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Abstract

Purpose: To evaluate the variations of intraocular pressure (IOP), morphometric
papillary characteristics, perimetric indices, and electrophysiological parameters,
i.e., pattern electroretinogram (PERG) and visual evoked potentials (VEPs), before
and after topic hypotonization therapy in normal-tension glaucoma (NTG) suspects.
Methods: We evaluated 38 eyes of 20 patients with intraocular pressure of < 21
mmHg (measured with Goldmann applanation tonometry), initial glaucomatous
optic neuropathy (assessed with Heidelberg Retina Tomograph (HRT): retinal fiber
layer (RNFL) and/or linear cup/disk (linear C/D), minimal visual defects (Octopus 101:
G2 program), visual acuity of more than 15/20 with best correction, and patholog-
ical electrophysiological parameters (valued with pattern electroretinogram and
visual evoked potentials), free of systemic or other ocular diseases. All parameters
were evaluated at the beginning of the study (T,) and after 12 months from the start
of the therapy (T,,). Arandomized normal control group (27 eyes of 14 subjects) with
apparent larger disc cupping underwent all exams at the start of the study and after
12 months.

Results: Among electrophysiological parameters, at the beginning of the study
P100 VEPs latency was slightly increased and P100 amplitude was reduced in NTG
compared to normal subjects, with no significant variation after 12 months. P50
PERG latency was quite similar between the NTG and normal groups, and showed
no modification after therapy. Compared to normal subjects, P50N95 complex
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PERG amplitude in NTG was reduced and showed a slight increase after 12 months
(1.8 vs 1.5; 2.4 vs 1.9 micronvolts, with different checkerboard spatial frequency).
Cortical-retinal time (CRT) was slightly delayed in NTG and showed no modifi-
cation after therapy. Among visual field indices, mean defect (MD) and corrected
loss variance (CLV) were slightly higher in NTG, and showed no significant modifi-
cation after therapy. Among morphometric optic nerve head characteristics, linear
C/D and RNFL thickness were quite similar between the NTG and normal groups,
and showed no modification after therapy. IOP was also similar between NTG and
normal subjects, and decreased after therapy in the NTG group.

Conclusion: From the perspective of an integrated diagnostic, electrophysiological
tests (VEPs and PERG) may provide a more sensitive measure of retinal ganglion cell
(RGC) integrity and help to distinguish between normal-tension glaucoma suspects
before perimetric alterations are evident, and normal subjects with apparent larger
disc cupping.

Keywords: pattern electroretinogram (PERG), visual evoked potentials (VEPs), nor-
mal-tension glaucoma (NTG) suspects, minimal visual defects, initial glaucomatous
optic neuropathy

A short guide to read electrophysiological parameters

1. Pattern electroretinogram (PERG)

The pattern electroretinogram (PERG) represents an objective and direct
measure of retinal ganglion cell (RGC) function. Itis aretinal biopotential evoked
by a temporally modulated patterned stimulus (checkerboard or grating) of
constant mean luminance. The PERG waveform depends on the temporal
frequency of the stimulus. At low temporal frequencies (<6 reversals per second
(rps), equivalent to 3 Hz), transient PERGs are obtained: the PERG waveform in
normal subjects usually consists of a small initial negative component with a
peak time (i.e., latency) of 35 msec (N35), followed at 45-60 msec by a much
larger positive component (P50), and a large negative component at about 95
msec (N95). In glaucoma analysis, PSON95 complex amplitude (in micronvolt)
— calculated from P50 peak to N95 peak — and P50 implicit time (or latency)
(in msec) are measured with different spatial frequencies: either with checker-
board subtending 30’ of arc of visual angle or 15’ (smaller).

2. Visual evoked potentials (VEPs)

Visual evoked potentials (VEPs) characterize the state of the whole visual
pathway. The waveform of the VEPs evoked by contrast reversal of pattern
stimuli depends on the temporal frequency of the stimulus. Considerations
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are the same as those for PERG. At low temporal frequencies (< 6 reversals per
second (rps), equivalent to 3 Hz), transient VEPs are obtained: VEPs waveforms
consist of an initial negative component with a peak time of approximately 75
msec (N75), followed by a larger positive component (P100) at 100-110 msec,
and by a large negative component at 120-140 msec (N135). P100 latency (in
msec) and amplitude (in micronvolt) are measured with different spatial
frequencies: either with checkerboard subtending 30’ of arc of visual angle or
15’ (smaller).

Cortical-retinal time (CRT) is an electrophysiological index that analyzes
neural conduction in post-retinal visual pathways; it is derived from simulta-
neous recordings of VEPs and PERGs and represents the latency difference
between P50 PERG and P100 VEPs.

1. Introduction

Glaucoma is a multifactorial optic neuropathy characterized by progressive loss
of retinal ganglion cells (RGC), changes in optic disk morphology, and visual field
defects. Intraocular pressure (IOP) is a recognized risk factor for the development
and progression of glaucomatous damage: multicenter studies have found that
a 1 mmHg reduction decreased the risk of damage progression by 10%, and that
conversion from ocular hypertension to manifest glaucomais decreased by reducing
IOP.12 A particular type of open-angle glaucoma, normal-tension glaucoma (NTG),
has a typical glaucomatous optic neuropathy evolution with untreated IOP below 21
mmHg.** Several population studies have suggested an incidence of NTG between
20% and 40% for all open-angle glaucomas.®” I0P is recognized as the most
important risk factor for the development or progression of glaucomatous damage,
even if pressure reduction does not necessarily slow or halt disease progression.®?In
fact, in NTG other IOP-independent factors concur to the progression of the disease,
including migraine, disk haemorrhage, occlusive vascular diseases, abnormal
ocular blood flow, systemic hypotension, and sleep apnoea,'®*? even if there still
are individual responses between diagnostic exams. Specifically, patients with NTG
show a greater reduction in nocturnal blood pressure compared to healthy subjects,
which is correlated to a more rapid progression of glaucoma.***

