
Abstract. Aim: To investigate the features of optic nerve head
(ONH) microvasculature in primary open angle glaucoma
using fractal geometry analysis. Patients and Method: ONH
blood flow was analyzed at the level of the lamina cribrosa by
means of confocal scanning laser Heidelberg Doppler
flowmetry (HRF) in medically-controlled early and advanced
glaucoma. Fractal dimension D of vasculature map was
calculated using the Box Counting. Results: Our data
demonstrated that, in patients with advanced glaucoma, fractal
dimension D was significantly lower than in controls, whereas,
in the early stage of disease, its value was similar. Fractal
dimension D of microcirculation was significantly and
negatively correlated with the cup-disk area ratio in both early
and advanced glaucoma groups, whereas linear cup-disk ratio
of the disk, cup shape measure and nerve fiber layer thickness,
where correlated only in advanced stage of the disease.
Conclusion: These findings demonstrate that fractal dimension
D of ONH appeared significantly reduced in advanced
glaucoma and correlated with the optic disc damage.

The role of impaired blood flow in the pathogenesis of
glaucomatous optic neuropathy has been postulated for

decades. Ocular blood flow can be assessed by conventional
methods, such as fluorescein angiography, ocular thermo-
coupling and pulsatile ocular blood flow calculation or by
more reliable techniques, such as color-Doppler imaging,
blue field entoptic phenomenon, laser Doppler velocimetry,
Heidelberg retinal flowmetry (HRF), transcranial Doppler
and magnetic resonance imaging (1). Even though most of
these methods provide hemodynamic information, only HRF
provides morphologic and quantitative analyses of optic
nerve head (ONH) microvasculature (2, 3). A reduced blood
velocity of retina, choroid and retrobulbar vessels have been
demonstrated in glaucomatous eyes. Particularly, studies
using HRF showed blood flow impairment in peripapillary
retina and optic nerve rim (4) along with significant
correlation between blood perfusion of retina and rim area
of ONH (5), lamina cribrosa and visual field defects (6). 

Although these studies quantitatively assessed blood flow
by measuring blood velocity, they did not evaluate
microvasculature structure of the ONH. On the other hand, the
microvasculature structure of the ONH is the result of
numerous interactions between effectors that ensure the
functioning of a stable biological system. To maintain stability
in such a complex system despite several perturbations, the
system must have a high degree of robustness. This is obtained
by an adaptation and tolerance to stochastic fluctuations,
which provide structural stability. In complex adaptive
systems, the abundance of variables and the complexity of
interactions are described by non-linear dynamics. 

One of the descriptive tools that are used to address non-
linear system dynamic systems is fractal geometry. A fractal
is a visual product of non-linear system characterized by its
complexity and by the quality of self-similarity or scale
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invariance (10). Quantitative examination of a complex
biological structure, such as microvasculature in humans,
requires the use of the non-conventional fractal geometry (11).

In ophthalmology, fractal analysis of retinal vasculature
has been proposed by several authors (12-15). These authors
demonstrated the fractal properties of retinal vasculature in
healthy subjects and diabetic patients. Recently, this property
was also reported in children with high blood pressure (16).
The concept of a fractal is most often associated with
geometrical objects satisfying two criteria: self-similarity and
fractional dimensionality. The first criterion for a fractal
object is self-similarity that indicates an object is composed
of sub-units and sub-sub-units on multiple levels that
resemble the structure of the entire object. This means that
fractal has to be considered as composed of copies of
selected features at different resolution scales. The second
criterion for a fractal object is fractional dimension; this
requirement distinguishes fractals from Euclidean objects,
which have integer dimensions. The fractal dimension (D) of
a fractal is an objective measure for evaluating the aspect and
degree of complexity of a structure and it is used as a
parameter that describes the complex shape of fractal
objects. Fractals do not obey the classical Euclidean
topological relations of length, perimeter, area or volume so
that the fractal dimension is not integer. Several definitions
of the fractal dimension can be found in the literature: the
Hausdorff-Besovitch dimension, the Minkowski-Bouligand
or “Box-counting” dimension, the fractal homothetic
dimension are the most famous.

