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Purpose: RE-PERG is altered in presence of primary neuronal degeneration of retinal ganglion cells, both in glaucoma and other
diseases. A previous study showed that in a model of retrograde degeneration (vascular dementia) RE-PERG was normal. In this study,
we enrolled patients with pituitary adenoma (PA) to evaluate RE-PERG findings in another model of retrograde degeneration
compared with healthy controls (HC). Based on the outcome of the present and our previous studies with RE-PERG, and reviewing
the literature, we discuss the physiopathology of glaucoma.

Methods: Twelve PA patients and 14 age-matched HC were recruited. All participants performed visual field (VF) test, retinal nerve
fiber layer (RNFL) and ganglion cells complex (GCC) thickness measurement by means of optical coherence tomography (OCT),
visual evoked potentials (VEPs) and RE-PERG, a non-invasive, fast steady-state pattern electroretinogram (SS-PERG) sampled in five
consecutive blocks of 130 events.

Results: VEPs amplitude was significantly lower in PA with respect to HC (6.8+0.6 vs 7.4+0.6 pV; p=0.045). VEPs latency was
higher in PA (123.2+5.8 vs 103.6+4.1 msec; p<0.01). As for VF, mean defect (MD) and pattern standard deviation (PSD) were higher
in PA (=6.6£2.6 vs —0.01£1.02 dB; p<0.01 and 8.543.1 vs 1.5+0.3; p<0.01, respectively). RNFL thickness was lower in PA (88+8.1 vs
974£9.3 u; p=0.01). There was no statistically significant difference between PA and HC for RE-PERG. There was a significant
correlation among MD, PSD, VEPs amplitude, PERG amplitude and RNFL thickness in the PA group, whereas no correlation was
found with SDPh, which remains as normal as in the HC group.

Conclusion: Our findings confirm that RE-PERG is not altered in retrograde degeneration. Based on the outcome of the present and
our previous studies about RE-PERG and glaucoma, we assume that in glaucoma a double mechanism of retinal ganglion cells
degeneration, both retrograde and primary, can coexist.

Keywords: pattern electroretinogram, steady-state PERG, RE-PERG, visual pathway, visual field, pituitary adenoma, optical
coherence tomography, visual evoked potentials

Introduction
Retrograde degeneration of the optic nerve has been studied since the classical work by Maffei and Fiorentini." They
showed, soon after the experimental section of the optic nerve in cats, extinction of VEPs, then progressive reduction of
PERG response, which completely disappeared within 4 months, with preservation of outer retinal response, as evaluated
by flash ERG.

Their findings have been subsequently confirmed by other authors®® also by means of hemifield PERG,”*® multifocal
ERG and multifocal VEPs.”'’

PERG amplitude reduction, reversible after surgery, was also detected in microadenomas.? It is well known that in
cases of compression of the visual pathway, such as in pituitary adenomas, there is an early increase in VEP latency,
followed by a reduction in the VEPs amplitude. It is also known that hemifield stimulation with a large check stimulus is

more sensitive than full-field VEP in detecting chiasmal dysfunction.'' ™'
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As for PERG, it is initially normal and subsequently altered as neuronal degeneration occurs. PERG has been shown
to be a practical prognostic test for visual outcomes in preoperative assessment compression of the optic nerve in
pituitary tumors. Abnormal PERG correlates with a lack of postoperative recovery, presumably demonstrating significant
retrograde degeneration of retinal ganglion cells.®'*!*

Both the reductions in the VEPs and PERG amplitude are due to the progressive loss of retinal ganglion cells (RGCs),
the latter following the first.

Glaucoma is also commonly considered a form of optic neuropathy due to retrograde degeneration. Mechanical theory
states that the raised IOP determines, at the level of the lamina cribrosa, mechanical stress and strain of the optic nerve, which
can lead to interruption of the supply of neurotrophic factors to the RGCs and subsequently to RGCs loss.'>'®

For this reason, PERG progressive alterations similar to those found in the experimental section of the optic nerve
have been reported in animal models of glaucoma.'” Nevertheless, other evidence suggests that, both in experimental
models and in human patients with glaucoma, a primary neuronal degeneration of RGCs can be observed.'® °

In addition, primary glaucomatous neurodegeneration of RGCs, mediated by microRNAs detectable in aqueous
humour and not directly due to raised IOP, has also been proposed.>!

