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Effect of Axial Length on Retinal Vascular
Network Geometry
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PURPOSE: To explore the association between axial
ength and retinal vascular network geometry (arterio-
enous diameter ratio [AVR], arteriolar branching an-
les, and junctional exponents).
DESIGN: Prospective, cross-sectional study.
METHODS: Patients were recruited from a pseudopha-

ic population that had preexisting axial length measure-
ents. Mean arterial blood pressure and previous medical
istory were recorded. Fundal photographs were taken.
igital image analysis was used to determine the AVR,
ean arteriolar bifurcation angle, and junctional expo-
ent for each subject.
RESULTS: In total, 52 subjects were analyzed. Axial

ength had no association with AVR (R � �0.01, P �
941), mean angles at arteriolar bifurcations (R �
.134, P � .342), or junctional exponents (R � .003, P
.982). However, increased axial length was associated

ith a trend for lower measured retinal venular and
rteriolar diameters (R � �.28, P � .04 and R � �.23,

� .10, respectively). Junctional exponents correlated
ith both the AVR (R � .32, P � .019) and vascular
ifurcation angles (�) (R � .317, P � .022).
CONCLUSIONS: Increased axial length is associated
ith narrowing of both arteriolar and venular diameters,
ut not on the AVR, or vessel junctions. Future studies
xploring the influence of systemic disease on retinal
ascular topography do not need to consider axial length
s a potential confounding variable when utilizing mea-
ures such as AVR or vessel junctions. Vascular arterio-
ar junctional exponents may serve as a good measure of
verall altered retinal vascular geometry in cardiovascu-
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HE CARDIOVASCULAR SYSTEM IS A HIGHLY

branched structure, with the number of blood vessel
junctions being in the order of billions. However,

ontrary to vascular topography being a completely ran-
om geometric network, there is evidence to support the
oncept of an organized geometric structure, to minimize
hysical properties such as shear stress and work across any
ascular network.1–6 In 1926, Murray calculated that the
ost efficient circulation across a vascular network can be

chieved if blood flow is proportional to the cubed power
f the vessel’s radius (known eponymously as Murray’s
aw),2 assuming the blood acted as a Newtonian fluid, that
lood viscosity was constant throughout the vascular
etwork, and that metabolism of the blood and vessel
issue also remains constant within the vascular system.
hus, D0

X � D1
X � D2

X, where (D0) is the diameter of the
arent vessel, and (D1 and D2) are the diameters of the
aughter vessels. Theoretical values for the value of X

junctional exponent) approximate to the value of 3 in
ealthy vascular networks, and deviations from this opti-
al value reflect a less optimized circulatory network. In

ddition, the angle subtended between two daughter ves-
els at a vascular junction has also been found to be
ssociated with an optimal value, approximately 75 de-
rees.6 Thus, these parameters serve as measures of opti-
ality of circulatory geometry and can be used to obtain

nformation on the effect of systemic cardiovascular disease
n the retinal circulation.
Other geometric features of the retinal circulation that

ave been studied include the measurement of retinal
essel widths.7,8 However, any measurement taken from a
undal image is subject to the magnification effect of the
ye,9 which will depend on, among other things, the
efractive error of the eye. Therefore, the use of dimen-
ionless entities such as the arteriovenous ratio (AVR)7

as been calculated as generalized representations of vessel
idths across the retinal vascular circulation.
Whereas a large number of studies have explored the
elationship between retinal vascular network geometry
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nd systemic cardiovascular disease,7,8,10–14 few studies
ave explored the influence of ocular factors on retinal
ascular geometry. There is some evidence to support the
oncept of axial length being related to retinal vascular
opographic features such as length:diameter ratios of
etinal arterioles15 and that axial length may have an
nfluence on retinal blood flow.16 Recent epidemiologic
tudies have found no relationship between refractive error
nd AVR,17,18 although a decreased arteriolar and venular
iameter was reported to be associated with increased
yopia.18

We performed a prospective study, exploring any possi-
le relationship between axial length and retinal topo-
raphic features of AVR, the angles between daughter
essels at dichotomous vascular junctions, and junctional
xponents. We chose axial length, because this may more
ccurately reflect any influence myopia may have on
etinal topography, as opposed to the subject’s refraction,
hich will also be influenced by corneal factors. Because
ur population was pseudophakic (with an aimed em-
etropic refraction), magnification effect due to refractive

rror might be expected to play less of a role.

