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Does Retinal Vascular Geometry Vary with Cardiac Cycle?
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PURPOSE. Changes in retinal vascular parameters have been
shown to be associated with systemic vascular diseases. In this
study, we assessed the physiologic variations in retinal vascular
measurements during the cardiac cycle.
METHODS. Fundus images were taken using electrocardiogramsynchronized retinal camera at nine distinct cardiac points
from 15 healthy volunteers (135 images). Analyses of retinal
vessel geometric measures, including retinal vessel caliber
(individual and summary), tortuosity, branching angle, length–
diameter ratio (LDR), and optimality deviation, were performed using semiautomated computer software. Repeatedmeasures ANOVAs were used to obtain the means and to
estimate the variation of each cardiac point compared with
cardiac point 1.
RESULTS. There was a significant variation of the caliber of the
individual arteriolar and venular vessels. However, there was
no significant variation found for vessel caliber summary,
represented by the central retinal arteriolar equivalent (CRAE)
and the central retinal venular equivalent (CRVE). There was
also no significant variation found for tortuosity and branching
angle, and LDR showed none or very little variations at
different cardiac points: variations in caliber ranges between 0
and 4.1%, tortuosity 0 and 1.5%, branching angle 0 and 3.5%,
and LDR 0 and 2%; all values for variations, P > 0.1; linear
trend, P > 0.5; and nonlinear trend, P > 0.8.
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CONCLUSIONS. This study showed that there were minimal
variations in the CRAE, CRVE, tortuosity, and branching angle
that are clinically used for two-dimensional measures of retinal
vascular geometry during cardiac cycles. However, there was
significant variation in the caliber of the individual vessels over
the cardiac cycle. (Invest Ophthalmol Vis Sci. 2012;53:5799–
5805) DOI:10.1167/iovs.11-9326
ince the past decade, advances in retinal imaging technique
have allowed direct, in vivo observations of the human
circulation system. A number of studies have demonstrated
that quantitative measurement of retinal vascular geometric
parameters from fundus photographs, including caliber,
tortuosity, and length–diameter ratio (LDR), are strongly
associated with blood pressure,1–3 major systemic vascular
diseases including coronary heart disease,4 ischemia heart
diseases,5 and diabetes mellitus6 and its complications.7,8
Consistent with these, it has been suggested that such
geometric parameters reflect the optimality state of the
peripheral (retina) circulation9 and, therefore, hemodynamic
changes associated with pathophysiologic processes (i.e.,
blood pressure, diabetes, inflammation, and other mechanisms) may alter the geometric organization (e.g., dilated
vessels, more tortuous, wider branching angle, low LDR, fractal
dimension) of the retinal vasculature.1,3,5,7,10
Physiologically, a spontaneous increase in blood volumetric
flow entering the ophthalmic vascular system is expected
during the peak-systolic phase of the cardiac cycle, and lower
flow may occur during the diastolic phase.11 Furthermore,
blood flow changes would correspond to variations in
intravascular pressure, which may induce vasomotor responses
to adjust its diameter size.11 Although previous studies have
shown that static measures of retinal vessel caliber varied at
different points over the cardiac cycle,12–14 variations in other
retinal vascular geometric parameters (tortuosity, branching
angle, LDR, and optimality deviation) during the cardiac cycle
have never been investigated.
Considering the potential variations of retinal vascular
geometry resulting from the ambient hemodynamic during the
cardiac cycle, understanding temporal changes during normal
cardiac rhythm is important to ensure that observed changes in
retinal vascular geometry in relation to several diseases are due
to specific pathologic conditions, but not physiologic variations. It is important to determine the inherent variations in the
current static retinal imaging technique, where the image is
obtained without considering the temporal location of the
sample with respect to the cardiac cycle. In this study, we have
investigated the variation of retinal vascular geometric
parameters (vessel caliber, tortuosity, branching angle, LDR,
and optimality deviation), quantitatively measured from
electrocardiogram (ECG)-synchronized fundus photographs,
during a normal cardiac cycle in generally healthy participants.
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FIGURE 1. Time delay calculation and cardiac cycle points when fundus images were captured. The first and ninth points correspond to the R-wave
and the other seven points are equally distributed over the cardiac cycle. For the camera triggering point n, the image is photographed at a time
delay of (n  1) 3 0.125 3 RR after the R-wave. This figure illustrates the outputs of the ECG signal and the trigger pulse at the first, second, fifth, and
ninth points.

