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Purpose: Spectral domain optical coherence tomography (SD-OCT) with posterior pole asymmetry analysis (PPAA) provides
a mapping of posterior pole retinal thickness with asymmetry analysis between hemispheres of each eye. We investigated whether
these structural abnormalities were correlated with functional retinal ganglion cell (RGC) loss, quantified by steady state pattern
electroretinogram (ssPERG), in glaucoma suspects (GS).

Methods: Twenty GS (34 eyes) were enrolled in a prospective study at the Manhattan Eye, Ear, and Throat Hospital. All subjects
underwent ophthalmological examination, including Humphrey visual field, Spectralis Glaucoma Module Premium Edition (GMPE)
SD-OCT PPAA, and ssPERG testing. The ability of ssPERG parameters (Magnitude [Mag, puv], MagnitudeD [MagD, uv], and MagD/
Mag ratio) to predict PPAA thickness (total, superior, and inferior thickness, [um]) was tested via adjusted multivariate linear
regression analysis.

Results: Mag explained 8% of variance in total PPAA change (F(1,29)=6.33, B=6.86, 95% CI: 1.29-12.44, p=0.018), 8% in superior
PPAA change (F(1,29)=5.57, B=6.92, 95% CI: 0.92-12.92, p=0.025), and 7.1% in inferior PPAA change (F(1,29)=5.83, B=6.80, 95%
CI: 1.04-12.56, p=0.022). Similarly, MagD explained 9.7% of variance in total PPAA change (F(1,29)=8.09, B=6.47, 95% CI: 1.82—
11.13, p=0.008), 10% in superior PPAA change (F(1,29)=7.33, B=6.63, 95% CI: 1.62—11.63, p=0.011), and 8.5% in inferior PPAA
change (F(1,29)=7.25, B=6.36, 95% CI: 1.53-11.18, p=0.012). MagD/Mag ratio and PPAA were not significantly associated.
Conclusion: To the best of our knowledge, this is the first study demonstrating a positive relationship between RGC dysfunction and
retinal thickness changes between the superior and inferior hemispheres. The detection of asymmetrical structural loss, combined with
functional RGC assessment using ssSPERG, may be an informative tool for early glaucoma diagnosis.
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Introduction

Glaucoma is a neuropathy of the optic nerve characterized by progressive damage to the fibers and cell bodies of the
retinal ganglion cells (RGC)." Glaucomatous damage produces thinning of the RGC and retinal nerve fiber layer (RNFL)
layers, and structural changes in optic nerve head (ONH) morphology, and many of these changes can be identified prior
to RGC cell death.” However, as the disease initially presents asymptomatically with an occult period, progressive
cupping of the disc and thinning of the RNFL may already be present in these patients. Estimates suggest 25-33% of
RGCs must be lost prior to producing any significant visual field abnormality.* As glaucoma is one of the major global
proponents of irreversible vision loss, investigations into different modalities to identify early glaucomatous changes and
limit progression have been of utmost interest. Standard automated perimetry (SAP) became the gold standard for

diagnosing glaucoma and detecting its progression, but because of known anatomic reasons, glaucomatous field loss is
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not symmetric across the horizontal meridian.” Asman et al concluded that using a glaucoma hemifield test, which used
two hemifields separated by the horizontal meridian, was beneficial to differentiate between localized losses seen in early
glaucoma and diffuse losses that are often caused by media opacity or miotic therapy.”

Currently, another modality is used in glaucoma diagnosis, which is RNFL thickness measurement by means of
spectral domain optical coherence tomography (SD-OCT). One shortcoming of this method is that the parameters of the
OCT is limited to a 3.5 mm distance from the center of the ONH.® Additionally, automatic demarcation of the ONH
borders may be inaccurate, particularly in patients with peripapillary atrophy (PPA) and different sized discs.” Localized
neuroretinal rim (NRR) and optic cup changes might also be missed by interpolation algorithms.?’ More recently, a new
protocol of OCT has been proposed: posterior pole asymmetry analysis (PPAA). The goal of PPAA is to detect early
glaucomatous changes in the posterior pole that may be missed by RNFL measurements.® '° PPAA reveals not only the
retinal thickness of each cell but also provides the retinal thickness asymmetry (RTA) that exists between the superior and
inferior corresponding cells across the horizontal meridian.