In addition to damaging RGC, glaucoma can also damage the post-retinal
mechanism at the level of the lateral geniculate nucleus (LGN) of the thalamus and
the primary visual cortex (V1).!* Hence, glaucoma can be associated with profound
degenerative effects in the visual brain. Studies on experimental glaucoma in
primates show neural degeneration of the LGN*° and activity changes in the visual
cortex.” Degeneration of the LGN and visual cortex has also been demonstrated in
human glaucoma.®
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Among diagnostic exams for glaucoma, the pattern electroretinogram (PERG)
stands as a direct indicator of RGC function.?»*> PERG amplitude decreases with
increasing age in normal subjects, which may be due to neural loss as well as to
reduced retinal illuminance resulting from retinal miosis and reduced image
contrast due to cataract or other opacities of optical media; therefore, response
must be normalized for age.?**

PERG reflects ganglion-diffuse rather than focal damage,?>? so correlations
between altered PERGs and visualfields are not necessarily found.?"?* RGC loss above
30% is associated with statistically significant changes in visual field sensitivity?, so
the visual field is not impaired in ocular hypertension or early manifest glaucoma.*°
Caprioli identified two distinct types of glaucoma field defects: a more diffuse loss
of visual field sensitivity, correlated to IOP, and a less pressure-dependent, localized
type. The first type may be due to diffuse dysfunction leading to progressive
concentric enlargement of the optic nerve cup; as it is a mass response reflecting
diffuse RGC dysfunction, PERG is often impaired in this type of glaucoma.* Caprioli
believes that the second type, i.e., glaucoma with focal visual field defects, is more
correlated with vascular factors. In this type of glaucoma, PERG may still be normal
until the majority of RGC are affected.®

PERG is altered in glaucoma as well as in many cases of ocular hypertension
(OHT).33-% Several authors who have performed human studies find PERG to be a
predictive value to identify those patients with elevated IOP who develop glaucoma
before visual field changes occur;**° given that none of the eyes with initially normal
PERG develop glaucomatous field defects;* moreover Philippin, in a ten-year longi-
tudinal study, found that 8% of eyes develop manifest glaucoma (defined by visual
field defect) with high sensitivity and specificity.*®* In experimental glaucoma
studies in monkeys, Marx found a reduction of PERG amplitude without evidence of
cupping;* in mice, Saleh and Porciatti show a progressive reduction of inner retina
function with retinal fiber layer (RNFL) relatively spared: PERG amplitude reaches
the noise level in many eyes when RNFL thickness decreases by 50%.44%°

Some authors have emphasized the correlation between PERG and progress
of vertical cup-to-disc ratio,*® optic disk RNFL thickness loss measured by optical
coherence tomography (OCT),**® and cup shape measure of the Heidelberg Retina
Tomograph (HRT).4%5°

PERG has a higher sensibility to detect glaucomatous defects®**#° and is
abnormal in most patients with manifest disease.*****"5! PERG impairment always
precedes visual field defects.® As it reflects diffuse ganglion damage, there is a
strong correlation between PERG and mean defect (MD) visual field index and a
weak correlation with correct pattern standard deviation (CPSD) or corrected loss
variance (CLV), both of which analyze local defects.*®>* There is no linear relation-
ship between P50N95 amplitude and visual field loss and, in some cases, PERG
changes can precede detectable field loss because PERG is particularly sensitive to
early damage.®
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As referred above, PERG reflects the total amount of electrophysiological
activity of RGC, i.e., represents an objective and direct measure of RGC function.
Analysing the structure-function relationship in experimental and human studies,
Marx,* Ventura,*® and North*® suggested the hypothesis that there may be a
stage of reversible dysfunction prior to RGC death. This period of dysfunction
may happen long before ganglion cell loss. In glaucoma suspects or in early
glaucoma, a reduction in PERG amplitude may be due to early RGC dysfunction.
This dysfunction is potentially reversible and may be restored after IOP reduction.®®
This improvement occurred not only in ocular hypertension (OHT) or hypertensive
glaucoma (primary open-angle glaucoma, POAG),*® but also in NTG.*® Particular-
ly in early glaucoma, after lowering IOP Ventura found a positive change in slope
steepness that may indicate that the progressive degradation of RGC function has
slowed down.*” Compared to POAG, PERG improvements in NTG were associated
with smaller reductions of IOP;>® perhaps RGC dysfunction in NTG occurs at a lower
IOP and, in turn, PERG improvements occur after smaller IOP reductions. However,
smallimprovements in eyes with advanced visual field defects may be explained by
fewer quantities of surviving RGC in the advanced stages of NTG.

Visual evoked potentials (VEPs) characterize the state of the whole visual
pathway. In glaucomatous patients, there is a delay of P100 latency and/or P100
amplitude reduction.®®*%5! Parisi found a high specificity of VEPs in identifying
normal subjects.* VEPs show reduced amplitude in OHT and manifest glaucoma.*®
Cortical-retinal time (CRT) is an electrophysiological index that analyzes neural
conduction in post-retinal visual pathways; it is derived from simultaneous
recordings of VEPs and PERGs®! and represents the latency difference between P50
PERG and P100 VEPs. Cortical-retinal time is unchanged in OHT, but increases as the
disease progresses,*” and is correlated with a reduction in PERG amplitude so that
signal transmission is progressively slower (revealed by a greater increase of P100
latency). Moreover, there is a correlation with optic nerve fiber thinning, measured
by OCT.*" VEPs reflect the activity of the later stages in the visual processing chain,
and are less affected by glaucoma than PERG.