METHODS

HE STUDY WAS APPROVED BY THE LOCAL INSTITUTIONAL

eview board, and full written informed consent was
btained from all participants. Consecutive pseudophakic
atients attending general outpatient clinics were re-
ruited. Factors that were recorded include male or female
ex, age, smoking status (never, former, current), use of
asoactive medications (see explanation that follows), and
resence of cardiovascular history (previous stroke, isch-
mic heart disease, peripheral vascular disease). In all
ubjects before retinal photography, blood pressure was
ecorded with use of an automated sphygmomanometer.
xial length had been measured preoperatively in all

atients with A-scan biometry. Exclusion criteria included
past medical history of a retinal vascular event, presence
f diabetic retinopathy, hypertensive retinopathy, and any
etinopathy of unknown etiology. Also excluded were any
atients in whom the accuracy of the precataract axial
ength measurement was questionable, any patients unable
o give full informed consent, and any patients in whom
e were unable to obtain an analyzable fundal image.
Medications were classified as vasodilators (calcium

hannel antagonists, nitrates, potassium channel antago-
ists, �-adrenoreceptor agonists, angiotensin II antago-
ists, angiotensin-converting enzyme inhibitors,
-adrenoreceptor antagonists) or vasoconstrictors (�-adre-
oreceptor antagonists). If a subject was taking vasocon-
trictor and vasodilator medication, the net effect was
aken to be vasodilation, because there are few �-adreno-

eceptors in the retinal vasculature. o

EFFECT OF AXIAL LENGTH ON RETINALOL. 140, NO. 4
All participants had their pupils pharmacologically di-
ated with tropicamide 1%; 35 mm color photographs were
aken with a mydriatic retinal camera (Kowa Pro 1
rofessional fundus camera, Japan) with a 50-degree field
f view centered on the optic disk. After film processing,
he 35 mm photographs were then digitally scanned at
200 dpi with an Epson 3200 Perfect Scanner and stored in
agged Image File Format (TIFF).
Digital image analysis was performed by means of a

ustom-written application package within the MATLAB
ersion 6.0 (The Mathworks Inc, Natick, Massachusetts)
nvironment. Measurements were performed on a Sun
icrosystems, Inc (Palo Alto, California) computer work-

tation with a high-resolution 19-inch monitor by one
rained observer. The color RGB image was converted to a
rayscale image, and image contrast was enhanced by
sing contrast limited adaptive histogram equalization
CLAHE).

In accordance with the Atherosclerosis Risk in Com-
unities (ARIC) study, a concentric circular grid centered

n the optic disk was overlaid to define the measurement
one. All vessels passing completely through zone B (.5 to
.0 disk diameter from the disk margin) were measured
Figure 1). Vessel edges were identified by using the Canny
dge detection program. The Canny edge algorithm19

moothes the image by using a Gaussian filter to eliminate
oise. It then finds the edge strength by taking the gradient

IGURE 1. A typical fundus image that has been converted
rom a color to a greyscale image and undergone contrast
nhancement. An Atherosclerosis Risk in Communities grid
emonstrating the region between 0.5 and 1 disk diameters
rom the edge of the optic disk has been superimposed on the
mage, and the widths of all arterioles and venules passing
hrough this region (zone B) will be measured to obtain the
rteriovenous ratio.
f the image to highlight regions with high spatial deriv-