We developed a new electrophysiological test, called RE-PERG, based on a modified SS-PERG sampled in five
consecutive blocks of 130 events each. In this test, we evaluate amplitude, which is related to the number of living
neurons, and standard deviation of the phase (SDPh), which is associated with the metabolic state of living neurons. It
has been reported that phase variations are related to very early RGCs’ dendritic dysfunction that may precede cell
death.???* Such early RGCs dendrites degeneration has also been shown using scanning electron microscopy in the inner
retina assessed to have a none-to-moderate loss of RGCs number in human glaucoma patients.*

In our first work, we showed, in early glaucoma, a SDPh increase in the presence of a normal PERG amplitude, thus
accounting for precocious RGCs suffering without significant cell loss.*® In two other works, we showed that, when evaluating
glaucoma subjects with confounding factors such as cataracts and myopia, SDPh is a parameter more reliable than PERG
amplitude.”®*’

In subsequent work, we tested our RE-PERG in Alzheimer’s disease (AD) and in vascular dementia (VD), based on studies
reporting primary RGCs degeneration in AD. In contrast, it is known that visual pathway alterations in VD are due to retrograde
degeneration starting from the site of cerebral ischemia. We report altered SdPh in AD patients, with respect to VD patients and
HC, confirming that SDPh could be considered a specific biomarker for primary neuronal degeneration of RGCs.?® Considering
PA as a model of retrograde degeneration similar to glaucoma, the aim of this work is to verify if RE-PERG findings are altered in

case of retrograde degeneration and, therefore, if our test is altered only in the presence of primary neurodegeneration of RGCs.

Materials and Methods

From January 2021 to May 2022, we enrolled 12 consecutive PA patients without ophthalmoscopic signs of optic atrophy
and 14 age-matched HC. All PA patients were newly diagnosed by one of the authors (A.M.) after complaining of visual
disturbances (mainly visual impairment and subjective visual field loss) and then enrolled in the study. All patients were
recruited at the Brindisi Social Health District, Brindisi, Italy. General exclusion criteria were as follows: general diseases
and therapies able to influence the findings of VF, OCT, VEPs and PERG.

Ophthalmic exclusion criteria were as follows: diabetes even in the absence of retinopathy, ocular hypertension and
glaucoma as diagnosed by EGS guidelines,® congenital optic nerve head anomalies, retinopathy or any other ocular
condition able to determine the influence on VF, OCT, VEPs and PERG, best corrected visual acuity (BCVA) <20/40
(Snellen acuity), spherical refraction >+5.0 D, cylinder correction >+2.0 D, optic media opacities. The control group
consisted of age- and gender-matched healthy subjects. Although PA determined bilateral ocular involvement, only one
eye of each patient was included in the study.

Ophthalmic Evaluation
All the patients underwent a comprehensive ophthalmic evaluation, with a review of medical history, slit-lamp
examination, best-corrected visual acuity measurement (Snellen acuity), Goldmann applanation tonometry, gonioscopy,
and dilated fundus examination.
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Instrumental evaluation

Spectral-Domain OCT was performed by means of Zeiss Cirrus HD-OCT 500 (software version 7,0,1,290, Carl Zeiss
Meditec, Dublin, CA).

SAP was performed by means of Humphrey Field Analyzer, model 745i II (Carl Zeiss Meditec, Dublin, CA), using
the 24-2 program, SITA-Standard Strategy.

VEPs and PERG were recorded employing RETIMAX Advanced version 7.0.1 (CSO, Florence, Italy).

