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Glaucoma is a chronic and progressive eye disease that leads to irreversible damage to the optic
nerve and retinal nerve fiber layer, resulting in visual field loss. Abnormalities in retinal blood flow
and vascular regulation are increasingly recognized as key factors in glaucoma development. This
study explores the relationship between optic nerve head hemoglobin (ONH Hb) levels, assessed
through automated colorimetric analysis using Laguna ONhE software, and structural and functional
parameters in glaucoma patients. The study included 57 glaucoma patients (89 eyes) and evaluated
correlations between ONH Hb levels, retinal nerve fiber layer thickness (RNFLT), ganglion cell layer
thickness (GCLT), foveal avascular zone (FAZ) metrics, and visual field indices. Results showed
significant correlations between ONH Hb levels and visual field mean defect, RNFLT, and GCLT,
highlighting the potential of ONH Hb as a non-invasive marker for glaucoma-related structural
changes. The findings suggest that ONH Hb assessment could serve as a practical and cost-effective
tool for glaucoma diagnosis and monitoring, particularly in settings where advanced imaging
technologies like OCT and OCTA are less accessible. This study underscores the importance of vascular
factors in glaucoma and supports the use of ONH Hb evaluation as a complementary approach to
traditional diagnostic methods.
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Glaucoma is a chronic, progressive and potentially blinding eye disease that causes irreversible damage to the
optic nerve rim and retinal nerve fiber layer (RNFL) leading to visual field defects'. Despite the availability of
the diagnostic and therapeutic options, many patients remain undiagnosed or continue to experience disease
progression®. Impairment of ocular blood flow may play a significant role in the prevalence and development of
glaucoma®=>. Techniques such as optical coherence tomography angiography (OCTA) have been developed to
measure vascular integrity and blood flow®.

The idea that tissue perfusion and oxygenation and hemoglobin (Hb) levels are related has been examined in
earlier research’. Well-perfused tissues exhibit adequate Hb levels, while lower levels are associated with tissue
loss®. Impaired blood flow, leading to tissue hypoxia, has been associated with retinal ganglion cell loss®!°. In
the optic nerve head (ONH), the levels of hemoglobin indicate the vascular supply that supports the axons of
retinal ganglion cells and glial cells®. Macular damage and optic nerve lesion staging are linked in glaucoma, with
nerve loss often corresponding to macular ganglion cell damage!!'~!3. Vascular changes in the macula, common
in glaucoma, may indicate broader blood flow issues'*!°. Therefore, studying optic nerve head hemoglobin via
could provide insights into these vascular and structural changes.

A straightforward technique to measure hemoglobin levels in the optic nerve head (ONH) involves evaluating
standard retinography using automated colorimetric analysis with using software Laguna ONhE!®""°. Some
studies have demonstrated that lower levels of optic nerve head hemoglobin (ONH Hb) are found in patients
with established glaucoma, along with high reproducibility results, good diagnostic capability, and diagnostic
agreement with other morphologic procedures, both in glaucomatous and nonglaucomatous eyes®'¢22L, Deep
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learning methods for the segmentation of optic nerve edges were incorporated to facilitate its use and improve
its reproducibility®.

Considering all the aforementioned aspects, the purpose of this present study was to evaluate the structure/
structure and structure/function associations using levels of ONH Hb, assessed by automated colorimetric
analysis, and RNFL thickness (RNFLT), ganglion cell layer thickness (GCLT), central macular vessel density
(VDm), foveal avascular zone (FAZ) metrics (area, perimetry and circularity) and visual field indices (Mean
defect and Mean sensitivity) in glaucoma subjects.

Materials and methods

Study population

This cross-sectional study of glaucoma subjects was approved by the Ethics Committee of Federal University
of Sdo Paulo (Ethics Committee Approval Number: 35713820.2.0000.5505) and was conducted in accordance
with the tenets of the Declaration of Helsinki. Written informed consent was obtained from all participants.
Glaucomatous subjects were recruited from glaucoma division from Ophthalmology and Visual Sciences
Department at Federal University of Sao Paulo. Patients with glaucoma were enrolled in the study based on
clinical findings consistent with glaucomatous optic neuropathy, such as vertical cup-to-disc ratio>0.6,
asymmetry of cup- to-disc ratio > 0.2 between eyes, and presence of localized RNFL or neuroretinal rim defects
corresponding to abnormal visual field (VF) in standard automated perimetry (SAP) in the absence of any other
abnormalities that could explain the findings on fundus examination?2. Abnormal visual field was defined as
follows?: (1) outside normal limit on glaucoma hemifield test or (2) three abnormal points with P less than
5% probability of being normal or one abnormal point with P less than 1% by pattern deviation, or (3) pattern
standard deviation (PSD) of 5% if the VF was otherwise normal, confirmed by two consecutive tests. A VF
measurement was considered to be reliable when false-positive results were less than 15%, false-negative results
were less than 15% and fixation losses were less than 20%. There was no washout period before the exams due
to the severity of the glaucomatous damage. IOP was recorded while the patients were using their antiglaucoma
medications and was measured on the day of the exams.