MATERIALS

AND

METHODS

Study Participants
This study was approved by the RMIT University Research Ethics
Committee and conducted in accordance with the principles of the
Declaration of Helsinki of 1975, as revised in 2008. A written consent form
was obtained from each participant. Fifteen volunteers (25–45 years of
age; mean 33 years; 11 males and 4 females) were recruited to participate
in this study. The exclusion criteria were subjects having the following
conditions: prescribed or other medication on the day of the experiment,
hypertension, history of cardiovascular disease, diabetes, current smoker,
eye disease, and eye surgery. Nine disc-centered fundus images of the
nondilated left eye of each participant (a total of 135 disc-centered fundus
images) were captured using the ECG-synchronized retinal photography
module (described in the following text) at nine distinct points during the
cardiac cycle, the first and ninth corresponding to the R-wave, and the
other seven equally distributed over the cardiac cycle (Fig. 1).

ECG-Synchronized Retinal Photography
A three-lead ECG monitoring device, along with a purpose-built
microcontroller (Arduino Uno, www.arduino.cc), was used to identify

FIGURE 2. ECG synchronized retinal photography system.
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the R-wave and obtain the R–R interval in real time, and to generate a
trigger pulse for acquiring the retinal image (Fig. 2). A digital 458
nonmydriatic retinal camera (Canon CR-1; Canon Inc., Tokyo, Japan)
was used to capture the retinal image. The triggering mechanism was
electronically connected with the ECG synchronization unit and this
allowed for automatic triggering of the camera. The ECG signal and
triggering pulse were monitored on an oscilloscope by the examiner
during the experiment, and recorded along the retinal images on the
laptop computer with a timestamp. This ensured that the retinal
imaging was synchronized with the cardiac cycle.
Based on the typical resting heart rate of 60 to 100 beats/min in
adults, the R–R interval was considered to be abnormal if the detected
R–R interval was greater than 1000 or less than 600 milliseconds. No
retinal image was taken in such a case and an alarm was raised for the
examiner.

Measurement of Individual Vessel Diameter
The diameter of the individual vessel at a single cross-section was
measured using specially developed software. This software measured
a vessel segment approximately 1 to 2 disk diameters from the optic
nerve head (Fig. 3a). The location on the vessel was manually located
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FIGURE 3. Vessel diameter measurement sites. (a) Individual vessel diameter measurements were calculated from 20 cross-sections from arteriole
and venule segments. (b) Vessel diameter summary calculated based on CRAE and CRVE formulas.

in the first frame such that the region was noise free, and 20 crosssectional profiles of the vessel were obtained and modeled using a
combination of Gaussian and twin-Gaussian functions.15 The diameter
of the vessel was estimated as the maximum distance between a pair of
two peaks of the second-order derivatives of the Gaussian model. The

other eight frames were registered automatically to the first frame
using an image registration and montage algorithm software package
(DualAlign i2k Retina; Topcon Medical Systems, Oakland, NJ) based on
an algorithm detailed in the previous work,16 to ensure the sampling of
the cross-sections at the same spatial location.