Several studies have evaluated the reproducibility of the PPAA in comparison to RNFL thickness measurements, and they
reported that the reproducibility of PPAA exceeded that of established RNFL thickness measurements in normal and
glaucomatous eyes.”!' The RTA analyses may also be significant, as studies have noted RTA increased when contrasting
glaucomatous eyes with healthy eyes.” Though the specific zones to be analyzed are still being investigated, as between-
subject variability exists, macular thickness PPAA parameters have been reported as equally effective as RNFL parameters,
and early studies are promising in noting changes to the retinal thickness at earlier stages within the posterior pole, where
asymmetry or glaucoma-associated changes could be missed by SD-OCT.'*!> Studies by Nakatani et al used PPAA in early
glaucoma subjects and they concluded that PPAA parameters had high discriminating power and high reproducibility
comparable with peripapillary RNFL thickness measurements.'® Another study reported that PPAA and the presence of
asymmetry between superior and inferior retinas had a better diagnostic sensitivity than average peripapillary RNFL thickness
measurements in the early stages of glaucoma, but no such studies were conducted in GS."”

Another imaging modality that has been investigated in the diagnosis and progression monitoring of glaucoma is
pattern electroretinogram (PERG). PERG has the ability to objectively assess RGC function in glaucoma, ocular
hypertension, and glaucoma suspects.'® One study by Porciatti et al found a correlation between ssPERG and average
RGC receptive field size in human eyes.'® An important study by Banitt et al reported that an 8-year delay exists from
a 10% change in PERG amplitude to a 10% decline in RNFL thickness in GS.?° Moreover, PERG can identify functional
changes that occur prior to the structural changes detected by SD-OCT."®*'"2® implying that PERG is promising imaging
modality.”*** Furthermore, new studies investigating visual field hemifields in glaucomatous eyes and their associations
with retinal blood flow (RBF) concluded that RBF was not only reduced in the retinal hemisphere that was associated
with the abnormal hemifield, but it was also associated with thinner RNFL and ganglion cell complex (GCC). Reduced
RBF and GCC loss were also observed in the contralateral, perimetrically normal retinal hemisphere.?

Based on this background, the question we sought to answer was whether the structural abnormalities that are
identified in PPAA correlated to functional RGC loss as quantified by steady state PERG (ssPERG) parameters in GS. No
study to our knowledge has assessed this relationship.

Methods

Twenty GS participants (34 eyes) with suspicious ONH and normal Humphrey 24-2 VF (HVF) were consecutively
enrolled in a cross-sectional study at the Manhattan Eye, Ear, and Throat Hospital at Northwell Health as part of a larger
longitudinal study in glaucoma. Subjects received comprehensive ophthalmologic examination, HVF, ssPERG tests via
Diopsys®” NOVA PERG (Diopsys®, Inc. Cedar Knolls, NJ), and OCT imaging by means of SPECTRALIS® OCT
Glaucoma Module Premium Edition PPAA (Heidelberg Engineering, Inc. Heidelberg, Germany). The study received
approval from the Northwell Health System’s Institutional Review Board. All subjects signed written informed consent
and all parameters of the study followed the Declaration of Helsinki.

Participants with a suspicious glaucomatous ONH, defined as C:D ratio of greater than 0.2 between fellow eyes,
thinning of the neuro-retinal, or notching, and a normal Humphrey Field Analyzer (HFA) 24-2 Swedish Interactive
Thresholding Algorithm (SITA)-standard test, were classified as GS. Subjects aged 20-80, with BCVA (best corrected
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visual acuity) greater than or equal to 20/40, spherical refraction within 6.0 D and cylinder correction within 3.0 D were
included to circumvent the effects of refractive errors on PERG parameters.”® Furthermore, only subjects with no VF loss
(stage zero), based on the Glaucoma Staging System (GSS 2), were enrolled.”” The following criteria were considered for
exclusion: Participants with fixation losses, false positive or negative rates exceeding 20%, history of ocular surgery
except uncomplicated cataract extraction, or trauma. Finally, OCT images with poor quality or inadequate algorithm
segmentation were not also considered.

Pattern Electroretinography Testing

The steady state (ssSPERG) was recorded using a commercially available system, Diopsys® NOVA PERG device
(Diopsys™, Inc. Cedar Knolls, NJ), following the PERGLA protocol previously described.”® *? In order to isolate the
component at 15 reversals per second, an automatic Fast Fourier transformation (FFT) was utilized on the PERG
waveforms. The ssPERG test results were saved in a Structured Query Language (SQL) database and presented in
a report form to be used for analysis. Three measurements from PERG were provided and collected for the analysis of
each eye. These included magnitude (Mag), Magnitude D (MagD), and the ratio of the two (MagD/Mag).