VASCULAR NETWORK GEOMETRY 648.e2
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tives. The observer chose the segment of the vessel to be
easured, choosing a segment of uniform width (avoiding

egments of focal narrowing or distention), and this region
f interest was magnified, enabling the vessel edges to be
elected by means of a mouse-driven cursor. Each vessel
as identified as an arteriole or a venule with use of the
riginal color slide for reference.
Parr and Spears20 developed a quantitative technique of

alculating the width of the central retinal artery that is
ndependent of the number and pattern of branching of
he larger arteries of the retina and can therefore be used
o compare the arterial caliber of different eyes. They
xpressed this value as the central retinal artery equivalent
CRAE). Hubbard and associates7 developed a similar
ormula for central retinal vein equivalent (CRVE). The
RIC study devised a simplified procedure for combining
easurements to yield central equivalents, and the same

echnique was applied here. Finally, the summary indices
f the arteriolar and venular diameters were expressed as
n AVR. To convert the dimensions measured on the
mage (pixels) into actual measurements (micrometers),
e based the average optic disk diameter as 1850 �m (as in

he ARIC study),7 and therefore the mean optic disk
iameter in this series of images was converted by multi-
lying the value in pixels by 12.67, to obtain a measure in
icrometers. (The average disk diameter was 146 pixels.)
For each subject, the four most proximal arteriolar

ifurcations (representing the first bifurcation of the supe-
onasal, superotemporal, inferonasal, and inferotemporal
rterioles) from the optic disk margin were evaluated. The
ean angle and junctional exponent for each subject was

alculated from these data. On occasion, we were unable to
btain a value for a major arteriolar junction, either
ecause the bifurcation was being masked by an overlying
enule, or because it occurred beyond the 50-degree fundal
eld. In this case, the three most proximal arteriolar
ifurcations were recorded, and the mean angle and
unctional exponent were calculated. The bifurcation an-
le (�) was measured as the angle between the two
aughter arterioles.21 The widths of the parent and daugh-
er vessels were calculated by drawing a line normal to the
essel edge and deriving the mean value of five parallel
mage profile cross-sections, each cross-section being two
ixels away from its neighbor. Each cross-section was
atched to a double-Gaussian22 profile with use of Matlab

mage-processing toolbox and curve-fitting toolbox. The
idth of the vessel was taken at half the height of the fitted
urve.23 The measurement was rejected and repeated if the
tandard deviation of the five calculated widths was greater
han 10% of the mean width measured, or if any of the five
tted curves were on inspection deemed to be inaccurate.
he junctional exponent was then calculated from the
idths of the parent and daughter vessels by using an

terative computer-driven process.
Pearson’s product-moment correlation coefficient was
sed to assess any relationship between axial length and t

AMERICAN JOURNAL OF48.e3
he values of the AVR, bifurcation angle, or junctional
xponents. In addition, stepwise multiple linear regression
odels were constructed with AVR, bifurcation angles,

nd junctional exponents as dependent variables. Statisti-
al significance was at the P �.05 level. The intraobserver
epeatability for the digital imaging measurements, ex-
ressed as within-subject standard deviation,24 was 1.41
ixels for diameter measurements (mean diameter 22.3
ixels) and was 2.13 degrees for angle of bifurcations
mean angle 78.4 degrees). For the AVR measurements,
he “limits of agreement” technique was used. Mean
ifference was 0.007, with 95% of measurements falling
ithin the range �0.125 to �0.112. Graphic examination
f the Bland-Altman plot showed no systematic bias with
hange in AVR.