The fractal dimension comes from the scaling of an object’s
bulk, like a volume, a mass, with its size: 

bulk=sizeD (1) 

For two-dimensional (2D) projection images, “bulk” in the
above relationship is either area or the number of particles
representative of the volume information or their perimetric
contour length, which footprint the surface. When applying
fractal analysis to determine D, a complex biological
structure is converted into a statistical fractal image. This
image represents the complexity and self-similarity of the
original object. In this case, D is an index of the space filled
by a fractal structure and indicates the chaotic level and the
extent of complexity and self-similarity of a system (17, 18).
The aim of our study was to investigate the geometrical
properties of lamina cribrosa vasculature in glaucomatous
ONH by means of HRF fractal geometry analysis.

Patients and Methods

Dataset. The study was performed at the Ophthalmology Clinic of
the University of Chieti-Pescara (Chieti) Italy and was approved by

the local Institutional Review Board (IRB). All procedures were
conformed to the tenets of the Declaration of Helsinki; the study
was approved by the Hospital ethics committee and written
informed consent was obtained from all subjects. Forty-seven eyes
of 49 caucasian patients (27 males and 22 females) affected by
primary open angle glaucoma (POAG) were enrolled in the study.
Inclusion criteria were the following: visual acuity 20/30 (early
treatment diabetic retinopathy study (ETDRS) chart) or better,
refractive error ranging from –2.00 to +2.00 diopters (confirmed by
axial length measurement), astigmatism less than 1.00 diopter
cylinder, pupil diameter higher than 3 mm, central corneal thickness
(ultrasound pachimetry) ranging from 530 to 580 m, untreated intra-
ocular pressure (IOP) ≥22 mmHg at diagnosis (mean of three
measurements taken at 9 AM, 12 noon and 4 PM of the same day)
and medically controlled prior to enrolment (≤18 mmHg: mean of
three measurements at 9 AM, 12 noon and 4 PM). An open angle at
gonioscopy (grade 3-4, Shaffer classification), ONH size >2.0 mm2,
cup to disc ratio of 0.3 or greater measured with Heidelberg Retina
Tomography (HRT II; Heidelberg Engineering GmbH, Dossenheim,
Germany) and classic ophthalmoscopic signs of glaucomatous optic
neuropathy (cupping, neural rim notching and saucerization)
consistent with the visual field alterations were also required for
inclusion. 

Glaucoma staging system. The diagnosis and disease staging were
determined according to the glaucoma staging system (GSS)
proposed by Mills and co-authors (19) using the Humphrey 30-2
full-threshold visual field test (Humphrey; Carl Zeiss Meditec,
address). At least two visual field examinations within the prior six
months with acceptable reliability standards (fixation loss, false-
positive rate and false-negative rate <33%) were required; if the last
two visual fields presented evidence of damage progression
(extension or deepening of pre-existing scotoma or appearance of
new scotoma) the patient was excluded. The aspect of the optic disc
had to be consistent with the visual field alterations. Exclusion
criteria were end stage glaucoma, secondary glaucoma, history of
previous ocular surgery and cardiovascular diseases, such as
ischemic heart disease, systemic hypertension, dyslipidemia and
diabetes. Eighteen eyes of 18 healthy subjects (10 males and 8
females) with a normal IOP (≤20 mmHg without therapy, mean of
three measurements taken at 9 AM, 12 noon and 4 PM of the same
day), normal visual field (program 30-2 SITA standard, Humphrey
Field Analyzer II; supplier, address), absence of signs of
glaucomatous optic neuropathy and nerve fiber layer defects were
used as controls. In all glaucomatous patients, IOP was controlled
with topical prostaglandin analogs applied once in the evening.
Initial IOP, heart rate (HR), systolic and diastolic blood pressure
(SBP and DBP, respectively), MD (mean defect) and PSD (pattern
standard deviation) were recorded in all cases. Stereometric
parameters of ONH were measured by means of HRT II.
Magnification error was corrected using keratometry values for each
individual and the following variables were determined: disc, cup
and rim area, cup and rim volume (area above and volume below
the reference plane), cup-disc area ratio, linear cup-disc ratio, mean
and maximum cup depth, cup shape measure (third moment of the
frequency distribution of depth values relative to contour line),
height variation contour (maximum minus minimum of relative
heights of contour line), nerve fiber layer thickness and nerve fiber
layer cross-sectional area (calculated distance and area between
reference plane and contour line). 
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Data management. HRF was performed to measure blood flow of
peripapillary retina and ONH at the level of the lamina cribrosa.
HRF3 (20) produces a high-resolution perfusion map of both
retina and ONH by using the confocal scanning laser technique.
Images were acquired using the standard 10×2.5 degree
measurement field covering an area of 2.5×0.6 mm. Each of the
two dimensional images consisted of 256×64 pixels with a pixel
resolution of 10 micrometers. Every line was scanned 128 times
at a sampling rate of 4,000 Hz with a total acquisition time of 2.5
seconds. To obtain the images of ONH the optic disk had to be
maintained in the centre of the image. Measurements were
acquired by focusing on the lamina cribrosa with the photodetector
sensitivity adjusted to produce a bright signal from lamina cribrosa
and a dark signal from rim and peripapillary areas. Three images
with good quality focus and brightness were acquired by a single
experienced operator (MC). For each patient, according to the
glaucoma stage, the worse eye (or the right eye if both were at the
same stage) was considered for the analysis. All images of ONH
were analyzed by the Scanning Laser Doppler Flowmetry (SLDF)
3.3 software (20), an extension of the HRF software that reads the
digitalized files generated by HRF. The resulting perfusion maps
were processed with respect to the over and under exposed pixels,
saccades and the vascular tree by a pattern detection algorithm.
This vessel detection algorithm automatically distinguished
between vessels smaller or larger than 30 μm, so that the flow map
could be separated into a first map containing only larger vessels,
a second map with small vessels and a third map of the
skeletonized image of big and small vessels (Figure 1A, B). By
using the skeletonized image and avoiding the effect of vessels
thickness, the vascular map obtained from HRF analysis was
converted into a linear digitalized pattern, which represented the
spatial distribution of the vessels. Although SLDF was optimized
to analyze the blood flow at the retinal and optic nerve head rim
level, this software can also provide high-resolution perfusion
maps of the cup area. 