All participants underwent a comprehensive ophthalmic examination, which included assessment of visual
acuity, IOP measurement by Goldmann applanation tonometry, slit lamp examination of the anterior segment,
fundoscopy, gonioscopy, axial length measurement by optical (IOL Master 500, Carl Zeiss Meditec, Dublin, CA)
and swept-source OCT and OCTA (DRI OCT Triton, Topcon Inc, Tokyo, Japan) examination. We used the same
DRI OCT instrument to perform OCT and OCTA scans. Patients underwent standard VF examination by the
static automated white-on-white Macular and G Program (Octopus 900, Haag-Streit, AG, Koeniz, Switzerland).

Exclusion criteria included the following: (1) participants aged under 18 years and older than 80 years;
(2) a spherical equivalent within +3 to —6 diopters; (3) best corrected visual acuity>1.0 logMAR; (4) non-
glaucomatous optic neuropathy and retinopathy, previous or active uveitis, hypertensive retinopathy, diabetic
retinopathy, age-related macular degeneration, pathological myopia with epiretinal membrane, macular hole,
retinal detachment or ocular trauma; (5) neurodegenerative diseases such as Parkinson’s or Alzheimer’s diseases,
(6) history of stroke; (7) any other known disease that may cause optic neuropathy, retinopathy or VF loss; (8)
an unreliable VF; (9) poor-quality OCTA scans as described later.

OCT and OCT-A imaging acquisition

All subjects were examined using the macular 4.5x4.5 mm scanning protocol (DRI OCT Triton; Topcon
Corporation, Tokyo, Japan). Topcon OCTA instrument uses a wavelength of 1050 nm with A-scan rate of
100,000 scans per second. The instrument produces maps using OCTA ratio analyses (OCTARA), which is an
amplitude-decorrelation ratio-based algorithm?*. The system automatically divided the macula into four layers,
and the selected layer was superficial retinal capillary plexus (SCP). The SCP is defined as from the inner border
of the retinal nerve fiber layer to 15.6 pm from the boundary between the inner plexiform layer and the inner
nuclear layer. FAZ, VDm, mean RNFLT and mean GCL + thickness (mean GCLT) were evaluated using Triton
OCTA. VDm, mean RENLT and mean GCLT were automatically measured by OCTA. Vascular parameters
were: FAZ area, perimeter and circularity as also VDm. Structural parameters were mean RNFLT and mean
GCLT.

OCT-A images with poor image quality or significant image artifacts were excluded before the quantitative
analysis, including: (1) image quality score less than 40, (2) inaccurate segmentation of tissue layers, (3) motion
artifacts (e.g., vessel discontinuity) or slabs, (4) blurry images, (5) poor centration or (6) signal loss (e.g., due to
eye blinking).

OCT-A imaging processing: FAZ segmentation and quantification

The area was defined as the size of the segmented FAZ region, and the perimeter was determined by the length of
the FAZ contour. The circularity was then calculated as an index using the formula where circularity = 4m (area/
perimeter?), indicating the compactness of shape relative to a circle. A ratio closer to 0 indicates a more irregular
shape far away from a circle?®. In Image], the measurement results were shown in pixel units. Because the images
for the 4.5 mm X 4.5 mm protocol exported from the OCT were 719 x 719 pixels, the unit of pixel was converted
to millimeters at a ratio of 719 to 4.5.