FIGURE 4. Variations of summary of individual vessel caliber and vessel caliber summary (CRAE and CRVE) at different cardiac points. (a) Arteriole
caliber change across cardiac cycle, and (b) venule caliber change across cardiac cycle.
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TABLE. Variation of Retinal Vascular Parameters in Different Cardiac Cycle Points Compared with Baseline (Cycle Reference Point 1)
Arterioles
Vascular Parameters (unit)

Cycle Point

Mean (SD)

Individual vessel caliber (microns)
1
2
3
4
5
6
7
8
9

67.6
70.7
71.5
69.3
70.6
70.1
69.6
69.0
68.7

1
2
3
4
5
6
7
8
9

151.1
153.5
154.9
154.1
153.1
149.7
148.9
148.8
151.2

1
2
3
4
5
6
7
8
9

1.09
1.09
1.09
1.09
1.09
1.09
1.09
1.09
1.09

1
2
3
4
5
6
7
8
9

5.93
5.93
5.86
5.89
5.92
5.88
6.00
5.83
5.88

1
2
3
4
5
6
7
8
9

76.9
76.0
75.5
76.7
76.4
75.4
77.3
77.5
75.3

1
2
3
4
5
6
7
8
9

2.52
2.47
2.56
2.52
2.57
2.56
2.56
2.52
2.52

Summary of vessel caliber

S. tortuosity (index)

C. tortuosity (3105)

Branching angle (degree)

LDR
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% Variation*

P value† < 0.001
(8.00)
reference
(11.0)
4.7
(12.8)
6.3
(9.30)
2.7
(11.3)
4.4
(9.70)
3.8
(9.80)
3.2
(9.50)
2.2
(10.3)
1.4
P value† ¼ 0.52
(13.3)
reference
(13.3)
1.6
(13.6)
2.5
(13.4)
2.0
(14.8)
1.3
(14.0)
0.9
(13.9)
1.4
(15.5)
1.5
(13.0)
0.0
P value† ¼ 0.93
(0.02)
reference
(0.02)
0.0
(0.02)
0.0
(0.02)
0.0
(0.02)
0.0
(0.02)
0.0
(0.02)
0.0
(0.02)
0.0
(0.02)
0.0
P value† ¼ 0.97
(1.15)
reference
(1.20)
0.0
(1.17)
0.9
(1.08)
0.3
(1.22)
0.2
(1.11)
0.4
(1.16)
1.5
(1.04)
1.1
(1.07)
0.3
P value† ¼ 0.88
(22.7)
reference
(21.9)
0.7
(21.9)
1.3
(23.1)
0.0
(23.1)
0.0
(21.5)
0.2
(23.5)
0.8
(22.6)
1.2
(25.5)
0.4
P value† ¼ 0.84
(0.89)
reference
(0.89)
1.9
(0.85)
1.5
(0.67)
0.0
(0.84)
1.9
(0.84)
1.5
(0.90)
1.5
(0.81)
0.0
(0.89)
0.0

Venules
Mean (SD)

88.0
86.8
89.1
90.3
90.7
91.0
88.1
86.9
86.9
216.4
214.6
217.4
220.2
221.6
223.9
224.5
225.1
217.3
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
1.10
6.52
6.59
6.47
6.57
6.50
6.32
6.59
6.52
6.52
82.2
80.3
80.9
81.2
79.2
84.5
82.4
81.4
82.4
2.88
2.90
2.84
2.89
2.91
2.89
2.87
2.89
2.89

% Variation*

P value† < 0.001
(14.7)
reference
(14.5)
1.2
(15.6)
1.4
(15.7)
2.7
(17.4)
2.9
(16.0)
3.4
(14.4)
0.4
(15.0)
1.2
(16.1)
1.2
P value† ¼ 0.12
(17.5)
reference
(15.9)
0.8
(16.9)
0.5
(17.3)
1.8
(17.3)
2.4
(17.1)
3.5
(18.2)
3.8
(18.0)
4.1
(17.9)
0.4
P value† ¼ 0.92
(0.01)
reference
(0.02)
0.2
(0.02)
0.0
(0.01)
0.1
(0.01)
0.0
(0.02)
0.0
(0.02)
0.0
(0.02)
0.0
(0.02)
0.1
P value† ¼ 0.91
(0.60)
reference
(0.79)
1.1
(0.64)
0.7
(0.69)
0.6
(0.68)
0.1
(0.72)
1.1
(0.70)
1.3
(0.64)
0.0
(0.64)
0.0
P value† ¼ 0.19
(7.25)
reference
(13.3)
2.3
(13.4)
1.5
(11.2)
1.2
(11.6)
3.4
(8.81)
2.9
(13.2)
0.8
(7.44)
1.0
(13.1)
0.1
P value† ¼ 0.90
(0.11)
reference
(0.25)
0.6
(0.11)
1.3
(0.10)
0.3
(0.11)
1.0
(0.09)
0.3
(0.11)
0.3
(0.11)
0.3
(0.12)
0.3
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TABLE. Continued