In this study, we tested the hypothesis that electrophysiological dysfunctions
are present in NTG suspects with early structural damage and no perimetric defect.
Additionally, any structural or functional variations were assessed twelve months
after starting therapy.

2. Methods

The study was approved by the Hospital Medical Ethics Committee, and informed
consent was obtained from the subjects following an explanation of the nature
and possible consequences of the study. Healthy control subjects and early-stage
glaucoma patients were recruited at the Sacco Hospital eye clinic in Milan, Italy.
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2.1. Patients with suspected NTG

Twenty subjects (38 eyes) with suspected normal-tension glaucoma were recruited.
All patients underwent a complete clinical examination including best-corrected
visual acuity, Goldmann applanation tonometry, optic nerve head assessment by slit
lamp binocular indirect ophthalmoscopy, scanning laser tomography (Heidelberg
Retina Tomograph (HRT), Germany), perimetry (Octopus 101: G2 program for
glaucoma; Interzeag, Schlieren, Switzerland), VEPs and PERG recording (Biomedica
Mangoni, Pisa, Italy).

Inclusion criteria were:

1. visual acuity of more than 15/20 with best correction;

2. untreated IOP (measured with Goldmann applanation tonometry) on a
diurnal pressure curve inferior to 21 mmHg;

3. initial glaucomatous optic neuropathy evaluated with HRT in conjunction
with the following inclusion criteria: 1) one sector measurement labelled
“borderline” or “outside of normal” at Moorfield Regression Analysis; 2)
retinal nerve fibre layer (RNFL) less than 200; 3) linear cup-disk (linear C/D)
more than 600;

4. alteration of electrophysiological parameters, namely, decreased P50N95
PERG complex amplitude or/and decreased VEPs P100 wave amplitude.
Values differing by less than two standard deviations from the correct
normative value for age were considered non-pathological;

5. visual field indices: mean defect (MD) and correct loss variance (CLV),
considering values “borderline” or “1st Stage” according to Glaucoma
Staging System 2 perimetric stadiation.52¢3

Exclusion criteria were:

1. history of refractive surgery;

2. high myopia;

3. otherocular or systemic diseases;

4. patients already in therapy or with other ocular or systemic diseases.

2.2. Healthy subjects
An age-matched control group of 14 healthy subjects (27 eyes) with the same mor-
phological alterations (RNFL less than 200 and linear cup-disk (linear C/D) more
than 600) but normal PERG, VEPs, and visual field indices; no ophthalmic diseases
and no family history of glaucoma.

We analyzed these two groups at the start of the study (T ) and after 12 months
(T,,). Glaucomatous patients underwent hypotonizing therapy with prostaglandin
eye drops, one drop a day; the controls did not undergo therapy.

2.3. Electroretinography
Electrophysiological tests (VEPs and PERG) were recorded monocularly and simul-
taneously.
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2.4. PERG technique

A small silver chloride skin (active and reference) electrode was positioned on
the lower eyelids. A skin electrode at the midfrontal position (in Fpz scalp) served
as ground. PERG were recorded simultaneously with VEPs, with 30-minute and
15-minute black-and-white checkerboard pattern stimulus, 45 cd/m? mean
luminance, reversing two times per second (square wave reversal) or counter
phased at 1 Hz (thus evoking transient responses) at 98% contrast between black-
and-white squares. Signals were amplified (50000 times) and filtered (pass band
1-100 Hz). The stimuli were generated on a cathode-ray tube monitor subtending
24° at a viewing distance of 114 cm.

At low temporal frequencies (< 6 rps), transient PERGs were obtained. The PERG
waveform consists of a small initial negative component with a peak time of approx-
imately 35 ms (N35), followed at 45-60 ms by a larger positive component (P50). The
following wave is a large negative component at 90-100 ms (N95). P50 peak time (or
latency) and P50N95 complex amplitude (i.e., from the peak of P50 to the peak of
N95) were measured.

2.5. Visual evoked potentials (VEPs) technique

The scalp electrodes were placed according to the International 10/20 System.
The active electrode was placed on the scalp over the visual cortex at Oz with the
reference electrode at Fz. A skin electrode at the midfrontal position (in Fpz scalp)
served as ground electrode.

VEPs were recorded simultaneously with PERG, with 30-minute and 15-minute
black-and-white checkerboard pattern stimulus with 45 cd/m? mean luminance,
reversing two times per second (square wave reversal) or counter phased at 1
Hz (thus evoking transient responses) at 98% contrast between black and white
squares. Signals were amplified (50000 times) and filtered (pass band 1-100 Hz). The
stimuli were generated on a cathode-ray tube monitor subtending 24° at a viewing
distance of 114 cm.

At low temporal frequencies (<6 rps), the pattern-reversal VEP waveform consists
of N75, P100, and N135 peaks. P100 peak time (or latency) and P100 amplitude were
measured.

