.006
Manual 81.31 &+ 12.96
Angle3 (degrees) Automatic 135.63 £ 14.55 0.78 < 0.001 1.33 0.250
Manual 137.56 + 18.61
Branchl (px) Automatic 21.76 £ 3.29 0.24 < 0.001 1448.73 < 0.001
Manual 10.67 £ 2.48
Branch2 (px) Automatic 20.15 £ 347 0.08 0.127 1777.93 < 0.001
Manual 8.38 £+ 1.88
Branch3 (px) Automatic 20.15 £ 3.73 0.14 0.027 1458.55 < 0.001
Manual 854 £+ 2.14
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Table 3 continued

Measurer Parameter Method Mean + SD ICC P, F P,
C Anglel (degrees) Automatic 13941 + 14.76 0.87 < 0.001 1.52 0.218
Manual 141.37 £ 16.96
Angle2 (degrees) Automatic 85.07 £+ 14.63 0.87 < 0.001 15.27 < 0.001
Manual 79.76 £ 12.47
Angle3 (degrees) Automatic 135.52 + 14.51 0.78 < 0.001 4.87 0.028
Manual 139.11 + 17.88
Branchl (px) Automatic 2148 + 3.27 0.28 < 0.001 892.57 < 0.001
Manual 12.58 £ 2.66
Branch2 (px) Automatic 19.80 + 3.44 0.18 0.006 1020.00 < 0.001
Manual 10.70 £ 2.10
Branch3 (px) Automatic 19.82 £ 3.68 0.35 < 0.001 806.54 < 0.001
Manual 1091 £+ 2.49

A, B, C the three different measurer; Automatic the method for the measurement of retinal arteriolar bifurcation proposed

in this study; Manual the measurement of retinal arteriolar bifurcation using Image] software; JCC interclass correlation
coefficient; P; statistical significance based on ICC; F statistic in standard univariate analysis of variance; P, statistical
significance based on univariate analysis of variance; SD standard deviation

to unavoidable subjective errors in manual
measurements when a measurer lacked suffi-
cient training. The research findings indicated
that the retinal arteriolar diameter obtained
using the method proposed in this study are
significantly larger than those obtained through
manual measurements. We conducted an anal-
ysis for these results and believe that the fol-
lowing reasons are primarily responsible. Since
the wall of the retinal arteriole was transparent,
the visible feature in the retinal image was the
blood column itself. Therefore, the diameter we
measured on the retinal fundus image was
actually the width of the blood column, which
was narrower than the actual blood vessel
width. Upon careful observation, it can be
noticed that there was a fuzzy band around the
retinal arteriole. Our measurement method
accounted for this fuzzy band as part of the
arteriolar diameter, as indicated by the black
dotted line in Fig.3b, whereas manual

measurements typically exclude this portion, as
shown by the blue dotted line in Fig. 3b.

In addition to traditional manual measure-
ment methods, some studies have introduced
semi-automated computer-assisted measure-
ments of retinal arteriolar bifurcation parame-
ters. The most extensively utilized application
was the Singapore I Vessel Assessment (SIVA)
created by the Department of Computer Science
at the National University of Singapore
[24-28, 30, 40-42]. Some studies also utilized a
custom-written application package within the
MATLAB environment to measure retinal arte-
riolar bifurcation parameters [29, 31]. Com-
pared with these measurement methods, the
approach proposed in this study was more
comprehensive, specifically manifested as fol-
lows: (1) Introducing a deep learning algorithm
for the segmentation of retinal vessels, further
enhancing the accuracy of measuring retinal
arteriolar bifurcation parameters; (2) Dividing
the bifurcation angle theta into 6; and 6, for
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Table S Multivariate analysis of retinal arteriole bifurcations

Factor  Level dy (px) d; (px) d, (px) 6, 0, 0 01/(degree) 0y/(degree) 0/(degree)
(num) (degree) (degree) (degree)
Age 0-20 1.33* 1.27* 1.10* NA NA NA NA NA NA
(347)
20-40 Ref Ref Ref
(365)
40-60 0.17 0.07 0.14
(320)
60-80 0.52 0.61* 0.48
(282)
Sex Female 0.62* 0.54* 0.37* NA NA 1.85* NA NA NA
(603)
(702)
Male Ref Ref Ref Ref
(711)
Alpha <053 1.31* — — 7.75% 823* — 9.75* 9.86* 0.11*
(438) 2.61*
< 0.78 NA Ref Ref Ref Ref NA Ref Ref Ref
(438)
< 1.00 — 1.13* 5.20* — 5.46* 5.67* — 5.69* — 0.02*
(438) 1.35*
Beta < 141 — — — 028 — 283 — 285 — 1.74* 1.78* 0.03*
(438) 203 219"
<171 NA Ref Ref Ref Ref Ref Ref Ref Ref
(438)
< 4.19 1.93* 1.78* 6.20* — 205 4.13* 0.29 — 0.28 0.01
(438)
Branch STB — — — NA NA NA NA NA NA
(653) 100°  1.02¢ 079"
ITB Ref Ref Ref
(661)
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Table 5 continued