Arterioles
Vascular Parameters (unit)

Cycle Point

Mean (SD)

Optimality deviation
1
2
3
4
5
6
7
8
9

0.47
0.45
0.50
0.46
0.32
0.36
0.38
0.40
0.47

% Variation*

P value† ¼ 0.84
(0.34)
reference
(0.30)
4.2
(0.35)
6.4
(0.37)
2.1
(0.38)
32.0
(0.32)
23.4
(0.36)
19.1
(0.41)
14.9
(0.36)
0.0

Venules
Mean (SD)
0.41
0.38
0.38
0.38
0.33
0.29
0.26
0.33
0.41

% Variation*

P value† ¼ 0.15
(0.35)
reference
(0.30)
7.3
(0.30)
7.3
(0.39)
7.3
(0.29)
19.5
(0.31)
29.2
(0.37)
36.6
(0.32)
19.5
(0.32)
0.0

Mean, SD, and all P values were estimated using repeated measures ANOVA. S. tortuosity, simple tortuosity; C. tortuosity, curvature tortuosity;
LDR, length to diameter ratio.
* Absolute value compared to cycle point 1.
† Overall P value for variations.

Measurement of Retinal Vascular Geometry
Using SIVA
Measurement of other retinal vascular geometric properties was
performed quantitatively using a semiautomated computerized system
(Singapore ‘‘I’’ Vessel Assessment [SIVA] version 3.0, Singapore)
following a standardized protocol.3,7,8 The grading was performed on
one image at a time and, during the grading, the other images were
masked to avoid any bias. Furthermore, to eliminate potential
systematic error, the order of the image frames (1 to 9) for grading
was not sequential but randomized. Images were considered as ‘‘poor
quality’’ if they were blurred or an incomplete representation of zone
C, and as ‘‘ungradable’’ if there were fewer than four large gradable
arterioles or venules.
Measurements were based on a summary of the arterioles and
venules separately. The software combined the individual measurement into summary indices for caliber, tortuosity, branching angles,
LDR, and optimality deviation separately. The technical details of these
parameters are as provided in the following text, and described in
previous publications.17–20

Brief Description of SIVA
The SIVA measurement technique has been described previously.3,7,8
Briefly, the SIVA measures retinal microvascular geometric parameters
within a concentric zone between the optic disc margin and 2 optic disc
diameters away from the optic disc margin. The software automatically
detects the center of the optic disc and divides the region into three
concentric subzones (A, B, C) surrounding the optic disc, each zone
corresponding to the area between optic disc margin to 0.5 optic disc
diameter, 0.5 to 1.0 disc diameter, and 0.5 to 2.0 optic disc diameters
away from the optic disc margin. The grader confirms the correct
detection of the optic disc and the three concentric subzones by the
program, and then the grader executes the program to generate a line
tracing of the retinal vessels. This software also has an automated
function to appropriately identify arterioles and venules, indicated by
two different colors of the lines generated by the program, red for
arterioles and blue for venules. The grader subsequently checks
whether all the arterioles and venules are correctly identified and the
software allows the grader to make any corrections if required (Fig. 3b).