Posterior Pole Asymmetry Analysis

Posterior pole asymmetry analysis between hemispheres of each eye was conducted using the Spectralis OCT Glaucoma
Module Premium Edition PPAA (Heidelberg Engineering, Inc. Heidelberg, Germany) and was described in previous
studies.® In summary, a customized retinal thickness measurement protocol was utilized to grant high-density measure-
ments in the macular region. The software provided posterior pole thickness maps and displayed the retinal thickness
over the entire posterior pole (30°x25° OCT volume scan) for each eye, with retinal thickness values of 64 (8x8) cells
within each eye. Compressed color scale was used to localize the smallest differences in retinal thickness measurements.
An 8x8 grid was positioned symmetrically to the fovea-disc axis and the mean retinal thickness for each cell of the grid
was displayed.*?

The hemisphere analysis displayed the asymmetry between the superior and inferior hemisphere. Using the fovea-disc
axis as the horizontal symmetry line, the mean retina thickness of each cell of one hemisphere was compared to the
thickness value in the corresponding cell of the opposite hemisphere. Superior (S)-inferior (I) and I-S hemisphere
asymmetry analysis was provided, as well as numerical values for mean thicknesses (total, superior and inferior) for
future analysis. Right eye-left eye asymmetry analysis, provided by the device was not used in this study. RNFL

thickness measurements, such as global, quadrant and sector thickness measurements were provided as well."?

Statistical Analysis

Demographic data from this study were reported using descriptive statistics and the mean and standard deviations were
calculated for each ssSPERG, HFA SITA-Standard (24-2) tests, and all PPAA parameters (superior, inferior, and total).
Outliers with values greater than or equal to three standard deviations were not included. Normality of distribution was
calculated using Shapiro—Wilk test. The Pearson correlation analysis was used to detect associations between circumpa-
pillary global retinal nerve fiber layer (gRNFL) thickness and PPAA measurements. In the prediction of the PPAA
thickness measurements (total, superior and then inferior), nine consecutive linear regression models were used, where
age, spherical equivalent (SE) and central corneal thickness (CCT) were entered in step 1 of the model as covariates, then
PERG parameters (Mag, then MagD and then MagD/Mag ratio) were entered as predictors in step 2. Statistical analyses
were performed using IBM® SPSS® version 28; SPSS Inc, Chicago, IL, USA).

Results

Thirty-four glaucoma suspect (GS) eyes (20 patients) were included in the study. The mean age was 60.15 £+ 13.01 years,
with 66.6% females. The mean intraocular pressure (IOP) was 17.49 + 3.84 mmHg, and 24-2 mean deviation (MD) was
—0.17dB and 24-2 visual field index (VFI) of 100%. Correlation analysis revealed significant correlations between all
three PPAA measurements with global RNFL (gRNFL) (p<0.001, >0.646), superior RNFL quadrant (»p<0.001, >0.583),
temporal RNFL quadrant (p<0.013, 7>0.360), inferior RNFL quadrant (p<0.001, r>0.513), nasal RNFL quadrant
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(p<0.001, r>0.469), as well as with the following RNFL thickness sectors: nasal superior (p<0.022, »>0.334), temporal
superior (p<0.001, >0.593), and temporal inferior (»p<0.001, >0.630). No significant correlations were found between
PPAA thickness measurements and nasal inferior sector.

After controlling for age, spherical equivalent (SE), and central corneal thickness (CCT), total, superior, and inferior
PPAA parameters were independently analyzed against ssSPERG parameters. Mag explained 8% of variance in total
PPAA change (F(1,29)=6.33, B=6.86, 95% CI: 1.29-12.44, p=0.018), 8% in superior PPAA change (F(1,29)=5.57,
B=6.92, 95% CI: 0.92-12.92, p=0.025), and 7.1% in inferior PPAA change (F(1,29)=5.83, B=6.80, 95% CI: 1.04-12.56,
p=0.022) (Table 1). In a similar model, replacing Mag by MagD as the independent variable, MagD explained 9.7% of
variance in total PPAA change (F(1,29)=8.09, B=6.47, 95% CI: 1.82—11.13, p=0.008), 10% in superior PPAA change (F
(1,29)=7.33, B=6.63, 95% CI: 1.62-11.63, p=0.011), and 8.5% in inferior PPAA change (F(1,29)=7.25, B=6.36, 95% CI:
1.53-11.18, p=0.012) (Table 2). No significant associations between MagD/Mag ratio and PPAA measures were found.
The significant relationships between PPAA thickness measurements (total, superior and inferior) PERG parameters
(Mag and MagD) are represented in Figures 1 and 2. Significant relationships between PPAA and MagD/Mag ratio were
not detected.