2.6. Perimetry and visual field criteria

Octopus 101: G2 program for glaucoma; Interzeag, Schlieren, Switzerland
Glaucoma Staging System 2 (GSS2) perimetric stadiation was used, which considers
visual field defects by analyzing perimetric indices: MD and CLV.%2¢* We included
in this study no defect or initial defects: “borderline” (MD between 2,5 and 3; CLV
between 3 and 4) or “1st stage” (MD between 3 and 6; CLV between 4 and 6) in two
consecutive visual fields.®*3
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2.7. HRT technique

The HRT is a confocal scanning laser imaging device for the analysis of glaucomatous
optic disk topography.®*¢* With Moorfield Regression Analysis (MRA) for each sector
of the optic nerve head (ONH), patients were included with at least a “borderline”
global rim area, i.e., at least one measure outside the norm between 95% and 99%
confidence interval (Cl), linear cup disc (linear C/D) more than 0.55, and mean retinal
nerve fiber layer thickness (RNFL thickness) less than 200.%¢

2.8. Statistics

The main aim of the statistical analysis was to describe and quantify the diagnostic
parameters for two groups, NTG suspects and healthy subjects, respectively. The
analysis was performed on a sample of 38 eyes of patients (n = 20) with suspected
NTG, and 27 eyes of healthy subjects (n = 14). For each eye, the following variables
were available, both at T, (start of the study) and T,, (twelve months later), except
for pachimetry, which was recorded only at T;:

1. electrophysiological measurements: latency and amplitude of the P50 PERG
wave and P100 VEP wave, with 30-minutes and 15-minutes checkerboard
pattern stimulus;
visual field indices: mean defect (MD), correct loss variance (CLV);
morphometric parameters: RNFL thickness, linear C/D;
intraocular pressure (IOP);

5. pachymetry.

Furthermore, CRT was defined as the difference between P100 VEPs wave latency
and P50 PERG wave latency.

The variables above were summarized using means and standard deviations.
A multivariate descriptive analysis was performed, using principal component
analysis (PCA) methods,*” in order to identify possible patterns of electrophysio-
logical measurements and other parameters in the two groups (NTG and healthy
subjects), and to evaluate the correlation among such features. A brief sketch of
such methods is reported in the following box.

The strategy of analysis was the following one:

1. In a preliminary step, the assumption of linear correlation among the
variables under examination was checked by examining correlation coeffi-
cients (Pearson’s r and Spearman’s rho) and scatterplots for each couple of
variables.

2. Two separate PCAs were performed, for electrophysiological measurements
and the remaining variables, respectively. In each one, measurements
at T, of each variable were used as active variables. This allowed to focus
attention on the relationships among the elements that could be potentially
used for an early diagnosis. The association among measurements at T, and
T,, was evaluated by including the latter ones in the PCA as supplementa-
ry variables. The number of relevant principal components was determined

s
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by examining the scree-plot. Both variables and individuals (i.e., eyes) were
represented through principal component biplots.®

A further aim was to estimate the average values of the measurements of all the

variables and respective differences:

1. between eyes of NTG patients and healthy subjects, at T,and T ,;

2. betweenT,,and T, for each of the two groups.

To such end, the standard statistical methods based on the assumption of
independent and identically distributed (i.i.d.) observations were not adequate.
In fact, the i.i.d. assumption was violated by the presence of both repeated mea-
surements for each eye and the correlation between measurements of fellow eyes.
Therefore, the estimates were obtained by mixed effects ANOVA methods.® In each
ANOVA model:

1. eachvariable was included as a response variable;

2. the time of measurement (start of study; 12 months later) and group (NTG;
healthy) were included as categorical predictors, with both simple effects
and interaction effect;

3. to account for the above-mentioned sources of correlation, two random
effects, corresponding to subjects and eyes, respectively, were also included.

The results were reported in terms of estimated averages with respective 95% Cl.
The ClI for the four differences indicated above were corrected with the Bonferroni
rule.

The statistical analysis was performed using the r sofware™ with additional

nlme™ and multcomp’ packages.

Principal component analysis: brief methodological notes

PCAbelongstoawideclassof statisticalanalysestargeted atdescribingthe main
features of the distribution of a large set of inter-related variables by reducing
the dimensionality of the data. In PCA, this reduction is achieved by transform-
ing the variables into a new set of variables, called principal components, which
are ordered in such a way that the first few — most frequently the first one or
two — retain most of the variation present in all the original variables. Thus,
the principal components may synthesize the main patterns of correlation
among the original variables (as measured by the linear correlation coefficient,
Pearson’s r) and, according to such patterns, identify groups (clusters) of
subjects provided of the homogeneous features of the original variables.

PCA techniques allow to plot all the original variables and/or individuals
within a few plots, thus giving a straightforward visual representation of the
features under examination. Usually, variables are represented by vectors, and
individuals by points. The interpretation of the plots follows conventional rules
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based on the relative positions among such elements:

1. For each couple of variables: if the corresponding vectors point in
the same direction (the angle is close to 0 degrees), the variables are
positively correlated. If two vectors point in opposite directions (the
angle is close to 180 degrees), the variables are negatively correlated. If
two vectors are orthogonal (the angle is close to 90 degrees), there is a
low correlation between the variables.

2. Foreach couple of individuals, the distance between the corresponding
points indicates their similarity: a short distance indicates individuals
with comparable values of the original variables, whereas a long distance
indicates ‘heterogeneous’ individuals.

3. For each point (individual), the patterns of the original variable are
derived by projecting the point onto the vectors. Considering each
vector as an axis, the distances between the origin and the projections
of the points indicate the magnitude of the corresponding variables.