Technical Brief of the Parameters
1. Vessel caliber (summary) is represented by the central retinal
arteriolar equivalent (CRAE) and the central retinal venular
equivalent (CRVE), and caliber summaries of the largest six
arterioles or venules.17,18
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2. Vessel tortuosity, a reflection of the shape of the vessel, is
expressed as a tortuosity index.19 We used two measures of
vessel tortuosity: simple and curvature. Simple tortuosity was a
ratio between the actual length of a vessel segment and the
shortest distance within the same segment. Curvature tortuosity
was calculated from the integral of the total squared curvature
along the path of the vessel, divided by the total arc length.19
3. Branching angle (in degrees) represented the angle between
two daughter vessels.20
4. LDR is calculated as the length from the midpoint of the first
branch to the midpoint of the second branch, divided by the
diameter of the parent vessel at the first branch.7
5. Optimality deviation reflects the deviation of the vessel
branching from the optimal configuration. Optimality of the
vessel network at branching (x, junctional exponent)20 is
determined by the caliber sizes of two daughter vessels relative
to the parent vessel and calculated as d1x þ d2x ¼ d0x, where d0,
d1, and d2 are diameters of the parent, larger, and smaller
daughter vessels, respectively.21 The greater the value of x, the
larger the daughter arterioles are relative to the parent vessel. It
has been proposed that in an optimal state, the value of the
junctional exponent is 3,20,22 and optimality deviation represents the deviation from this value.

Statistical Analysis
Statistical analyses were performed using a commercial data analysis
and statistical software package (Intercooled Stata 10.1 for Windows;
Stata Corp., Lake Station, TX). The variance measuring the difference
between each image and the reference image was used for the analysis
because it eliminates the interindividual difference of retinal vascular
geometric measures. Log-transformation was applied to LDR. All
parameters were analyzed using repeated-measures ANOVA with post
hoc multiple comparison tests to compare the mean value of each
parameter from different frames over the cardiac cycle and to estimate
the P value for variation of a particular parameter across different
points in the cycle. Fractional polynomial regression was also
performed to test for any nonlinear trends in each parameter during
the cardiac cycle.23

RESULTS
Figure 4 shows the trend of the variation of the vessel diameter
over the cardiac cycle. Both individual vessels and summary
measures (CRAE and CRVE) showed similar patterns, where
arterioles peaked before venules. Furthermore, CRAE became
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narrowest when the CRVE peaked. Although variations for
individual arteriolar and venular diameters were statistically
significant (P < 0.001), both CRAE and CRVE did not show
significant variation over the multiple images recorded over the
cardiac cycle (all values of P > 0.05). Other retinal vascular
geometry parameters have not been shown because there was
no observable trend.
The Table shows the mean value and the absolute variation
(in percentage values) of each parameter from images recoded at
different points in the cardiac cycle. Overall, there was no
significant variation found for arteriolar or venular parameters
across different cardiac points (all values for variations, P > 0.1;
for nonlinear trends, P > 0.8) except when the vessel diameter
was measured individually (P < 0.001). The variation of the
arteriolar and venular tortuosity between different images
recorded at different points in the cardiac cycle was the smallest
(variations range: 0–1.5%), compared with caliber (0–4.1%),
branching angle (0–3.5%), LDR (0–2%), and optimality deviation
(0–37%). Optimality deviation of both arterioles and venules
showed the most variations compared with other parameters.