SD-OCT, SAP and RE-PERG procedures were used in previously published studies.?> 2

As for VEPs, the examination was conducted using a high-resolution ionized-gas electrically charged plasma display
(contrast: 90% luminance: 80 cd/m2; field size: 30° [width] x 30° [height]). According to ISCEV standards, VEP was
conducted monocularly using a black-white checkerboard with a 2 cm of diagonal square pattern at a distance of 114 cm
and a frequency of 2 Hz.?° Registration was conducted using a 1-30 Hz band pass system, with an analysis duration of
300 ms. To verify good reliability, the recording was repeated twice with 100 stimuli per response. The 10-20
international system was applied for the electrode montage with an impedance of less than 5 Q for each electrode.
The VEP parameters recorded were latencies to N75, P100 and N145 waves and the peak-to-peak amplitude of the P100
wave. Hemifield VEP abnormality was detected by O1-O2 montage to double channels.

We performed a one-way ANOVA analysis to compare all the parameters between PA group with respect to HC one.
The relationships between the electrophysiological values and other parameter values were calculated using Pearson’s
correlation tests. A chi-squared test was used to compare the groups with respect to the categorical variables (sex).
Statistical analyses were performed using MedCalc® 20.111. Circular statistics were performed by means of Oriana®
Ver. 4.02. A p-value of <0.05 was considered statistically significant.

This trial follows the tenets of the Declaration of Helsinki for human studies. The study was approved by Ethics
Committee of the Brindisi Social Health District. Informed written consent was obtained by all the patients.

Results
Specific data about PA and HC subjects are provided in Table 1. Table 2 summarizes the mean and standard deviation
values of the parameters studied. All patients showed normal, open angles at the gonioscopy. No fundus alterations

(including optic nerve anomalies) were found during the ophthalmoscopic examination.

Table | Demographic and Specific Data of Healthy Control (HC) and Pituitary Adenoma (PA) Patients

Type | Gender | Age | SNR PERG SD cSD° PERG VEP VEP MD | IOP | PSD | RNFL | GCC
Ph Amp Amp Lat

(dB) SD | Degree @) | @V)| (ms)| (@B)| 14| @B)| (um) | (um)

HC m 74 | 1481 0.08 48 2.6 6.87 10545 | —1.69 15 1.54 103 87
HC m 66 | 1531 0.07 4.04 1.79 7.55 99.76 -0.4 14 22 97 78
HC f 59 | 14.97 0.13 7.21 2.66 7.87 101.34 0.04 15 1.17 77 8l
HC f 52 | 14.84 0.12 7.15 26 7.62 106.55 -1 16 I 107 76
HC m 54 | 15.03 0.12 6.7 2.64 6.61 105.12 | -0.43 14 1.47 101 88
HC m 52 | 15.18 0.13 7.7 2.55 7.6 97.44 0.89 12 1.34 105 88
HC f 50 | 20.18 0.14 8.28 2.7 7.46 106.44 0.93 14 1.24 92 84
HC f 58 | 209 0.05 3.08 2.67 6.79 1086 | —0.78 14 1.28 96 79
HC f 58 | 20.08 0.11 6.53 1.7 6.66 9944 | -1.29 16 | 2.05 98 79
(Continued)
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Table 1 (Continued).

Type | Gender | Age | SNR PERG SD cSD° PERG VEP VEP MD | IOP | PSD | RNFL | GCC
Ph Amp Amp Lat

(dB) SD | Degree GV)| @V | ms)| @B)| 14| (@B) | (um) | (um)
HC f 44 | 1935 0.14 83 1.71 6.99 9799 | —0.68 12 1.9 110 83
HC f 76 | 2001 0.14 7.73 1.77 6.72 101.42 0.47 14 1.37 84 74
HC m 61 | 20.35 0.06 32 1.8 8.65 102.44 1.46 12 1.4 103 84
HC f 64 17.9 0.16 8.9 1.75 8.8 108.4 0.71 16 1.39 99 79
HC m 50 | 209 0.08 4.82 3.63 7.48 110.1 1.51 16 1.43 86 85
PA m 57 16.7 0.14 7.8l 2.77 7.35 119.4 -7.2 16 | 9.77 90 78
PA m 68 | 17.76 0.14 8.24 2.65 724 109.4 —6.5 14| 735 90 86
PA f 56 | 18.75 0.08 441 2.52 751 122.4 | —12.52 12 13.7 87 82
PA m 58 | 16.44 0.09 5.35 2.58 732 129.44 | —9.43 14 | 747 8l 76
PA m 44 | 18.96 0.16 9.33 2.49 7.34 12524 | -7.05 14 | 1427 105 9l
PA m 76 | 17.29 0.08 441 1.72 6.45 12455 | —4.78 12 | 529 79 71
PA f 6l | 1575 0.15 8.4l 1.62 6.32 123.4 —4 16 74 98 89
PA f 64 | 17.66 0.08 4.55 1.69 5.34 122.04 —6 15| 824 95 83
PA f 50 | 1821 0.15 851 1.75 6.27 1314 | -3.14 16 | 3.78 8l 97
PA m 57 | 18.89 0.09 54 1.93 72 129.12 | -5.09 13| 737 88 8l
PA m 66 19.1 0.17 9.87 2.64 7.38 124.56 —52 14 57 8l 76
PA m 39 | 1715 0.08 4.78 1.84 6.24 118.49 -84 12 9.9 8l 75