For further details, see the cited monography by Jolliffe.*”

3. Results

Means and standard deviations of the variables of interest are reported in Table
1. In the multivariate analysis, no complex, i.e., non-linear relationship emerged
from the examination of correlation coefficients and scatterplots. In the first PCA
(electrophysiological characteristics), according to the scree-plot the first principal
component provides an adequate synthesis of the variables under examination.
The proportion of total variability of data explained by the first principal component
is 48.6%. The patterns emerging from the biplot (Fig. 1a) are quite clear:

1. Aglobalpositive correlation emerged among measurements of P100 VEP and
P50 PERG amplitudes at T, (the vectors corresponding to such variables are
overall directed toward the same direction) of moderate or moderate/high
amount. In agreement with this, the values of Pearson’s index of correlation
(Pearson’s r) vary from 0.46 to 0.88.

2. Similarly, a positive correlation emerged among latency measurements at
T,, more pronounced between the two measurements of the P100 VEP wave
(r=0.83), whereas the correlation of the latency of the P50 PERG wave with
30-minutes checkerboard pattern (P50/30’) with the other variables is low (r
ranging from 0.13 to 0.23) (the angles between the vector corresponding to
P50/30’ and the vectors representing the other variables are overall nearly
90°).
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Table 1. Descriptive synthesis of diagnostic parameters

Data were reported as mean and standard deviations. NTG = eyes of patients with suspected
normal tension glaucoma; Healthy = eyes of healthy subjects. Electrophysiological
parameters: L100 and L50 = latency of P100 VEP and P50 PERG waves, respectively; A100 and
A50 = amplitude of P100 VEP and P50N95 complex PERG waves, respectively. Text: /15’ and
/30" indicate measurements taken with 15-minutes and 30-minutes checkerboard pattern
stimulus, respectively. Visual field indices: MD = mean defect; CLV = correct loss variance.
Morphometric parameters: RNFL = RNFL thickness; Lin.C/D = linear C/D. IOP = intraocular
pressure. PAC = pachimetry.

NTG Healthy
VEP and PERG Left eye Right eye Left eye Right eye
measurements | Mean (SD) | Mean (SD) | Mean (SD) | Mean (SD)
L100/15’: at T, 124.0 (9.1) 123.9 (11.6) 111.2 (6.2) 111.5(5.0)
atT,, | 122.4(10.6) | 122.0(10.4) 113.3(7.2) 110.7 (4.8)
L100/30%: atT, | 114.9(8.3) | 114.0(8.6) | 105.2(6.0) | 105.6(6.9)
atT,,| 115.9(6.8) | 114.0(8.8) | 106.3(8.9) | 105.6(6.1)
A100/15’: at T, 8.3(3.2) 8.0 (3.8) 14.5 (4.6) 14.9 (5.5)
atT,, 9.2 (3.4) 8.8(3.4) 13.9 (4.6) 15.3(5.7)
A100/30: at T, 7.7 (3.0) 8.5(3.3) 13.1(5.0) 14.4 (4.2)
atT,| 7.7(2.5 8.8 (3.4) 13.8(6.4) | 15.3(5.6)
L50/15°: atT, 63.1(8.1) 61.0 (9.4) 61.5(6.5) 58.9 (5.8)
atT,,| 61.6(7.5) 59.8 (6.6) 59.0 (6.1) 57.1 (4.7)
L50/30 atT, | 58.9(8.3) 56.7 (7.8) 57.5 (4.0) 55.7 (5.2)
atT,, | 58.2(7.2) 54.7 (4.8) 56.1 (5.6) 55.6 (5.3)
A50/15’: atT, 1.5(0.6) 1.5(0.6) 2.5(0.7) 2.2(0.4)
atT,, 1.8 (0.6) 1.8(0.8) 2.6 (0.7) 2.4 (0.8)
A50/30%: atT, 1.9(0.6) 1.9(0.6) 2.7(0.4) 2.7(0.4)
atT,, 2.6 (0.9) 2.2(0.7) 2.9(0.9) 3.0(0.9)
CRT/15% atT, | 60.9(13.7) | 62.9(10.9) | 49.6(5.9) 52.6 (7.0)
atT,,| 60.8(9.2) | 62.2(12.6) | 54.3(4.1) 53.6 (5.9)
CRT/30’: atT, 56.0 (11.8) 57.2 (11.0) 47.8 (6.3) 49.9 (6.0)
atT, 57.8 (9.8) 59.2 (9.6) 50.2 (9.3) 50.0 (7.9)
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NTG Healthy
Other Left eye Right eye Left eye Right eye
characteristics | Mean (SD) | Mean (SD) | Mean (SD) | Mean (SD)
MD: atT, 3.1(1.6) 3.3(1.5) .3(1.2) 1.7 (1.4)
atT,, 2.8(1.8) 3.4(1.7) .0(1.9) 2.3(1.8)
CLV: atT, 4.0 (2.8) 3.8(2.7) 7(1.0) 2.2(1.3)
atT,, | 4.4(3.2) 5.1(4.9) 1(1.3) 2.1(1.1)
Lin.C\D: atT, |639.8(107.5) | 640.5(122.5) | 688.5(105.4) | 718.7 (53.9)
atT,, | 637.8 (101.7) | 642.0(94.9) | 687.7 (101.0) | 717.9 (56.2)
RNFL: atT, 182.9(55.2) | 192.7(47.3) | 200.5(79.5) | 205.2 (57.3)
atT,, | 176.1(59.3) | 186.5(43.6) | 203.1(67.4) | 195.0(36.3)
10P: atT, 17.5(2.6) 17.5(2.2) 15.1(2.8) 16.1 (3.3)
atT, | 127(1.2) 12.0 (1.7) 15.0(2.4) | 15.8(3.0)
PAC: atT, | 570.9(39.1) | 575.1(38.8) | 553(43.8) | 547.3(42.3)

3. Furthermore, a global negative correlation emerged between amplitude
measurements on one side, and latency measurements on the other, except
for P50/30’ PERG latency (vectors corresponding to amplitudes and latencies,
respectively, point toward opposite directions). In this case, the values of
Pearson’s r vary from -0.58 to -0.18.