Table | Associations of Magnitude (1V) and PPAA Measurements, Controlling for Age, SE and CCT

PPAA Total Step | (Age, SE, CCT) Step 2 (Mag)
AR? B (95% CI) AR? B (95% CI) R? SE
0.555 (p<0.001) | 362.45 (310.247, 414.653) | 0.080 (p=0.018) | 6.863 (1.286, 12.439) | 0.635 | 7.30

PPAA Superior Step | (Age, SE, CCT) Step 2 (Mag)
AR? B (95% CI) AR? B (95% CI) R? SE
0.503 (p<0.001) | 357.58 (302.03, 413.13) | 0.080 (p=0.025) | 6.923 (0.923, 12.922) | 0.583 | 7.86

PPAA Inferior Step | (Age, SE, CCT) Step 2 (Mag)
AR? B (95% CI) AR? B (95% CI) R? SE
0.576 (p<0.001) | 367.62 (314.09, 421.15) | 0.071 (p=0.022) 6.80 (1.04, 12.56) 0.647 | 7.54

Abbreviations: PPAA, posterior pole asymmetry analysis; SE, spherical equivalent; CCT, central corneal thickness; Cl, confidence interval.

Table 2 Associations of MagnitudeD (uV) and PPAA Measurements, Controlling for Age, SE and CCT

PPAA Total Step | (Age, SE, CCT) Step 2 (Mag)
AR? B (95% CI) AR? B (95% CI) R? SE
0.555 (p<0.001) | 362.45 (310.25, 414.65) | 0.097 (p=0.008) | 6.47 (1.82, 1.13) | 0.652 7.13

PPAA Superior Step | (Age, SE, CCT) Step 2 (Mag)
AR? B (95% CI) AR? B (95% CI) R? SE
0.503 (p<0.001) | 357.58 (302.03, 413.13) | 0.100 (p=0.011) | 6.63 (1.62, 11.63) | 0.603 7.66

PPAA Inferior Step | (Age, SE, CCT) Step 2 (Mag)
AR? B (95% CI) AR? B (95% CI) R? SE
0.576 (p<0.001) | 367.62 (314.09, 421.15) | 0.085 (p=0.012) | 6.36 (1.53, I1.18) | 0.661 7.39

Abbreviations: PPAA, posterior pole asymmetry analysis; SE, spherical equivalent; CCT, central corneal thickness; Cl, confidence interval.
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Figure | Significant associations between Magnitude (1V) and PPAA superior thickness, inferior thickness, and total thickness. Best fit regression lines and R? values are

shown.
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Figure 2 Significant associations between MagnitudeD (1V) and PPAA superior thickness, inferior thickness, and total thickness. Best fit regression lines and R? values are

shown.
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Discussion

In this study, we investigated whether RGC dysfunction, measured by ssPERG, correlated with structural retinal
thickness changes at the posterior pole, using PPAA in GS. We found that ssSPERG parameters Mag and MagD
significantly explained up to 10% of variance in total, superior, and inferior PPAA. Furthermore, MagD was
a stronger predictor than Mag in explaining variance in all three PPAA measures. These findings suggest that PPAA,
along with ssPERG, may pick up glaucomatous damage earlier than conventional techniques in GS, and its use in the
clinical setting should therefore be considered.*

In glaucoma suspects with suspicious ONH but normal RNFL thickness and normal Humphrey visual fields, ssPERG
can detect abnormalities that may otherwise be missed until later in the disease course.>> > Banitt et al reported an 8-year
delay from a 10% change in ssPERG amplitude to a 10% decline in RNFL thickness in GS.?° Moreover, Jeon et al
previously described positive relationships between ssPERG amplitude and cup morphology and RNFL thickness.?’
Another study reported that ssPERG abnormalities may have utility in predicting rim area loss in preperimetric
glaucoma, after disc area is accounted for.>> Based on these findings, we hypothesize that degenerative RGCs undergo
degenerative and morphologic changes, including RGC soma shrinkage, reductions in the dendritic tree, and thinning of
their axons, likely predating irreversible ganglion cell death and apoptosis. Our laboratory has demonstrated a linear
relationship between ssPERG and estimated RGC count in GS, and the association among ssPERG and structural
measures were mediated by estimated RGC count.”’