DISCUSSION
In this study, we have demonstrated that there was a significant
variation in the diameter of individual retinal vessels over a
cardiac cycle in generally healthy volunteers, and both the
arterioles and venules were affected. The diameter variation
followed a trend, where the diameter of the arterioles peaked
close to the R-wave, whereas the peak of the venules diameter
occurred midway between the systolic and diastolic. Our
results also showed that vessel caliber summary (CRAE and
CRVE) and other geometric parameters (vessel tortuosity,
branching angle, LDR, and optimality deviation) of the retinal
vasculature measured from fundus photographs using SIVA had
none or little nonsignificant variation across different time
points during the cardiac cycle, suggesting that these
geometric parameters are unlikely to be influenced by
physiologic changes during normal cardiac rhythm and other
measurement differences.
The retinal vasculature is a unique site where there is a lack
of autonomic nerve supply and scarce muscular components,
unlike other vascular beds elsewhere in the body.24 It has been
suggested that the geometric organization of the retinal
vasculature is controlled by a local autoregulation system, to
adjust to a concurrent hemodynamic setting.11 Any fluctuations in retinal blood flow may therefore geometrically alter the
retinal vasculature to maintain local blood circulation in an
optimal manner (maximum blood supply and diffusion with
the least amount of energy).25
During the cardiac cycle, there are variations in blood
velocity entering the eyeball. The blood velocity in the main
supplying vessels of the retina, ophthalmic artery, and central
retinal artery, at the peak-systolic are 3- to 4-fold higher than
that at the end-diastolic phase.11 This difference may explain
some variations in vessel caliber as observed by us and
demonstrated in earlier studies,13,14 which showed a specific
pattern following systolic and diastolic phases for individual
vessels. However, these were not significant when we used the
Parr–Hubbard formula, which summarized measures from the
six largest arterioles and venules into an index of each vessel
type; therefore, the index appears to be robust against the
variability occurring in each individual vessel.17,18 Sizable
variation in optimality deviation is plausible since optimality
deviation was determined by the caliber of two branches
relative to the caliber of the parent vessel, from which
combinations of errors are magnified by the power of
3.9,20,22 On the other hand, recent evidence by Moret and
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associates26 suggested that spontaneous pulsation in retinal
vasculature does exist in some individuals, which could be
another explanation to our findings, but requires further study.
During the cardiac cycle, both the individual vessels and
their summary measures (CRAE or CRVE) showed a specific
pattern of variations, although the summary measures were
not statistically significant. However, in contrast, tortuosity,
branching angle, and LDR did not demonstrate any pattern.
The reason for the different pattern of variations in caliber than
that in other parameters during the cardiac cycle is yet to be
determined. According to Poiseuille’s law, it has been
hypothesized that changes in diameter size constitute the
earliest form of vascular responses to blood flow changes.27
We speculate that changes in vessel tortuosity, branching
angle, and LDR may represent a further stage of vascular
adaptation subsequent to changes in caliber size. Previous
evidence proposed that increased vessel tortuosity is observed
when the intravascular pressure increases beyond the elasticity
limit of the vessel after vessel dilatation, as a compensatory
mechanism to prevent exceeding capillary resistance,28 which
supports the current findings. Additionally, an animal experiment also showed that fluctuating blood flow may trigger
branching remodeling, appear as an increased/decreased
angle, to maintain a steady and optimal flow to target tissue.29
Therefore, these parameters (tortuosity, branching, or LDR)
might be less sensitive to subtle hemodynamic changes than
caliber, but possibly more specific to adverse changes
associated with some diseases (e.g., diabetes, cardiovascular
diseases). This is an area needing further studies.
The strength of this study includes its automatic capture of
sequences of nine images taken from the same eye using an
ECG-synchronized retinal camera, and automatic retinal
grading supervised by a single grader, whereas other images
of the same eye were masked from the grader. Therefore, our
results reflect high reproducibility of this measurement
technique. The post hoc power analysis shows that our study
should have over 80% study power to detect as little as 0.7%
variations during the cardiac cycle in caliber or other vessel
parameters. However, limitation is also noted. There may be
subtle changes in single vessel or local region of the retinal
vasculature of these parameters associated with the cardiac
cycle that are masked by our summary measures. Therefore,
further studies to compare these summary measures with
individual vessel measures are needed.
In conclusion, our study showed although there was a small
but significant change in the individual vessel caliber over the
cardiac cycle, the vessel caliber summaries (CRAE, CRVE) and
static retinal vascular geometric measures (tortuosity, branching angle, LDR, and optimality deviation) quantitatively
measured from retinal images using SIVA, were relatively
consistent across different cardiac points. Importantly, our
study supports previous findings that there are small but
significant changes to the caliber of individual vessels over the
cardiac cycle, although these changes are not significant when
the summary of the vascular caliber using the Parr–Hubbard
formula, tortuosity, branching angle, and LDR are considered.
These summary measurements are associated with several
diseases and are likely due to pathophysiologic processes than
normal physiologic variations during the cardiac cycle. Future
studies exploring the clinical performance (e.g., sensitivity,
specificity) of these parameters as subclinical markers for
systemic vascular diseases (e.g., cardiovascular diseases,
diabetes) are warranted.
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