InFigure 1a, the pointsrepresenting the eyes of NTG patients and healthy subjects
show a considerable degree of separation. The latter ones (healthy subjects) are
characterized by higher values of P100 VEP and P50N95 complex PERG amplitudes,
and lower values of P100 VEP and P50 PERG latencies (overall, they stand on the right
side of the figure), while the former (NTG) show just the opposite pattern (standing
on the left side of the figure).

The measurements at T,, showed similar patterns of correlation (Fig. 1b) as those
previously illustrated: that is, a positive correlation among amplitude measure-
ments, most pronounced between the P100 VEP waves (P100/30’ and P100/15’); a
positive correlation among latency measurements, also most pronounced between
the P100 VEP waves; and a negative correlation among latency and amplitude mea-
surements (same as before). No other relevant relationships between variables
emerged.

In the second PCA, according to the scree-plot three principal components were
retained, with proportions of explained variability of data equal to 30.1%, 27.5%,
and 21.5%, respectively. Given that a sound clinical interpretation was provided
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Fig. 1. Principal components of electrophysiological measurements

(a) Principal component biplot. Vectors represent the active variables: P100 VEP latencies
and amplitudes at T,, with 15-minutes and 30-minutes checkerboard pattern stimulus
(L100/15’,L100/30’,A100/15’,A100/30’, respectively); P50 PERG latencies and amplitudesat T,
(L50/15’, L50/30’, A50/15’, A50/30’). Dots represent eyes of NTG patients; triangles represent
eyes of healthy subjects. (b) Variables map, with active variables (gray) and passive variables
(black). The passive variables were P100 VEP and P50 PERG latencies and amplitudes at T ,
(labels: same as above).

Principal Component Il
Principal Component Il

T
-1.0 -0.5 0.0 0.5 1.0

Principal Component | Principal Component |

Fig. 2. Principal components of other diagnostic parameters

(a) Principal component biplot. Vectors represent the active variables: Linear C/D (lin.C/D),
RNFL thickness (RNFL), mean defect (MD), correct loss variance (CLV), intraocular pressure
(10P), pachimetry (PAC); Dots represent eyes of NTG patients; triangles represent eyes of
healthy subjects. (b) Variables map, with active variables (gray) and passive variables (black).
The passive variables were measurements at T, of the variables above, except pachimetry
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Table 2. Estimated average values and differences of diagnostic parameters
NTG = eyes of patients with suspected normal tension glaucoma; Healthy = eyes of healthy
subjects. Electrophysiological parameters: L100 and L50 = latency of P100 VEP and P50
PERG waves, respectively; A100 and A50 = amplitude of P100 VEP and P50N95 complex PERG
waves, respectively. The text: /15’ and /30’ indicate measurements taken with 15-minutes
and 30-minutes checkerboard pattern stimulus, respectively. Visual field indices: MD =
mean defect; CLV = correct loss variance. Morphometric parameters: RNFL = RNFL thickness;
Lin.C/D =linear C/D. IOP =intraocular pressure. PAC = pachimetry.

Estimated average values

Estimated average differences

VEP and PERG
measurements

NTG
Est (95% CI)

Healthy
Est (95% Cl)

NTG vs Healthy:
Est (95% corr. Cl)

T,vsT,
Est (95% corr. Cl)

L100/15%:at T,
atT,

124.1(120.4, 127.8)
122.3(118.7,126.0)

111.2(106.8,115.6)
111.9(107.5,116.3)

atT,:12.9(5.5,20.2)
atT,,:10.5(3.2,17.8)

NTG:-1.7 (-4.0, 0.5)
Healthy: 0.6 (-0.4,1.7)

L100/30%:at T,
atT,

114.3 (111.2, 117.5)
114.8 (111.6, 117.9)

105.4 (101.7,109.2)
106.0 (102.2, 109.8)

atT,:8.9(2.6,15.1)
atT,,:8.8(2.5,15.0)

LNG:0.5 (-1.5, 2.5)
Healthy:0.6 (-1.8, 3.0)

A100/15%atT,
atT,

8.2(6.5,9.9)
9.0(7.3,10.8)

14.6 (12.6,16.7)
14.5(12.5,16.6)

atT,-6.4 (-9.8,-3.0)
atT,:-5.5(-8.9,-2.1)

NTG:0.9 (-0.1,1.8)
Healthy:-0.1(-1.2,1.1)