The Level Sets Macro (LSM) was used as it LSM exhibited greater accuracy and reliability compared to the
KSM and inbuilt automated methods?. It is a plugin utilizing the theory of partial differential equations that
can progressively compare pixel differences with neighboring pixels and converge at the boundary where the
differences are the highest (available at https://imagej.net/Level_Sets). After importing the 8-bit grayscale image
into Image], inserting an oval to act as an initial seed inside the FAZ is required before running the program
(Fig. 1a). The shape and the size of the initial seed are not particularly important, but it is essential that the seed
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Fig. 1. Procedure for FAZ segmentation by the LSM. (a) An initial seed at the center of the FAZ is required.
(b) After running the LSM, the contour advances and can be viewed in the processing window. (c) When it hits
the boundary, the FAZ segmentation is finished.

be entirely inside the FAZ, preferably located at the center of the FAZ. Based on the optimized parameters, the
contour advances and can be viewed in the progress window (Fig. 1b). When the contour hits the boundary,
segmentation of the FAZ is finished (Fig. 1¢). Finally, the LSM automatically measures and outputs the FAZ
metrics (area, perimeter, and circularity)®.

The parameters of the LSM were optimized as follows. The Active Contours method was chosen for the LSM
rather than Fast Marching because the latter method is prone to leaking, especially when there is a gap at the
FAZ boundary. This program advances the contour like a rubber band, with the strength being controlled by
the nature of the curvature. The convergence serves as the convergence criterion and compares the changes in
contour between two iterations. We used the grayscale of 30 as it performed better compared to other values?

The area (Alma ) calculated using Image] were adjusted for ocular magnification considering axial length
of each eye. The aé]usted FAZ area (A, djuste 4 (in mm2) was then calculated as follows: A, diusted Alma - (ALs/
ALm)? where ALs is the axial length of the subject in mm, and ALM is the axial length assumed for the model
eye by the manufacturer (24.39 mm) (DRI OCT Triton, Topcon Inc, Tokyo, Japan).

Visual field assessment

Octopus 900 (Octopus 900, Haag-Streit, AG, Koeniz, Switzerland), white-on-white perimeter was used to
evaluate VF of glaucoma patients. G and Macular program were used. The G program has a physiology-based
grid of 59 test locations within the central 30 degrees. Locations are clustered more closely together centrally (2.8
degree spacing) with five central foveal locations and 17 test locations in the macular region. Locations are spaced
further apart peripherally with emphasis on locations in nasal step regions and with more test locations nasally
than temporally. Macular program consists in 45 points one degree spacing in the fovea (central 4 degrees)
and 36 points radially oriented from 4 to 10 degrees. Goldmann size III stimuli against a photopic background
luminance of 31.4 apostilbs (10 cd/m?), TOP strategy, white-to-white, were used. A VF measurement was
considered to be reliable when false-positive results were less than 15%, false-negative results were less than 15%
and fixation losses were less than 20%. VF variables analysed were mean defect (MD) and mean sensitivity (MS).

Color fundus imaging processing

The color fundus retinography was analysed by Laguna ONhE software. A detailed description of the use of the
program has been published'®. In brief, Laguna ONhE utilizes conventional fundus photographs to quantify the
ONH Hb level. The software evaluates three spectral components of ONH images: red, green and blue. The red
component is linked to ONH areas with high Hb concentration. Conversely, regions with low Hb content reflect
a smaller proportion of red light compared to green and blue components. The analysis of various formulas,
which are determined by the reflected levels of red, green, and blue light, exhibited an almost linear relationship
with the Hb level'®. The limits of Bruch’ s membrane was not taken into account to delimit the edges of the ONH
when using the Laguna ONhE program. However, the automatic edge identification algorithms used by this
program take into account the experience accumulated in other studies in which the photographic images were
adjusted with the ONH edges delimited by OCT?.

The technique employs multiple convolutional neural networks to detect the optic nerve and its boundaries,
locate the inner edge of the Elschnig scleral ring, assess the image quality, determine the eye’s laterality, segment
the vessels, and analyze their patterns. The deep learning neural network responsible for evaluating image
quality is programmed to exclude abnormal optic discs, such as myelin fibers within the optic disc, myopic
gyrate atrophies, optic disc edema, and colobomas!'®!%2°. Other algorithms play a crucial role in identifying
whether an image has been enlarged and in estimating the areas of the disc, cup, and rim sectors. The nerve
tissue is also evaluated through colorimetry against the vessels of the central retinal artery and its vein branches,
which are utilized as a benchmark. The relationship established between these components aids in estimating
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the presence of hemoglobin in various regions of the optic disc. Additionally, the relationships between the
size and shape of the cupping, adjusted for the optic disc size, along with other factors such as the presence of
peri-papillary atrophies, are integrated into two principal indices: the globin or glaucoma discriminant function
(GDEF), where the deep learning classifier for glaucoma versus normal conditions exerts considerable influence,
with a range of approximately — 100 to + 85 units, and the globin individual pointer (GIP), which focuses more
on the specific characteristics of the individual’s nerve, allowing for the detection of temporal changes due
to its superior reproducibility, with a range of around —100 to +100%°. When inputting PSD or sLV (square
root of loss variance) data, it generates a GDF PSD index. GDF glaucoma when the value is below — 15 with
a specificity of 99%27. The method shows excellent intraobserver, interobserver, within-session and between-
session reproducibility in pseudophakic patients with and without glaucoma along with high interanalysis
reproducibility when performed by a masked examiner®?%%’.