There are essentially two ways to investigate the fractal-like
character of a system. The first studies a single object’s scales
(single method), the second one examines objects of various sizes
investigated as a whole (collective method). However, the former
method is inefficient in the case of a collection of objects all of the
same size, although they individually are fractal. The covering box
method is a standard and widely used method for determining the
fractal dimensions of a single object. The fractal geometry analysis
was performed by the BENOIT 1.3 Fractal Analysis System
(TruSoft Intl Inc., address). 

The best image for focus and brightness obtained by SLDF was
selected and processed. The skeletonized gray scale images were
adjusted for contrast and luminosity, converted to black and white
and then inverted so that the vessels appeared as white lines on
black screen (Figure 2A, B) (as required for input by the BENOIT
Fractal Analysis System). The images were finally rescaled from the
original 256x64 pixels into 480×120 pixels by the Corel Photo-Paint
software. For each image, a fractal dimension D was calculated
using the modified box-counting method. In this technique the
image was positioned in a grid of squares with a fixed length (r).
The number of squares (N) that are required to cover the image
were then counted. This process was iterated for increasing r-values
and the fractal dimension were calculated by the relationship: Black
and white inverted image optimized for fractal analysis showing the
low complexity of vascular pattern in a glaucomatous optic nerve
head. The fractal dimension is used as a parameter that describes
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Figure 1. A. Original skeletonized gray scale image of vessels of lamina
cribrosa as provided by SLDF (Scanning Laser Doppler Flowmetry)
analysis in a glaucomatous subject showing vessels larger than 30 μm.
B. Original skeletonized gray scale image of vessels of lamina cribrosa
as provided by SLDF (Scanning Laser Doppler Flowmetry) analysis in
a healthy subject showing vessels smaller than 30 μm.

Figure 2. A. Black and white inverted image optimized for fractal
analysis showing the low complexity of vascular pattern in a
glaucomatous optic nerve head. B. Black and white inverted image
optimized for fractal analysis showing the vascular pattern in a healthy
optic nerve head.



the complex shape of fractals objects. Fractals do not obey the
classical Euclidean topological relations of length, perimeter, area
or volume so that the fractal dimension is not integer. The sequence
of box sizes for grids is usually reduced by a factor ½ from one grid
to the next. The fractal dimension is then defined as the slope of the
log-log plot of N(r) vs. r. 

Statistical analysis. Mann-Whitney U-test was used to analyze
differences in D. This criterion was used in place of a t-test since
the distribution of the obtained value is unknown. The statistical
analysis was performed using the SPSS software, version 10.0 for
Windows (link or supplier with address). 