A100/30: at T, | 8.2(6.5,10.0) 13.6(11.6,15.7) atT,:-5.4(-8.9,-2.0) NTG:0.2 (-0.8,1.2)
atT,, | 84(6.7,10.1) 14.5(12.4, 16.5) atT,,:-6.1(-9.5,-2.6) Healthy:0.8 (-0.3, 2.0)
L50/15%: atT, | 62.1(59.7,64.4) 60.1(57.4, 62.9) atT,: 1.9 (-2.7,6.5) NTG:-1.4 (-5.3,2.5)
atT,, | 60.7(58.3,63.0) 58.0(55.2, 60.8) atT,,:2.7(-1.9,7.3) Healthy: -2.1(-6.7,2.5)
L50/30: atT, | 57.8(55.7,59.9) 56.5(54.0,59.1) atT;:1.2(-3.0,5.5) NTG:-1.4 (-4.6,1.8)
atT,, | 56.4(54.2,58.5) 55.8(53.3,58.4) atT,,:0.5(-3.7,4.7) Healthy: -0.7 (-4.5,3.1)
A50/15’: atT, | 1.5(1.2,1.7) 2.4(2.1,2.6) at T,:-0.9 (-1.4,-0.4) NTG:0.3(0.1,0.6)
atT,, | 1.8(16,2.1) 2.5(2.2,2.8) atT,,;:-0.7(-1.1,-0.2) Healthy:0.1(-0.2,0.5)
A50/30: atT, | 1.9(1.6,2.2) 2.7(2.4,3.0) atT,:-0.8 (-1.3,-0.3) NTG:0.5(0.2,0.8)
atT,, |24(2.1,2.6) 2.9(2.6,3.3) atT,,:-0.6 (-1.1,0.0) Healthy:0.3 (-0.1, 0.6)

CRT/15’: atT,
atT,

61.8(58.2,65.4)
61.5(57.9,65.1)

51.1(46.8,55.4)
53.9(49.6,58.2)

atT,:10.7(3.5,17.9)
atT,:7.6(0.4,14.8)

NTG:-0.3 (-4.6,3.9)
Healthy:2.8(-2.3,7.9)

CRT/30”: atT,
atT,

61.8(58.2, 65.4)
61.5(57.9, 65.1)

51.1(46.8, 55.4)
53.9 (49.6, 58.2)

atT,:7.6 (0.6, 14.6)
atT,:8.2(1.2,15.2)

NTG:1.9 (-2.0, 5.8)
HEalthy:1.3(-3.3,5.8)
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Estimated average values Estimated average differences
Other NTG Healthy NTG vs Healthy : T12vsTO:
characteristics | Est (95% Cl) Est (95% Cl) Est (95% corr. Cl) Est (95% corr. Cl)
MD: atT, |3.3(27,3.9 1.5(0.8,2.3) atT,:1.7 (0.5, 3.0) NTG:-0.1(-0.6, 0.5)
atT,, | 3.2(26,3.9) 2.2(1.4,2.9) atT,;:1.1(-0.2,2.3) Healthy: 0.6 (0.0, 1.2)
CLV: atTo | 3.9(2.8,5.0) 2.0(0.7,3.3) atT,: 1.9 (-0.2, 4.0) NTG:0.9 (-0.1, 1.9)
atT,, | 48(38,59 2.1(0.8,3.3) atT,,:2.8(0.6,4.9) Healthy:0.1(-1.1,1.3)
Lin.C\D: atT, | 641.1(601.7,680.5) | 703.8(656.8,750.8) | atT, -62.7(-140.9, 15.5) NTG:-0.2 (-21.2, 20.8)
atT,, | 640.9(601.5,680.4) | 702.9(655.9,749.9) | atT,;:-62.0 (-140.2, 16.2) Healthy:-0.9 (-25.8, 24.1)
RNFL: atT, | 188.2(167.9,208.4) | 202.8(178.7,227.0) | atT,:-14.7(-54.9,25.5) | NTG:-6.5(-19.2,6.3)
atT,, | 181.7(161.4,202.0) | 198.8(174.6,222.9) | atT,,:-17.1(-57.3,23.1) | Healthy:=4.1(-19.2,11.0)
10P: atT, | 17.5(16.5,18.5) 15.7 (14.5, 16.9) atT,:1.8(-0.2,3.7) NTG:-5.2 (-5.9,-4.4)
atT,, | 12.3(11.3,13.3) 15.5(14.3,16.7) atT,,:-3.2(-5.2,-1.3) Healthy:-0.2 (-1.1,0.7)
PAC: atT, |572.5(555.2,589.9) | 549.6(528.8,570.3) | atT,: 23.0 (-4.0,50.0)

only for the first two components, the third one was excluded from the analysis.
From the configuration of the vectors in Figure 2a, two major features emerge: a
positive correlation between visual field defects (correlation between MD and CLV:
r=0.67) and a negative correlation between morphometric parameters (correlation
between RNFL and lin C/D: r=-0.43)

In Figure 2a, the eyes of NTG patients and healthy subjects show a considerable
degree of separation The former are characterized by higher values of MD and CLV
atT, (since overall they stand in the same direction of the MD and CLV vectors), while
the latter are characterized by lower values of the same variables. The measure-
ments at T, show, overall, similar patterns of correlation (Fig. 2b).

The estimates of the average values and differences are reported in Table 2. The
average differences between eyes of NTG patients and healthy subjects of P100/15’
VEP latencies are: 12.9 msec (95% Cl: (5.5, 20.2) msec) at T, and 10.5 msec (95% Cl:
(3.2,17.8) msec) at T ,, suggesting that the averagevaluesin thefirst group (NTG) were
higher. Smaller differences, also indicating a higher positive difference between the
two groups, emerged for P100/30’ latencies: 8.9 msec (95% Cl: (2.6, 15.1) msec) at T,
and 8.8 msec (95% Cl: (2.5, 15.0) msec) at T,,. For amplitude measurements, lower
average values for the NTG group emerged, at T,and T,,, both for the P100 VEP wave
and P50N95 complex PERG amplitudes. For example, the estimated differences at
T,are:-6.4 pV (95% Cl: (-9.8, -3.0) uV) for P100/15’ VEP amplitude and -0.9 pV (95% Cl:
(-1.4, -0.4) V) for P50/15’ PERG amplitude. Furthermore, for P50 PERG amplitude,
the average differences between T,,and T, in the NTG group are: 0.3 pV (95% Cl: (0.1,
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0.6) V) for the P50/15’ amplitude and 0.5 pV (95% Cl: (0.2, 0.8) uV) for the P50/30’
amplitude. Such values suggest anincrease in amplitude after therapy (T,,), whereas
no variation in time emerged from the remaining estimates for other electrophysio-
logical measurements. For CRT, positive differences, indicating higher values in the
NTG group, emerged both at T,and T,.