The optic disc size is automatically measured using deep learning-based segmentation of retinal images?’-.
A neural network (U-Net) precisely identifies the disc boundaries by detecting Elschnig’s scleral ring, achieving
excellent accuracy (as evidenced by a Serensen-Dice similarity index of 0.993 when compared to manual
segmentations, demonstrating near-perfect agreement with human expert delineations)?”?%. The area is calculated
by counting pixels within these boundaries and converting them to mm? using a standardized reference (median
1.95 mm? from OCT data)?”?%. This method accounts for different cameras and zoom levels while maintaining
high consistency (average 0.01 mm?® variation between devices)?”?%. Though it doesn’t adjust for refractive
errors, it reliably classifies discs as small or large relative to population norms?”?%. The measurements show
strong correlation (R=0.953) with OCT-based tissue thickness when combined with hemoglobin perfusion
analysis?”?%, Validated with good reproducibility (ICC 0.984), this automated approach provides standardized
disc size measurements valuable for glaucoma diagnosis and large-scale studies, integrating well with other
diagnostic parameters for comprehensive optic nerve assessment?”%,

Figure 2 demonstrates an example of a patient with glaucomatous ONH and the respective pseudo-images
indicating the Hb levels. The software provides an index called GDE, which combines the results of total Hb
and relative Hb obtained in various sectors of the optic nerve to differentiate between glaucoma and normality.
This index divides the ONH into 3 concentric rings, each divided into 8 parts, totaling 24 sectors!®. GDF which
combines the Hb slope, obtained through multiple regression analysis of Hb estimated for each sector with
the mean Hb amount determined in the vertical disc diameter, in sectors 8 and 20. ONH Hb is expressed as
a percentage (%). GDF is expressed as a whole number from +75 to -90. It describes the probability that the
optic nerve disc shows an Hb amount within the normal range (positive values) or in the range consistent with
glaucoma (negative values). The relationship is therefore direct such that the further the GDF from zero in either
direction, the greater the likelihood will be that the disc belongs to one or the other diagnostic groups®.

The outer ring mostly aligns with the neuroretinal rim, the central ring corresponds to the transition area,
which may include the neuroretinal rim and cupping, and the inner rim mainly comprises the cup area. As with
other imaging techniques used in glaucoma diagnosis, this alignment can be more difficult in tilted discs. On
the basis of colorimetric analysis of the papilla, it is known that both in control individuals and in patients with
glaucoma, Hb levels are greater in the more peripheral sectors, that is, in the outer ring. The middle ring tends to
show a lower amount of Hb than the outer ring, and the innermost ring features the least amount of Hb. In other
words, tissue Hb levels diminish from the disc periphery towards the center such that the difference between
peripheral and central Hb levels can be calculated. By determining color changes in the central disc zone, the
software estimates the cup and cup-disc ratio®.

All images that did not pass the quality control of the Laguna ONhE program or images of poor quality due
to media opacity or inadequate focus were excluded.

Statistical analysis

The Shapiro-Wilk test was used to evaluate the distribution of the variables. Among those included in the
regression model, only the variables related to the visual field were not normally distributed. A regression
analysis using mixed linear models was performed to account for the dependence between the two eyes of
the same patient. In this model, the patient was included as a random effect, allowing the natural correlation
between intra-individual ocular measurements to be considered and enabling more accurate estimation of
the fixed effects of interest. The results are presented as R? values, similar to those used in conventional linear
models. Univariate and multivariate analyses were performed.