Results 

Demographic, ocular and circulation parameters of patients
are reported in Table I. The calculations were based on the
assumption that a difference in D of about 15% of what was
clinically relevant. A sample from 15 to 25 patients was
needed given an α=0.05 and a 1-β=0.90. The Mann-Whitney
U-test was used to assess differences of D, age, refractive
error, IOP, MD, PSD, ONH and circulation parameters
between glaucomatous and control subjects. A p-value ≤0.05
was considered statistically significant. The relations between
D of fractal image, age, spherical equivalent refractive error,
IOP, ONH and circulation parameters were analyzed by the
Spearman’s correlation analysis. Intra-visit reproducibility
was analyzed by a single user comparing three measurements
of D obtained from a series of three images of the ONH
vasculature for each subject and expressed as the ratio
between standard deviation (SD) and mean of repetitive
measurements. Mean and standard deviation of all image
series on each subject calculated by averaging the values of
the entire sample were used for the coefficient of variation
(COV) of D (SD/mean ×100). The COV for the three scans
was calculated in the same way using the single scan
examination. According to the glaucoma staging system GSS
classification, patients were classified in 2 groups: early (20
patients) -and advanced (16 patients)- stage glaucoma. In the
early group, the only parameter that significantly differed was
the cup-disc area ratio, which was higher with respect to
healthy and lower than advanced cases (Table II). In the
advanced group, cup area, cup-disk area ratio and linear cup-
disc ratio were significantly higher, whereas the rim area and
volume, nerve fiber layer thickness and cross-sectional area
were lower when compared to healthy subjects. Maximum
cup depth was significantly deeper and cup shape measure
was less negative in advanced glaucoma than in healthy.
Lastly, disc area, cup volume, mean cup depth, and the
standard deviation of the calculated mean topography of the
optic disc were not significantly different between glaucoma
groups and healthy subjects. The analysis of ONH deep
microvasculature showed that, in healthy eyes, the dimension
D of the linearized vascular pattern had no integer dimension

and ranged from 1.62 to 1.75 (mean=1.68±0.04) (Table II).
These data were significantly different only in ONH
vasculature of advanced glaucoma that showed a significant
lower D (p<0.001) ranging from 1.45 to 1.70
(mean=1.56±0.07). The linearized image of ONH
microvasculature also revealed a self- similarity at different
resolution scales as suggested by the highly linear regression
slope of the box-counting plot of the logarithm of N(r) versus
the logarithm of r either in healthy (r2≥0.89) or in early and
advanced glaucoma (r2≥0.84 and ≥0.77, respectively). When
considering the relation between fractal dimension of ONH
vasculature, circulation parameters, IOP, age or refractive
errors, no significant correlation was found either in healthy
subjects and in glaucomatous patients. Conversely, D of ONH
microcirculation was significantly correlated with the cup-
disk area ratio in both glaucomatous groups (r=–0,834 and -
0.654, respectively), whereas linear cup-disk ratio (r=–0.784),
cup shape measure (r=–0.638) and nerve fiber layer thickness
(r=0.788) were significantly correlated only in patients with
advanced glaucoma (Table III). In controls, none of the
stereometric variables of ONH were correlated with the D of
microcirculation. The intra-visit reproducibility of the
method, measured by averaged COV of D, was good and
presented values of 3.8% and 3.5% in healthy and all
glaucomatous eyes, respectively.

Discussion 

Fractal analysis measures the degree of geometric
complexity of the ONH microvascular network using a single
measure known as the fractal dimension (D). In the present
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Table I. Demographics and clinical characteristics.

Early POAG Advanced Control 
group POAG group group

Age (years±SD) 56±5.2 55±4.4 58.2±4.5
Gender (M/F) 11/9 9/7 10/8
SE error (diopters±SD) 0.4±0.6 0.3±0.7 0.2±0.7
IOP (mmHg±SD) 16.89±1.3 17.3±1.0 17.1±1.2
MD (dB±SD) –2.3±2.5b -8.3±4.2a -0.6±1.1
PSD (dB±SD) 3.3±2.6b 6.7±3.6a 1.5±0.9
Mean duration of 
disease (years±SD) 3.5±0.8 3.7±2.0 NA

SBP (mmHg±SD) 130.3±5.3 134.4±6.4 132.3±7.8
DBP (mmHg±SD) 79±4.8 76.3±5.0 80.8±7.0
HR (beats/min±SD) 65±3.5 67.2±5.5 69.5±6.8

POAG, primary open angle glaucoma; SD, standard deviation; M, male;
F , female; SE, spherical equivalent; IOP, intra-ocular pressure; MD,
mean deviation; PS D, pattern standard deviation; SBP, systolic blood
pressure; DBP, diastolic blood pressure; HR, heart rate; NA, not
applicable; a, p<0.05 versus Early and Controls; b, p<0.05 versus
Advanced and Controls.