Many recent studies have demonstrated the presence of an inter-eye variability in RNFL thickness parameters among
glaucoma subjects.*® Some studies have reported an association of inter-eye visual-sensitivity asymmetry with progression
of primary open-angle glaucoma.”” Leading up to the introduction of PPAA, several studies reported that the evaluation of
macular thickness could be an effective method to evaluate for glaucomatous damage.*>** The pathophysiologic basis of
the PPAA protocol is that in open-angle glaucoma, because of increased intraocular pressure, early glaucomatous damage is
typically localized to either the superior or inferior side of the horizontal meridian, and rarely both simultaneously. In
normal tension glaucoma, this asymmetry in hemifields is not seen; instead, centralized defects around the central macular
region are observed.*® Therefore, a comparison of the asymmetry between the two hemifields could be an indicator of early
glaucomatous damage.” After accounting for confounding factors, we found that MagD was a better predictor of explaining
variance in all three PPAA measurements (Table 1 and Table 2). These findings appear to support the hypothesis that RGC
dysfunction, assessed by means of MagD, is associated with degenerative morphological changes in RGCs, leading to
losses in posterior pole thickness.”’ > Ganglion soma shrinkage, trimming of the dendritic tree, and reductions in axonal
diameters contribute to the structural changes measured by PPAA technique. RGC death (by means of Mag) also
contributed to the structural loses found in PPAA, but to a lesser extent (Table 1 and Table 2). These techniques can be
used to detect glaucomatous progression prior to irreversible cellular death.

As a part of this study, we conducted a literature review of prior studies that examined the utility of PPAA in the
diagnosis of glaucoma. The earliest report we found was by Seo et al from 2012, which found that PPAA could detect early
localized RNFL defects in glaucoma suspects with high sensitivity and specificity, which is in line with our findings and
hypothesis that PPAA may have early diagnostic utility in glaucoma suspects.'! A later study by Zha et al compared PPAA
and peripapillary RNFL thickness measurements between primary angle-closure suspects (PAGS) and age, sex, IOP, and
axial length-matched normal subjects."* They found that the former group showed significantly thinner macular retinal
thickness on posterior pole and a larger asymmetry on PPAA analysis, when compared with the control group, but no
significant differences on RNFL parameters were found. In our view, these findings could be explained by the fact that
PPAA could possibly better discriminate glaucomatous damage before RNFL, exhibiting a higher sensitivity for early
glaucoma diagnosis. Another possible explanation could lay in the recruitment procedure since control group had a lower
VF MD by 33%, which could lower RNFL ability to discriminate the disease, and improve PPAA sensitivity even higher.'*

These findings align with and further augment the importance of this study, highlighting the clinical utility of PPAA
in GS with normal RNFL thicknesses. As previously described, one important shortcoming of OCT RNFL, including the

RNFL thickness measurements based on anatomic positioning system (APS), is that it is limited to a 3.5 mm, 4.1 mm, or
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4.7 mm scan diameters (10° central), while PPAA evaluates a wider area of potential glaucomatous damage (30°
x259).044

The study findings are also consistent with a subsequent report by Kim et al who conducted a structure-function
analysis using PPAA and visual field sensitivity from SAP as a proxy for cellular function.” The researchers found that
visual field sensitivity had a significant reciprocal relationship in its corresponding posterior pole thickness at all test
points; notably, the strength of the relationship varied by location and was strongest in the arcuate region.” Although
these results appear promising, SAP glaucoma detection is delayed by 8 years when compared to the objective RGC
functional assessment by ssPERG.' Additionally, it can be challenging to correlate the visual field test points to the
PPAA measurement (curvilinear or logarithmic relationship), a limitation that is better addressed by ssPERG
measurements.”’*>