Laguna parameters (GDE, GIP and GDF PSD) were treated as dependent variables, while RNFLT, FAZ
metrics, VDm and GCLT were considered independent variables for structure/structure analysis. For structure/
function analysis VF parameters (MD for G program (MDg), MD for Macular program (MDm) and MS
for Macular program (MSm)) were the dependent variables, with RNFLT, FAZ metrics, VDm and GCLT as
independent variables.

All statistical analysis were performed using the available software IMB SPSS Statistics version 29.0.2.0. and
JAMOVI (version 2.4.7.0). The alpha level (type I error) was set as 0.05.

Results

89 eyes of 57 glaucoma patients (30 female and 27 male) were included in this study. The mean age was
66.67 £7.49 years old. The mean MDg was 7.91 +7.18 dB. The mean of GDE GIP, GDF PSD, MDm, GCLT and
NFL thickness and FAZ parameters were described in Table 1.

For function/structure analysis, significant associations were found between Laguna ONAE parameters and
visual field indices. MDm was significantly correlated with GDF (p <0.001; R?=0.117), GDF PSD (p<0.001;
R%=0.170) and GIP (p=0.002; R>=0.104). MSm was significantly associated with GDF (p<0.001; R>=0.116),
GDF PSD (p<0.001; R>=0.171) and GIP (p=0.002; R*=0.103). MDg was significantly correlated with GDF
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Fig. 2. Example of Laguna ONAE analysis: (a) Original wide-field eye fundus image. (b) Identification of
the optic disc and boundaries segmentation. Central cup estimated from the hemoglobin distribution. (c)
Estimated sector areas as a percentage of the total area and compared to a normal reference population. (d)
Segmentation of reference vessels and pseudo-color image of hemoglobin distribution.

(p<0.001; R?=0.212), GDF PSD (p<0.001; R?=0.339) and GIP (p<0.001; R?=0.167). sLV of M program was
significantly associated with GDF (p<0.001; R?=0.233), GDF PSD (p<0.001; R?=0.414) and GIP (p<0.001;
R?=0.164). sLV of G program was significantly associated with GDF (p <0.001; R>=0.237), GDF PSD (p <0.001;
R?=0.603) and GIP (p<0.001; R?=0.174). For structure/structure analysis, significant associations were found.
Mean GCLT was significantly correlated with GDF (p<0.001; R>=0.173), GDF PSD (p<0.001; R>=0.187) and
GIP (p<0.001; R>=0.200). Mean RNFLT was significantly correlated with GDF (p<0.001; R*=0.386), GDF
PSD (p<0.001; R?=0.498) and GIP (p<0.001; R®=0.319). VDm did not show significant correlation with
GDF (p=0.695; R?=0.002), GDF PSD (p =0.454; R?=0.006) and GIP (p=0.981; R>=0.000). FAZ area was only
significantly associated with GIP (p=0.017; R*=0.078). FAZ perimeter was not significantly correlated with
GDF (p=0.182; R2=0.020), GDF PSD (p=0.333; R2=0.009) and GIP (p=0.107; R2=0.029). FAZ circularity
did not show significant correlation with GDF (p=0.267; R?=0.014), GDF PSD (p=0.431; R?=0.007) and GIP
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Glaucoma patients (n=57)

Mean+SD
Age (years) 66.67+7.49
Sex (male) 27
GIP (Laguna ONhE) —45.7+429
GDF (Laguna ONhE) -39.7£31.0
GDF PSD (Laguna ONhE) | -32.2+17.8
Axial length (mm) 23.6+£1.18
Mean MDm (dB) 5.59+6.26
Mean MDg (dB) 7.91+7.18
sLV M program (dB) 4.03+£2.36
sLV G program (dB) 4.48+2.01
Mean central GCLT (um) 56.30+6.95
Mean RNFLT (um) 75.60+22.90
Mean central VDm (%) 12.9+0.89
Mean FAZ area (mm?) 0.431+0.159
Mean FAZ circularity 0.387+0.130
Mean FAZ perimeter (mm) | 4.02+1.1

Table 1. Clinical characteristics of the study sample. GDF glaucoma discriminant factor, GDF PSD glaucoma
discriminant factor + patterns standard deviation, GIP globin individual pointer, MDm mean defect of macular
program, MDg mean defect of G program, sLV square root of loss variance, GCLT ganglion cell layer thickness,
RNFLT retinal nerve fiber layer thickness, FAZ foveal avascular zone, VDm macular vessel density.