Abbreviations: SNR, signal-to-noise ratio (decibels); PERG SDPh, pattern electroretinogram standard deviation of the phase; cSD, circular standard deviation (degrees); PERG
Amp, pattern electroretinogram amplitude (uVolts); VEPs Amp, visual evoked potentials amplitude (uVolts); VEPs Lat, visual evoked potentials latency (msec); MD (db), Mean Defect
(decibels); PSD (dB), Pattern Standard Deviation (decibels); RNFL (um), retinal nerve fiber layer thickness (microns); GCC (um), ganglion cell complex thickness (microns).

Table 2 Demographic and Relevant Ocular Characteristic of Study Participants

Patients (n=26 Cases)
HC (n=14) PA (n=12) P-value*
Mean SD & Mean SD t
Age 58.43 9.2 57.8 10.53 0.87
Male % 6 8 0.23**
RE-PERG Amp (uV) 2.33 0.58 2.14 0.44 0.36
I0P 14.14 1.41 14 1.54 0.73
SD_Ph 0.11 0.03 0.12 0.04 0.56
cSD° 6.32 1.97 6.75 2.11 0.59
SNR (dB) 17.84 2.63 17.72 1.1 0.88
VEP_Amp (V) 74 0.7 6.83 0.68 0.04
(Continued)
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Table 2 (Continued).

Patients (n=26 Cases)

HC (n=14) PA (n=12) P-value*

Mean SD * Mean SD t
VEP_Lat (ms) 103.6 4.16 123.29 5.86 <0.01
MD (dB) —-0.02 1.03 —6.6 2.6 <0.01
PSD (dB) 1.49 0.34 8.45 3.15 <0.01
GCC (um) 81.79 4.46 82.08 7.57 0.9
RNFL (um) 97 9.37 88 8.11 0.01

Notes: See Table |. All the statistically significant differences are labelled in bold characters. *One Way Analysis of
Variance (Bonferroni corrected); **Chi-Square.

The mean age was 58.4+9.1 years in HC (six male, eight female) and 57.8£10.5 in PA (eight male, six female)
without statistical difference between groups.

There was no statistically significant difference between PA and HC for GCC thickness and RE-PERG parameters.
VEPs amplitude was significantly lower in PA with respect to HC (6.8+0.6 vs 7.4+0.6 uV; p=0.045). VEPs latency was
higher in PA (123.245.8 vs 103.6+4.1 msec; p<0.01). As for VF, mean defect (MD) and pattern standard deviation (PSD)
were higher in PA (—6.6£2.6 vs —0.01£1.02 dB; p<0.01 and 8.5+3.1 vs 1.44+0.3; p<0.01, respectively). RNFL thickness
was lower in PA (88+8.1 vs 97+£9.3 pu; p=0.01).

Correlation studies show, as expected, a significant correlation among MD, PSD, VEPs amplitude, PERG amplitude
and RNFL thickness in the PA group, whereas no correlation was found with SDPh, which remains as normal as in the
HC group (Table 3; see also Figures 1-3).