RESULTS

N TOTAL, 57 PATIENTS WERE RECRUITED AND UNDERWENT

etinal photography. Five patients were excluded on ac-
ount of poor fundal image quality, leaving 52 patients for
nalysis. Of the 52 patients, 22 were men (mean 70 years;
ange 43 to 84 years) and 30 were women (mean 73 years;
ange 34 to 94 years). Length of time from cataract surgery
aried from 6 weeks to 12 months (median 3 months).
ean arterial blood pressure was 100 mm Hg (SD 	 12.5
m Hg). Of the 52 patients, 22 had no history and 30 had
history of cardiovascular disease. Three patients were

lassified as taking vasoconstrictors and 17 as taking
asodilators; 32 were taking no vasoactive medication.
The mean axial length was 23.4 mm (SD 	 1.3 mm,

ange 21.2 to 28.3 mm). For this population, the mean
VR was 0.86 (SD 0.10, range 0.61 to 1.08). The mean

rteriolar bifurcation (�) was 77.3 degrees (standard devi-
tion 	 9.5 degrees, range 52 to 98 degrees). Mean
unctional exponent was 2.19 (SD 	 0.4, range 1.25 to
.20).
Pearson’s product-moment correlation showed no signif-

cant association between axial length and AVR (R �
.01, P � .941), bifurcation angle (R � �.134, P � .342),

r junctional exponent (R � .003, P � .982). A multiple
inear stepwise regression model was constructed, with
VR as the dependent variable, and junctional exponent,

ge, history of cardiovascular disease, smoking status,
asoactive medications, and mean arterial blood pressure
MABP) as predicting variables. The only association
dentified was that junctional exponents correlated
trongly with the AVR (R � .324, P � .019) (Figure 2).

Mean arterial blood pressure was also associated with
unctional exponents (R � .337, P � .015) and AVR (R

�.26, P � .06). Junctional exponents also correlated
ith bifurcation angles (�) (R � .317, P � .022).
Both the CRVE and CRAE were associated with a nega-
ive trend with respect to axial length, although the CRAE

OPHTHALMOLOGY OCTOBER 2005
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id not reach statistical significance (R � �.28, P � .04 and
� �.23, P � .10, respectively) (Figures 3 and 4).

DISCUSSION

LARGE NUMBER OF STUDIES HAVE EXPLOITED DIGITAL

etinal image analysis to explore the relationship between
etinal vascular topography and systemic disease.7,8,10–14

owever, few studies have explored the possible ocular
actors that may have a bearing on retinal vascular topog-
aphy.17,18 Some evidence supports the concept of axial

IGURE 2. X-Y scatterplot diagram demonstrating the linear
elationship between the arteriovenous ratio and mean junc-
ional exponent for each individual (n � 52). Solid line � line
f regression, (R � .324, P � .019). Dashed lines � 95%
onfidence intervals.

IGURE 3. X-Y scatterplot diagram demonstrating the inverse
inear relationship between the central retinal vein equivalent
CRVE) and the axial length in millimeters for each individual
n � 52). Solid line � line of regression (R � �.28, P � .04).
ashed lines � 95% confidence intervals.
ength being related to retinal topographic features and t

EFFECT OF AXIAL LENGTH ON RETINALOL. 140, NO. 4
etinal blood flow.16 Central retinal arterial blood flow is
educed in myopic eyes,25,26 and retinal blood flow has
een found to be inversely proportional to axial length in
glaucomatous population,27 although no relationship was

ound in normal and ocular hypertensive groups. There is
possibility that this influence of axial length on retinal

lood flow is partly mediated through changes in the
etinal vascular network geometry.

Our primary objective in this study was to examine the
ssociation of axial length with dimensionless parameters
f retinal vascular network geometry—the AVR, angles at
essel bifurcations, and junctional exponents. Our finding
f no association with either of these parameters suggests
hat for future studies exploring the effect of systemic
ardiovascular risk factors on the retinal vascular network,
xial length does not need to be considered as a confound-
ng variable. Our findings agree with a recently published
pidemiologic study that found no influence of refractive
rror on the relationship between retinal vascular diame-
ers and hypertension or on absolute retinal vessel diame-
ers.17 In our study, we used axial length, as we
ypothesized that the actual length of the eye may have a
reater bearing on retinal vascular topography than refrac-
ion, because refraction will also be influenced by corneal
actors.