Porciatti et al reported that Mag and phase were essentially uncoupled, meaning that these two measures indicate
different aspects of RGC physiology.*® Therefore, each parameter can be used in the analysis separately. They also point
out that PERG is spatially tuned, having a clear maximum of intermediate spatial frequencies of 15 Hz.*” Our device
utilizes this technology developed by Porciatti et al with the maximum RGC response at 15 Hz. The ssPERG device
provided three parameters, Mag, MagD, and the ratio between the two. It is important to consider that MagD/Mag ratio
did not significantly impact PPAA variance. As discussed earlier, Mag corresponds to the strength of the RGC response in
response to a patterned stimulus, while MagD correlates with RGC response that is adjusted to phase or latency.
However, given that both Mag and MagD explained a significant amount of variance in PPAA, it is plausible that the
lack of relationships between MagD/Mag ratio and PPAA measures could be explained by the equal change of the
numerator and denominator of the ratio, in the same direction. When Mag and MagD are changing equally, it is possible
that MagD/Mag ratio could have a lower sensitivity to diagnose RGC dysfunction. Some additional strengths of our
model include that we adjusted for variables that could potentially confound the ssPERG and PPAA relationship,
including age, SE, and CCT. Importantly, many of these factors have been associated with variable ganglion cell layer
thickness and adjusting for these factors further strengthens our model.***°

In recent years, vascular risk factors have been suggested to be significant contributors to the development and progression
of glaucoma and visual field loss.’”" Other studies have shown that primary open angle glaucoma was associated with
diminished blood flow in the optic nerve head, choroid and retina.’*>* Several studies have reported significant associations
between the attenuations of retinal vessels and the severity of glaucomatous damage.*> Other studies have demonstrated the
association of retinal caliber with the 10-year incidence of glaucoma,” and with RNFL thickness.”**> Our team has
demonstrated a significant reduction in retinal vessel diameter in GS and its association with RGC dysfunction, measured
by means of PERG.>® We have also reported that abnormal ssPERG parameters were associated with enlarged foveolar
avascular zone (FAZ) and with reduced macular and peripapillary vessel density in GS.%”->® These studies have demonstrated
that ssPERG was associated with markers of microvascular abnormalities in preperimetric and in GS, underlying the presence
of neurovascular uncoupling between the blood supply and demand in the RGC.>? Another strength of this study is that it
demonstrated the presence of RGC dysfunction, most likely associated with the disturbance of autoregulation, an unstable
ocular blood flow and an increased oxidative stress,” leading to the morphological RGC changes that could be measured by
OCT. While comparing the location of measurements between macular region (PPAA) and circumpapillary area (RNFL),
PPAA can measure the ganglion cell complex (soma and dendritic trees) and RNFL thickness combined, as opposed to just
measuring the nerve fiber layer (RGC axons), giving this methodology a slight advantage. This study findings confirm that the
functional alterations of RGC are established before the anatomical structural damage.””

Another advantage of this study was the PPAA retinal coverage area of 30°x25° OCT volume scan, when compared
to standard macular thickness scan of central 10°. This advantage provided not only a more accurate retinal thickness
assessment of the posterior pole, including the para-papillary region, but it also compared the superior versus inferior
hemispheres across the fovea-disc axis (horizontal symmetry line).** Furthermore, the lower hemisphere has a higher risk
for vascular dysregulation due to anatomical reasons leading to asymmetrical retinal functional and structural changes
across the horizontal meridian.” Another advantage of this study was the function-structure assessment using ssPERG,
demonstrating a significant association between the dysfunctional RGCs and their morphological changes contributing to
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structural alterations in the posterior pole, and possibly depending on supply/demand balance (neurovascular coupling) in
this region.>

This study has some limitations that should be addressed. Firstly, we present a cross-sectional analysis which does not
shed light on longitudinal glaucomatous progression. The sample size was also relatively small, and future randomized
studies in larger patient sizes are necessary to confirm our findings. A sector or hemi-PERG evaluation could bring new
light to this investigation. However, despite these limitations, our findings suggest that the functional decline in RGC
function explains a significant amount of variance in posterior pole thickness, indicating the potential utility of PPAA in
combination with ssSPERG for the diagnosis of early glaucoma.

Conclusion

This is the first study to report a significant positive correlation between RGC dysfunction and structural thickness losses
assessed by means of PPAA analysis. After controlling for age, spherical equivalent (SE), and central corneal thickness
(CCT), Mag and MagD parameters significantly explained the variance in total, superior, and inferior PPAA measure-
ments. These findings demonstrate possible morphological changes in RGCs that occur prior to cell death, including
reductions in the dendritic tree, decrease in soma size, and thinning of the RNFL. These are positively correlated with the
detection of asymmetrical structural RGC loss, combined with RGC dysfunction, suggesting ssPERG to be an informa-
tive tool for early glaucoma diagnosis in glaucoma suspects.
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