Table 3 Significance Level P (*) of Correlation Coefficient in PA Patients

RE-PERG Amp Circ_SD° SNR VEP Amp VEP Lat IoP MD PSD GCC RNFL
RE-PERG_Amp 0.22 0.12 0.77 —0.34 —0.47 —0.51 0.19 -0.3 —-0.19
* 0.49 0.72 <0.01 0.28 0.12 0.09 0.56 0.37 0.56
Circ_SD° 0.22 0.16 0.31 —0.05 0.08 0.45 —=0.11 0.52 033
* 0.5 0.6l 0.33 0.88 -0.79 0.14 0.73 0.08 0.29
SNR 0.12 0.16 0.33 0.16 —0.32 —0.06 0.20 0.17 0.02
* 0.72 0.6l 0.3 0.6l 0.31 0.85 0.52 0.59 0.96
VEP_Amp 0.77 0.31 0.32 —0.04 —0.32 —0.43 0.35 —-0.13 —0.02
* <0.01 033 0.3 0.9 0.31 0.16 0.27 0.8 0.94
VEP_Lat —0.34 —-0.05 0.16 —0.04 0.12 0.22 -0.23 0.14 —-0.18
* 0.28 0.88 0.61 0.9 0.7 0.49 0.46 0.67 0.57
[[o] 4 —0.47 0.08 -0.32 —0.32 0.12 —-0.13 0.4 0.06 0.39
* 0.12 -0.79 0.31 0.31 0.7 0.68 0.2 0.85 0.21
MD —0.51 0.448 —0.06 —0.43 0.222 —-0.13 -0.72 0.321 0.041
* 0.09 0.45 0.85 0.16 0.49 0.68 <0.01 0.31 0.9
(Continued)
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Table 3 (Continued).

RE-PERG Amp | Circ_SD° SNR VEP Amp | VEP Lat 0P MD PSD GCC RNFL
PSD 0.19 —0.11 0.2 0.35 -0.23 0.4 -0.72 0.05 0.57
* 0.56 0.73 0.52 0.27 0.46 0.2 <0.01 0.88 0.05
GCC -0.29 0.52 0.17 —-0.13 0.14 0.06 0.32 0.05 0.53
* 0.36 0.08 0.59 0.68 0.67 0.85 0.31 0.88 0.08
RNFL —0.19 0.33 0.02 —-0.02 —-0.18 0.39 0.04 0.57 0.53
* 0.55 0.29 0.96 0.94 0.57 0.21 0.89 0.05 0.08

Note: See Table |. All the statistically significant differences are labelled in bold characters.

Table 1. Demographic and specific data of healthy control (HC) and pituitary adenoma (PA) patients. SNR: signal-to-
noise ratio (decibels); PERG SDPh: pattern electroretinogram standard deviation of the phase; ¢SD°: circular standard
deviation (degrees); PERG Amp: pattern electroretinogram amplitude (uVolts); VEPs Amp: visual evoked potentials
amplitude (uVolts); VEPs Lat: visual evoked potentials latency (msec); MD (db): Mean Defect (decibels); PSD (dB):
Pattern Standard Deviation (decibels); RNFL (um): retinal nerve fiber layer thickness (microns); GCC (um): ganglion
cell complex thickness (microns).

Table 2. Demographic and relevant ocular characteristics of study participants. For abbreviations, see Table 1. All the
statistically significant differences are labelled in bold characters. ¥ — One Way Analysis of Variance (Bonferroni
corrected); ** - Chi-Square.

Table 3. Significance level P (*) of correlation coefficient in PA patients. For abbreviations, see Table 1. All the
statistically significant differences are labelled in bold characters.

Discussion
Since its introduction, we considered RE-PERG alterations in glaucoma as a sign of primary neurodegeneration of RGCs,
and not as a consequence of retrograde degeneration of the optic nerve. Thus, considering the retrograde degeneration of
the optic nerve in PA similar to that which occurs in glaucoma, we wanted to verify our hypothesis.

Our results confirm that, in patients with PA, consistent with MD, PSD and RNFL thickness values, VEPs amplitude
was reduced, and VEPs latency was higher, as previously reported,'? whereas the PERG SD-Ph showed no difference
between groups. Therefore, this study suggests that RE-PERG is not altered in the presence of retrograde degeneration.