study, we evaluated the in vivo ONH microvasculature
showing that morphologic assessment of the vessel pattern
of the lamina cribrosa provides valuable information
concerning changes in circulation within the rim area or the
peri-papillary retina in patients with glaucoma. The main
result was a significant lower stage of complexity of the
vascular bed of the lamina cribrosa, mainly in advanced
compared to early glaucoma or healthy subjects. The fractal
dimension does not uniquely characterize the shape of the
fractal object. It can be considered a measure of how the
fractal object fills space. Since the fractal dimension
decreases when the complexity of the object that fills the
space decreases, a disease affecting the microvasculature

system either directly or consequentially to nerve fiber tissue
loss could lead to a reduction of the fractal dimension of the
ONH vascular pattern. 

In the present study, the dimension of the vascular tree
and some ONH stereometric parameters indices of
glaucomatous damage correlated in eyes with POAG. These
findings suggest a relationship between the structural
damage of the ONH, as measured by the HRT, and the
reduced capillary bed at the site of lamina cribrosa, as
measured by D. However, with the exception of the cup-disc
area ratio, no significant differences were found between
healthy controls and a early-stage of the disease. This could
be due to a very initial stage of glaucoma in patients of early
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Table II. Stereometric parameters and fractal dimension (D) of vascularized pattern of deep circulation of the optic nerve head (ONH).

Early POAG group Advanced POAG group Control group

Disc area 2.30±0.17 2.29±0.16 2.33±0.28
Cup area 1.08±0.12 1.23±0.14a 1.07±0.18
Rim area 1.25±0.24 1.06±0.22a 1.28±0.30
Cup volume 0.34±0.02 0.36±0.04 0.33±0.01
Rim volume 0.26±0.05 0.21±0.04a 0.27±0.07
Cup-disc area ratio 0.49±0.03b 0.54±0.07a 0.45±0.08
Linear cup-disc ratio 0.63±0.05 0.74±0.07a 0.64±0.07
Mean cup depth 0.35±0.02 0.37±0.04 0.35±0.03
Maximum cup depth 0.64±0.06 0.73±0.09a 0.63±0.08
Cup shape measure –0.16±0.12 –0.06±0.02a –0.16±0.16
Height variation contour 0.33±0.08 0.31±0.07a 0.34±0.09
Nerve fiber layer thickness 0.25±0.03 0.17±0.05a 0.26±0.04
Nerve fiber layer cross-sectional area 1.18±0.2 0.87±0.19a 1.21±0.18
Standard deviation of topography 18.30±2.89 18.25±3.46 17.30±4.99
D of linearized vascular pattern 1.65±0.06 1.56±0.07a 1.68±0.04

POAG, Primary open angle glaucoma; ONH , optic nerve head; D, fractal dimension; a, p<0.05 versus Early and Controls; b, p<0.05 versus Controls.

Table III. Correlation for fractal dimension D of vascularized patterns of deep circulation and stereometric parameters of glaucomatous optic nerve
head (ONH).

r early glaucoma group r advanced glaucoma group p-Value

Disc area 0.245 0.347 0.269
Cup area –0.198 –0.400 0.197
Rim area 0.260 0.322 0.307
Cup volume –0.120 –0.178 0.579
Rim volume 0.230 0.302 0.296
Cup-disc area ratio –0.654 –0.834 0.001a

Linear cup-disc ratio 0.340 –0.784 0.003b

Mean cup depth 0.223 0.345 0.273
Maximum cup depth 0.243 0.321 0.234
Cup shape measure –0.345 –0.638 0.026b

Height variation contour 0.002 –0.031 0.924
Nerve fiber layer thickness 0.345 0.788 0.002b

Nerve fiber layer cross-sectional area 0.089 0.145 0.652

r, Spearman correlation analysis; ONH=optic nerve head; a, p=0.001 in both groups; b, p<0.05 in advanced glaucoma group.