GDF GDF PSD GIP

R? Pvalue | R? Pvalue | R? Pvalue
MDm (dB) 0.117 | <0.001 |0.170 | <0.001 |0.104 | 0.002
MSm (dB) 0.116 | <0.001 |0.171 | <0.001 | 0.103 0.002
MDg (dB) 0.212 | <0.001 |0.339 | <0.001 |0.167 | <0.001
sLV (M program) 0.233 | <0.001 | 0.414 | <0.001 |0.164 | <0.001
sLV (G program) 0.237 | <0.001 |0.603 | <0.001 | 0.174 | <0.001
VDm (%) 0.002 | 0.695 |0.006 | 0.454 |0.000 | 0.981
Mean GCLT (um) 0.173 | <0.001 |0.187 | <0.001 |0.200 | <0.001
Mean RNFLT (um) 0.386 | <0.001 | 0.498 | <0.001 |0.319 | 0.001
FAZ area (mm?) 0.046 | 0.069 |0.029 | 0.136 |0.078 | 0.017
FAZ perimeter (mm) 0.020 | 0.182 |0.009 | 0.333 |0.029 | 0.107
FAZ circularity 0.014 | 0.267 |0.007 | 0.431 |0.001 | 0.744
Brusini’s staging system | 0.270 | <0.001 |0.469 | <0.001 |0.196 | 0.002

Table 2. Correlations between Laguna ONhE parameters and functional and structure parameters. GDF
glaucoma discriminant factor, GDF PSD glaucoma discriminant factor + pattern standard deviation, GIP globin
individual pointer, MDm mean defect of macular program, MSm mean sensitivity of macular program, MDg
mean defect of G program, sLV square root of loss variance, VDm macular vessel density, GLCT ganglion cell
layer thickness, RNFL retinal nerve fiber layer thickness, FAZ foveal avascular zone.

(p=0.744; R2=0.001). Brusini's staging system was significantly correlated with GDF (p<0.001; R?=0.270),
GDF PSD (p<0.001; R2=0.469) and GIP (p=0.002; R>=0.196). All the associations were described in Table 2.

Discussion

Comprehensive understanding of the structure-function and structure-structure relationship in individuals
with glaucoma is crucial for accurate diagnosis and effective disease management®>*°. Increasing attention has
been paid directed toward the role of abnormal intraocular blood flow and impaired vascular regulation in the
development and progression of various types of glaucoma’!-3. The advancements in OCT and OCTA imaging
technology have significantly contributed to the objective evaluation of structural changes*>*¢. Nevertheless, the
application of OCT and OCTA may be constrained in specific clinical cases due to intrinsic ocular features or
technical obstacles (tilted discs, advanced glaucoma, peripapillary atrophies, or high myopia)*’~*. Moreover,
their elevated cost hinders universal application for a disease with such high prevalence?®*!. It is therefore
important to assess the cost/benefit ratio of diagnostic and monitoring methods, and methods less influenced
by anatomic variables*.
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Laguna ONhE is a noninvasive method that is not expensive to measure hemoglobin levels as it is performed
on retinal photographs and thus only a fundus camera is needed’. Previous studies have demonstrated that
this method has good sensitivity and specificity?*>?¢42, Meneses et al.** reported that GDF yielded 79.3%
sensitivity at a fixed specificity of 95% (p <0.001, AUC 0.93). Mendez-Hernandez et al.” evaluated Laguna ONhE
parameters and obtained all ICC values above 0.8 indicating good reproducibility. Therefore, evaluate Laguna
ONhE indices and its correlations may play an important role in glaucoma diagnosis and progression. In our
study, we found a significant correlation between Laguna ONE parameters and perimetry field indices (MDm,
MSm and MDg). Regarding structure/structure evaluation, Laguna ONhE indices were significantly correlated
with mean GCLT and mean RFNLT. In addition, FAZ area was significantly associated with GDE, GDF PSD and
GIP. FAZ perimeter and FAZ circularity were not significantly correlated with GIP, GDF and GDF PSD. Figure 3
demonstrates exams of a glaucoma patient from our study.