Figure 1 MRI of Orbits for Suspected Chiasmatic Syndrome (PA patient no. 5). (A) Coronal T2-weighted MRI image showing a pituitary mass extending to the left
compressing the optic chiasm, primarily on the left side. (B) Post-contrast T|-weighted coronal MRI image showing the tumor with gadolinium.
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Figure 2 Perimetry and OCT of the same patient (right eye on the right, left eye on the left). The inferior thinning of both RNFL and GCC are consistent with the superior
visual field loss (see deviation map).

Pending further studies with a larger cohort of patients to confirm our data, some considerations can be made.

Glaucoma is considered a form of retrograde degeneration of the optic nerve. In classical mechanical theory, the site
where the raised IOP exerts its pathological function is the lamina cribrosa (LC), in which we can observe a mechanical
strain and, as a consequence of this, increasing cupping or depth, and development of focal defects. It has been shown
that strain is eye-specific and mediated by intraocular pressure, cerebrospinal fluid pressure, scleral and lamina cribrosa
morphology, and structural stiffness. The most recent OCT tools, able to perform LC imaging, have confirmed all these
findings.'®

LC strain leads to stress and strain of the optic nerve and, finally, to reduction or interruption of the supply of
neurotrophic factors to the RGCs, resulting in apoptosis of the latter.”

It is also known that, in glaucoma, in addition to rising IOPs, the pathogenesis of RGCs loss includes glutamate
excitotoxicity, oxidative stress, failure in axonal transport, neurotrophic factors deprivation, mitochondrial dysfunction,
autoimmune dysregulation, central insulin signalling deficit and others, such as recently resumed by Faiq et al.?® Other
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Figure 3 Five consecutive steady-state PERG (RE-PERG) of the PA patient, showing reduced amplitude with low intrasession variability of inner retinal response, and visual
evoked potential (VEPs) lower amplitude and higher latency of cortical response (above), in comparison to a NC (below).

studies reported findings compatible with primary neurodegeneration, not mediated by axon mechanical stress, of RGCs,
based on different mechanisms.

Guo et al found that, in an animal model of glaucoma, RGCs early expressed abnormal levels of amyloid-e (Ag)
starting 2 weeks after IOP rise and that it was possible to reduce RGCs apoptosis by targeting Ae formation and
aggregation pathway, as detected by Detection of Apoptosing Retina Cells (DARC) real-time images, without any
intervention on IOP. Their findings account for a mechanism of RGCs degeneration not mediated by mechanical stress.'®

Gupta et al found, in human glaucoma with uncontrolled IOP, deposition of abnormal tau protein ATS8 in the inner
nuclear layer, such as in other central nervous system diseases, and considered this as a possible primitive neurodegen-
erative mechanism.'’

Izzotti et al showed that starting from the trabecular meshwork cells damaged by oxidative stress, there is a release of
extracellular microRNAs inducing glial cell activation, which is a known pathogenic mechanism in neurodegenerative
diseases. Released microRNAs include miR-21 (apoptosis), miR-450 (cell aging, maintenance of contractile tone), miR-
107 (Nestin expression, apoptosis), miR-149 (endothelial and extracellular matrix homeostases). The uveoscleral path-
way, via suprachoroidal space, should be a potential route of access from the anterior region to the posterior segment of
the eye and could represent the path followed to reach the inner layer of the peripapillary retina and transmit damage

signals from the anterior to the posterior segment of the eye in glaucoma.”'

Conclusions
It is still unclear if all these pathogenetic mechanisms are a direct consequence of IOP rise but not related to the stress of
lamina cribrosa or are a product of the same metabolic alterations that lead to IOP rise or, finally, are totally independent
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of TOP (such as in normotensive glaucoma).>' Whatever the cause, based on the current literature and on the outcome of
the present study, in our opinion, in glaucoma, there are two coexisting mechanisms of RGCs damage: a retrograde
degeneration starting from the lamina cribrosa, and primary neurodegeneration of the RGCs’ cellular soma, the latter
being identified by RE-PERG as an increase of SDph.
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