group (MD=–2.3±2.5) where the vascular tree of the lamina
cribrosa do not show evident modification induced by
disease. The changes in the vessel architecture of lamina
cribrosa in glaucoma may be intended as a marker of the
pathologic process and/or a contributory factor in the
pathogenesis and progression of the disease. Moreover,
differences of the capillary bed structure found in POAG do
not seem to be influenced by the anatomic features of the
disk, as demonstrated by the lack of a significant relation
between disk diameter, cup size and vessel structure both in
healthy subjects and in glaucomatous patients. Thus, the
inter-individual ONH anatomic differences cannot be
considered a factor that leads to different anatomic vascular
pattern. In other words, the changes of vascularization of
lamina cribrosa in glaucoma are more likely due to tissue
remodeling induced by disease than expression of the inter-
individual variability of ONH morphology. This is
consistent with the results of a previous study, which
reported a significant correlation between ONH blood flow
reduction and perimetric functional damage (6). These
findings also appear to be in accordance with those reported
by Quigley et al. (21, 22) and Jonas et al. (23) who
described the backward bowing and compression of the
laminar plates as important steps for the onset and
progression of glaucomatous cupping. Subsequently,
Burgoyne et al. (24) proposed a framework to consider the
ONH as a biomechanical structure and reported that laminar
capillary patency was markedly diminished in normal and
early perfusion- fixed glaucomatous monkey eyes following
moderate, short-term IOP elevations. Moreover, the results
of our study are in agreement with those of Plange et al.
(25) who found a significant relation between the extent of
fluorescein absolute filling defects of ONH superficial nerve
fiber layer and cup area, rim area, rim volume and cup-disc
area ratio in glaucomatous optic neuropathy. Although the
differences between our method and those of Plange are
relevant, particularly for the site of analysis (circulation of
rim vs. deep vascularization, respectively) and for the
devices used to assess the circulation (fluorescein
angiography vs. HRF, respectively), both suggested that the
quantitative impairment of ONH vascularization was a
hallmark most likely due to the tissue remodeling caused by
glaucoma. No relationship was found between fractal
dimension and age. The most possible explanation for this
result is the homoscedasticity of the variances among the
three considered groups. Although the clinical significance
of our findings remains to be determined, this study showed
the possibility of measuring microvasculature pattern of the
deep layer of ONH in vivo by means of HRF and non-
conventional fractal geometry. Moreover, the coefficient of
variation close to 3% for the entire sample showed a good
reproducibility of the method; these findings are in
agreement with those previously reported for the intra- and

inter-observer variability of the peripapillary retina blood
flow in healthy subjects (26) (2% for intra-observer and 6%
for inter-observer analysis). However, our method has
certain methodological concerns. Firstly, it is important to
underline that various local and systemic parameters are
responsible for the control and regulation of the different
components of ocular blood flow, such as metabolic
demands, blood nutrients, metabolic products, perfusion
pressure and blood gasses. Nevertheless, although these
parameters can modify vessel diameter and, consequently,
blood flow, they do not affect the ability of HRF to analyze
the vessel network. Since HRF uses a pattern detection
algorithm, it is able to identify well-anchored structures,
such as the walls of big vessels and capillaries greater than
30 m or moving objects like red cells. Its aptitude to
visualize the detailed perfusion map and vasculature features
is not influenced by the vessel diameter. Notably, HRF
analysis demonstrated that the anterior ONH capillary blood
flow responded to diurnal variation of mean ocular
perfusion pressure and IOP in healthy subjects and POAG
patients did not show significant diurnal change (27), thus
sustaining the efficiency of blood flow auto-regulation,
despite significant changes in IOP and perfusion pressure.
Secondly, since HRF provides a single analysis of 2.5×0.6 mm
it does not cover the entire surface of the lamina cribrosa
vasculature. Thirdly, a possible further limitation was that the
images considered in the analysis are 2-dimensional slices
of the lamina, which is indeed a three-dimensional structure.
However, HRF provides a two-dimensional map analysis of
vasculature created by a reconstructed image based on a
depth of penetration of scan, which varies between 300 and
400 μm when the laser beam is focused on the surface of
the tissue (28). This property permits scanning the entire
lamina cribrosa avoiding bias due to the analysis of single
layers at different depth. Thus, HRF allows scanning a
three-dimensional object as a two-dimensional structure.
Finally, almost 33% of the enrolled subjects had to be
excluded from the HRF analysis because of poor quality
images. This aspect, however, was in accordance with that
observed in previous studies where an exclusion range of
50-64% of glaucoma and control subjects were reported (5,
29-31). This was mainly justified by eye movement during
acquisition, which causes saccades in the images. 

In summary, we demonstrated the ability of a non-invasive
method to analyze the geometrical properties of the vascular
pattern of ONH. These results should be further confirmed
on a larger sample of subjects analyzing the long-term
reproducibility of the method and investigating the aspects
and modifications of glaucomatous ONH over time. 
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