Limited data in the literature exist regarding structure-structure correlations using Laguna ONhE
indices'®!7-22243 In our study, mean RFNL were significant moderate correlated with GDF (R?>=0.386,
p<0.001) and GDF PSD (R?=0.498, p<0.001). We also found that mean GCLT was significantly correlated
with GDF (p<0.001; R?=0.173), GDF PSD (p<0.001; R®=0.187) and GIP (p <0.001; R2=0.200). The literature
is consistent with our results. Rocha et al.?? found significant linear correlation between GDF and RNFLT values
(R?=0.195, p<0.001). Gonzalez-Hernandes et al.'” observed that GDF index had a very high correlation with
the mean thickness of the RNFL (R2=0.85, p<0.001) and the thickness of the neuroretinal rim in the ONH
itself (R?=0.81, p<0.001) and also found a significant correlation between anatomical damage (RNFL thickness)
and hemoglobin content in specific sectors of the ONH. Gonzalez de la Rosa et al.'® and Mendez-Hernandez et
al.?!, demonstrated a significant association between the GDF index and OCT parameters along with perimetry
results (p<0.001). Mendez-Hernandez et al.?! also observed that the correlations between GDF and RNFLT
values for the nasal and temporal quadrants were low while higher correlation was observed at the vertical
meridian (GDF showed greatest correlation with RENLT in the inferior sector, R2=0.622; p<0.001). This could
be due to the important role played by the vertical disc quadrants in glaucoma as the GDF is based on Hb levels
in these sectors?!. Regarding vascular parameters, the only significantly association was found between FAZ
area and GIP (p=0.017; R?=0.078). VDm did not show significant correlation with GDF (p=0.695; R?=0.002),
GDF PSD (p=0.454; R2=0.006) and GIP (p=0.981; R?=0.000). Mendez-Hernandez et al.** found significant
correlations between vessel density measured by OCTA and GDE They found significant moderate correlation
between GDF and circumpapillary vessel density (p=<0.001; R?=0.570), GDF and optic nerve head vessel
density (p=<0.001; R2=0.574), and GDF and macular vessel density (p=<0.001; R?=0.397).

Studies have shown structure-function association between Laguna ONhE and visual field mean deviation.
In our study, MDm was significantly correlated with GDF (p <0.001; R?=0.117), GDF PSD (p<0.001; R2=0.170)
and GIP (p=0.002; R?=0.104). MSm was significantly associated with GDF (p<0.001; R*=0.116), GDF PSD
(p<0.001; R2=0.171) and GIP (p=0.002; R*=0.103). MDg was significantly correlated with GDF (p<0.001;
R?=0.212), GDF PSD (p<0.001; R?=0.339) and GIP (p<0.001; R?=0.167). sLV of M program was significantly
associated with GDF (p<0.001; R*=0.233), GDF PSD (p<0.001; R?=0.414) and GIP (p<0.001; R?=0.164).
sLV of G program was significantly associated with GDF (p<0.001; R*=0.237), GDF PSD (p <0.001; R>=0.603)
and GIP (p<0.001; R>=0.174). The literature is consistent with our results. Rocha et al.?? observed significant
nonlinear and weak correlation between GDF and visual field mean deviation (VFMD) (R?=0.295, p<0.001).
Medina-Mesa et al.!” observed a linear moderate correlation between mean deviaton and the amount of Hb in
the superior and inferior sections of the rim (R?=0,401, p<0.001), and found a weak significant correlation
between GDF and VEMD (R?>=0,120, p<0.001). Gonzalez-Hernandez et al.2® found a significant correlation
between GDF and VFMD (p<0.001). Mendez-Hernandez et al.>! observed significant moderate correlation
in moderate glaucoma patients between VFMD and GDF (R2=0.314, P<0.05). Pena-Betancor'® et al. found
significant moderate correlation between ONH Hb and VFMD (R?=0.321, P<0.001) and between ONH Hb
and VF PSD (R?=0.321, P<0.148).

The pathological vascular mechanisms of glaucoma can explain our results***>~%”. Vascular dysfunction
has been related to the optic nerve glaucomatous lesion®*>. The impairment of blood flow with subsequent
tissue hypoxia, secondary to or independent from elevated intraocular pressure (IOP) in glaucoma, has been
associated with the pathogenic mechanisms that lead to optic nerve degeneration and retinal ganglion cells
loss®1%. Hemoglobin is the primary oxygen carrier in blood, and its concentration in tissues reflects perfusion
and metabolic activity*®. In the ONH, Hb levels are linked to the vascular supply supporting retinal ganglion
cell axons and glial cells®. Tissues with adequate perfusion demonstrate a good level of Hb, whereas low levels
occur in tissue loss®.