Concerning the visual field indices: for MD, a positive average difference between
NTG and healthy subjects emerged at T;: 1.7 dB (95% Cl: (0.5, 3.0) dB), indicating that
the average value in the NTG group was higher. Also, a positive difference between
the groups is shown for CLV at T,,: 2.8 dB (95% Cl: (0.6, 4.9) dB). For IOP, at T, no
relevant difference emerged between NTG and healthy subjects; subsequently, the
average difference between T, and T, indicated a reduction of IOP in the NTG group
only: -5.2 mmHg (95% Cl: (-5.9, 4.4) mmHg). In agreement with this result, at T,, a
negative difference between NTG and healthy subjects was found: -5.2 mmHg (95%
Cl: (-5.9, -4.4) mmHg). No sensible difference emerged for the remaining variables.

4, Discussion

The most important problem for the correct therapy of glaucoma is early diagnosis.
The current opinion is that structural changes of the optic nerve fiber layer precede
functional changes measured by automated perimetry.”® However, sometimes a
manifest optic nerve cupping is not correlated with visual defects, casting doubt as
to whether these patients really have glaucomatous disease that can be prevented
by therapy.” In this respect, intraocular asymmetry of optic disk size can aid
diagnosis.”” Praecox diagnosis is more difficult in NTG because IOP values are
apparently normal,®even if larger disks seem to be more susceptible to IOP-related
stress because eyes with NTG have a significantly thinner lamina cribrosa and
therefore undergo significant displacement due to IOP according to mathematical
finite element modeling.”* Neuroretinal rim loss occurs before visual field loss,**#
but there is a linear relationship comparing 1/lambert differential light threshold
(not logarithmic (decibel) scaling) in visual field and temporal rim area.®

Among diagnostic exams, electrophysiological tests, such as VEPs and PERG, can
be used to quantify RGC function. Retinal ganglion cells undergo a prolonged period
of dysfunction and degeneration before cell loss. In fact, many authors have found
impaired RGC function by means of electrophysiological measurement in both
experimental®>%4 and human glaucoma studies® in subjects with OHT and early
POAG with no or minimal visual field defects.®®>* In NTG there has been only one
electrophysiological study: Lestak found a remarkable P100 amplitude reduction
while PERG was almost unaffected.®’

Likewise, some authors®=¢ indicate that abnormal PERG recorded in eyes with
early stages of glaucoma may often improve after IOP reduction. Therefore, this
dysfunction may be partially restored after IOP reduction not only in OHT, but
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also in glaucoma patients, as well as in NTG. In the case of NTG, improvement is
seen even after smaller IOP reductions because NTG eyes have a lower functional
threshold. However, in patients with advanced glaucoma PERG improvement is only
slight given that the amount of RGC loss is greater, limiting functional recovery.

In our study of NTG suspects, P100 amplitude VEPs was reduced and P100 latency
was slightly delayed. After IOP reduction, these parameters did not show significant
modification: this is understandable, as topical therapy is unlikely to have an effect
on the functionality (strictly neurological) of the visual pathways. In addition,
P50N95 complex amplitude was found to be lower in the NTG group than in the
control group.

IOP decreased significantly after therapy, even if the baseline IOP was slightly
higher than 15.5 mmHg, demonstrating that these patients had, in fact, NTG,
as explained above. Otherwise, P5S0N95 complex amplitude rose slightly; this is
correlated to IOP lowering, also for slight values.®® There is no inverse correlation
between the amount of P50 amplitude increase and IOP reduction.

IOP reduction is correlated to the effective presence of glaucoma; in fact,
IOP reduction in normal eyes does not modify PSON95 complex amplitude at all.
Therefore, an increase in P50N95 complex PERG amplitude following a decrease
in IOP is suggestive of dysfunction in suspected glaucoma (in this study, NTG); this
dysfunction could be partially restored after hypotonizing.>

Morphometric parameters, i.e., RNFL and linear C/D showed no modification in
the NTG suspect group one year after hypotonizing therapy, and neither did visual
field indices (MD and CLV). If there is only RGC dysfunction, it is unlikely that optic
nerve head changes would be apparent.® In this sense, electrophysiological tests
could provide a more sensitive measure of RGC integrity.

This pilot study is the first to attempt to differentiate between normal patients
with apparent larger disc cupping and NTG suspects with quite normal visual fields.
This diagnostic approach may provide important information to avoid starting
useless therapy, or, on the contrary, to start precociously hypotonizing therapy in
NTG suspects before visual field loss occurs.

Finally, electrophysiological tests could also be used in a similar fashion to
the visual field test, but with greater sensibility, allowing ophthalmologists to
monitor personalized therapy and even change its course by providing functional
information. Furthermore, these tests may provide an objective and indisputable
assessment of the effectiveness of neuroprotective therapies.
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