Factor  Level dy (px) d; (px) d>(px) 6, 0, 0 01/(degree) 02/(degree) 0/(degree)
(num) (degree) (degree) (degree)
Distance < 839 3.39* 3.37* 2.76* 0.99 2.63*
(438)
< 1127 Ref Ref Ref NA Ref Ref NA NA NA
(438)
< 1666 — — — 4.00* 2.77*
(438) 129° 123 0.92°

dy parent vessel, d; the larger branch, 4, the smaller branch, 0; the larger branch make with the direction of the parent
vessel, 0, the smaller branch make with the direction of the parent vessel, 0 the sum of 0; and 0, 01/ optimal prediction for
the 0;; 03/ optimal prediction for the 0 0/ the sum of 01/ and 02/, OS the left eye, OD the right eye, Alpha asymmetry
ratio, Beta area ratio, STB superior temporal branch, I7B inferior temporal branch, NA while constructing the MANOVA
model, this particular factor was not incorporated into the model, Ref this parameter is set to zero because it is redundant

*p value less than 0.05

Fig. 3 Comparison of manual measurement and automatic measurement of retinal arteriolar diameter

measurement and analysis; (3) Measuring not
only the bifurcation angle at the bifurcation but
also the width of the branch arteries; (4) Not
only measuring the actual bifurcation angle but
also calculating the optimal theoretical value;
(5) Detailed recording of the arterial branches to
which the bifurcation belongs, the distance
from the optic disc.

However, the method for the measurement
of retinal arteriolar bifurcation proposed in this

paper also had some limitations. First, this
method was not fully automated measurement,
as it required a mouse to click and select the
retinal arteriolar bifurcation to be measured.
The position of the mouse click will minimally
impact the final measurement result. Second,
measuring certain retinal arteriolar bifurcations
can be challenging, particularly those with
short trunks (as shown in Fig.4a and b), or
where a retinal venule travels within arteriolar
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Fig. 4 Examples of retinal arteriole bifurcation that cannot be measured

bifurcations (as depicted in Fig. 4c and d).
Third, the measuring method proposed in this
study, by cropping the fundus photos, retained
only the effective field of view and uniformly
scaled them to 2048 x 2048. This step aimed to
ensure the comparability of absolute parame-
ters, such as retinal arteriole diameter, among
fundus photos of different sizes. However, the
varying imaging parameters of different fundus
cameras made this comparability unreliable,
and this study had not yet identified alternative
relative parameters.

This study analyzed the retinal arteriolar
bifurcation pattern in fundus images from 100
healthy individuals and established a normal
reference range. Age, gender, asymmetry ratio,
area ratio, the distance from the optic disc, and
the branches to which the arterial bifurcation

belongs were all significant factors in deter-
mining retinal arteriolar caliber. The result was
consistent with some previous research results
[43, 44]. There were relatively few factors that
influenced the branching angle of retinal arte-
rioles. The most stable estimated optimum
theoretical values were primarily influenced by
the asymmetry ratio and area ratio. However,
these two factors were artificially determined
based on the ratio relationship between three
blood branches, making their impact on the
optimal theoretical value unavoidable. Despite
the potential effects of age, gender, and
anatomical features on the diameter of the
retinal arteriole, the estimated optimum theo-
retical values remained unaffected and stable.
The calculation of the optimal theoretical value
relied on the asymmetry ratio, which tended to
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remain stable even when the retinal arteriolar
diameter fluctuated. Essentially, when the reti-
nal arteriolar bifurcations were not significantly
influenced by obvious pathophysiological fac-
tors, the estimated optimum theoretical values
would remain at a stable level. The author sug-
gested that the factors responsible for these
parameter changes could have a significant
impact on pathological and physiological
changes in the cardiovascular system.

In the upcoming research, we will use this
tool to extract a large number of retinal arteri-
olar bifurcation parameters from a high-risk
cardiovascular disease population and analyze
their correlation with cardiovascular risk fac-
tors. Our aim is to further explore the feasibility
of utilizing retinal vessels as an early warning
signal for cardiovascular disease.

CONCLUSIONS

In this paper, we present a fast, stable, and
accurate method for measuring retinal arteriolar
bifurcations and establishing a reference range
of normal values. The diameter and branching
angle of the retinal arteriolar bifurcations were
significantly influenced by gender, age, and
anatomical features, while the estimated opti-
mal theoretical values of retinal arteriolar
bifurcations remained relatively stable.
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