Thinning of the RNFL and GCL may also influence hemoglobin levels in the optic disc®*”. As ganglion cell
axons degenerate, metabolic demand decreases, potentially leading to reduced blood flow and, consequently,
lower hemoglobin concentration®*”. Bidirectional relationship implies that vascular insufficiency and
neurodegeneration may form a vicious cycle, exacerbating damage in glaucoma, causing RNFL and GCL
thinning, and visual field loss**->%. The relationship between localized visual field defects and corresponding
retinal nerve fiber layer loss is well established®>>%, the cause-effect relationship of retinal blood flow and
neuronal dysfunction is difficult to prove®.

In our study, the significant associations between ONH HB levels (via GDF/GIP indices) and structural
(RNFLT and GCLT) and functional parameters (MD and MS) support that lower Hb correlates with RNFL
and GCL loss and VF defects, reinforcing the link between perfusion and neural tissue viability®>°1:%, We
acknowledge that Laguna ONhE does not directly measure neural tissue but may infers its health via colorimetry
analysis. Our data and cited literature support that Laguna ONhE measures a vascular biomarker (Hb) related
to neural tissue integrity, offering a clinically relevant, indirect measure of glaucomatous damage. Determining
the strength of structure-function relationships in glaucoma with different methods of structural and functional
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Fig. 3. Example of a patient with glaucoma. (a) Retinography. (b) OCTA - FAZ. (¢) Macular vessel density.
(d) FAZ area segmentation. (e) Octopus Visual Field G Program threshold sensitivities. (f) Octopus Visual
Field Macular Program threshold sensitivities. (g) Segmentation of reference vessels and pseudo-color image
of hemoglobin distribution. (h) Estimated sector areas as a percentage of the total area, and compared to a
normal reference population. (i) Ganglion cell layer + inner plexiform layer thickness (GCL+). (j) Peripapillary
retinal nerve fiber layer thickness.
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assessments has significant clinical implications?®. This not only helps in better understanding of structural
and functional progression in glaucoma but also in deciding appropriate diagnostic tests during the follow-
up in glaucoma patients?. Longitudinal studies are needed to determine whether Hb reduction precedes
structural loss (suggesting vascular insufficiency as a primary insult) or follows it (due to decreased metabolic
demand). Advanced multimodal imaging (e.g., combining OCTA and Laguna ONhE) could further elucidate
this relationship.

Based on our findings and existing literature, we support the use of optic nerve head hemoglobin (ONH
Hb) evaluation as a practical and accessible method for assessing structural damage in glaucoma, particularly
due to its strong association with vascular factors***7-%%, The selection of a glaucoma screening approach should
prioritize speed and cost-effectiveness to ensure broader population coverage®®!. The Laguna ONE program
delivers quantitative insights to the morphology of the optic nerve such as cup and rim area or cup-to-disc ratios
by using the hemoglobin distribution in 24 sectors of the nerve'®. Additionally, it enables the monitoring of
images, which can lead to a diagnosis if notable changes, even those at the edge of normality, are detected, and
facilitates the comparison of changes over the follow-up period®®+.

This study acknowledges several limitations and characteristics that require discussion. First, the findings
are specific to the population examined and cannot be generalizable to all types of glaucoma. Second, as a
cross-sectional study, it does not provide insights into the prognostic significance of the GDF index. Third,
the suboptimal relationship between structure and function observed in glaucoma is attributed to the varying
scales of assessment and the inherent variability of both the examinations and the disease. This variability can,
in certain instances, restrict the correlation between structure and function. Fourth, some participants had both
eyes included in the analysis without specific statistical adjustments. While this limitation should be considered
when interpreting the results, we believe such adjustments are more relevant for surgical studies, longitudinal
analyses, or investigations of risk factors, rather than for cross-sectional designs. Lastly, the visual field data were
not normally distributed. Although a logarithmic transformation was considered, it was not applied in the final
analysis. This should be taken into account when interpreting the results.

In conclusion, our results showed significant associations between Laguna ONhE indices and both structural
and functional damage in glaucoma patients obtained by OCT, OCTA, SAP and high density perimetry. Further
longitudinal studies are warranted to evaluate the diagnostic performance of this technique in different types
of glaucoma and as a tool for longitudinal monitoring of these patients. It remains to be demonstrated whether
reduced perfusion precedes functional defects, tissue atrophy, and visual alterations.

Data availability
The datasets generated during and analysed during the current study are available from the corresponding au-
thor on reasonable request.
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