Interestingly, both the CRVE and CRAE in our study
ere associated with a negative trend with respect to

ncreased axial length. The Blue Mountains Eye Study17

lso found that correcting for refractive error with the
engtsson method28 did appear to increase the statistical
ower to detect associations with retinal vessel diameters,
nd the investigators recommended for future studies that
efraction might be taken into consideration. In addition,

IGURE 4. X-Y scatterplot demonstrating the inverse linear
elationship between the central retinal arterial equivalent
CRAE) and the axial length in millimeters for each individual
n � 52). Solid line � line of regression (R � �.23, P � .10).
ashed lines � 95% confidence intervals.
hey highlighted the need for future studies with axial

VASCULAR NETWORK GEOMETRY 648.e4
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ength data to explore more precisely its impact on retinal
ascular diameters and their association with systemic
ardiovascular disease. The Beaver Dam Eye Study16 also
ound that myopic refraction was associated with smaller
etinal vessel diameters, but there were no data on axial
ength in this study, and the authors speculate as to
hether this is purely a magnification effect, or whether it

epresents a biologic or pathologic process in eyes with
ifferent refractions. We believe our study supports evi-
ence that narrowed retinal vessel diameters in association
ith increased axial length may represent an actual bio-

ogic process, rather than merely a magnification effect.
his is the first study to find an association between axial

ength and retinal vessel diameters. A limitation of our
tudy is that there is no information regarding the actual
efraction of the subjects. However, all patients were
seudophakic with an aimed refraction of emmetropia, and
ence the refraction might be suspected to have less of an

nfluence in this population. It also explains why parame-
ers such as the AVR are seemingly unaffected by increased
xial length, as both venules and arterioles may be simi-
arly attenuated.

Narrowed retinal vessels may explain the altered retinal
lood flow seen in myopia. Quigley and Cohen15 devel-
ped a measure of retinal topography that is derived from
oiseuille’s law, Ohm’s law, and Murray’s law. This “pres-
ure attenuation index” (PAI) reduces to the length:
iameter ratio of retinal arterioles and was directly related
o axial length (R � 0.65). Therefore, the greater arterio-
ar length associated with myopia may lead to low end-
rterial pressure and thus be the mechanism of protection
rom diabetic retinopathy due to decreased retinal vascular
erfusion.29 Our findings suggest that in addition to greater
rteriolar length, narrowed arterioles may also contribute
o this pressure attenuation. Others consider a possible
enetic influence on myopia and risk of diabetic retinop-
thy.30

There was an association between MABP and both
unctional exponents and AVR. The junctional exponents
lso correlated with the AVR and vascular bifurcation
ngles, providing further evidence that geometric retinal
ascular junctions reflect a generalized altered cardiovas-
ular systemic state. Indeed, junctional exponents have
dvantages over the AVR as a potential measure of
eneralized retinal vascular geometry, because fewer mea-
urements are taken and therefore it is less time consuming
o calculate than the AVR. Whereas junctional exponents
ave not been as utilized in large epidemiologic studies as
uch as the AVR, they have been found to be associated
ith aging,31 vasoconstriction,32 and peripheral vascular
isease33 and offer a potential alternative measure of
etinal vascular geometry.

In conclusion, this is the first study to explore the
elationship between axial length and retinal vascular
etwork geometry. Whereas axial length may be associated

ith narrowed retinal arterioles and venules, overall di-

AMERICAN JOURNAL OF48.e5
ensionless measures of vascular network topography are
ot affected and hence axial length does not need to be
aken into consideration when assessing systemic factors
ikely to affect retinal vascular topography. In addition,
unctional exponents reflect both the AVR and angles at
etinal vascular junctions and thus may serve as a good
easure of overall altered retinal vascular geometry related

o systemic cardiovascular disease.
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