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Purrose. The purpose of this study was to determine whether glaucoma in human
patients produces preferential damage to OFF visual pathways, as suggested by animal
experimental models, patient electroretinogram (ERG), and retinal imaging data.

MetHoDSs. Steady-state visual evoked potentials (SSVEPs) were recorded monocularly
from 50 patients with glaucoma and 28 age-similar controls in response to equal Weber
contrast increments and decrements presented using 2.73 hertz (Hz) sawtooth temporal
waveforms.

Resurrs. The eyes of patients with glaucoma were separated into mild (better than —6
decibel [dB] mean deviation; n = 28) and moderate to severe (worse than —6 dB mean
deviation, n = 22) groups based on their Humphrey 24-2 visual field measurements.
Response amplitudes and phases from the two glaucoma-severity groups were compared
to controls at the group level. SSVEP amplitudes were depressed in both glaucoma
groups, more so in the moderate to severe glaucoma group. The differences between
controls and the moderate-severe glaucoma groups were more statistically reliable for
decrements than for increments. Mean responses to decremental sawtooth stimuli were
larger than those to increments in controls and in the mild glaucoma but not in the
moderate to severe glaucoma group at the first harmonic. OFF/decrement responses at
the first harmonic were faster in controls, but not in patients.

Concrusions. The observed pattern of preferential loss of decremental responses in
human glaucoma is consistent with prior reports of selective damage to OFF retinal
ganglion cells in murine models and in data from human ERG and retinal imaging. These
data motivate pursuit of SSVEP as a biomarker for glaucoma progression.

Keywords: glaucoma, ON/OFF pathways, luminance contrast, visual evoked potential
(VEP)

laucoma causes progressive damage to retinal ganglion

cells (RGCs) and corresponding visual field losses.!
Treatment is only partially effective’® and thus a better
understanding of the underlying pathophysiology is crit-
ical to the development of biomarkers for early detec-
tion or for progression, and to the development of new
therapeutics. Recent work in murine models relevant to
glaucoma has suggested preferential anatomic and func-
tional damage occurs in OFF-center RGCs versus in ON-
center RGCs. ™ Although it is still unknown why and under
what circumstances the structure and function of differ-
ent RGC types may be preferentially affected by glau-
coma,'’® noninvasive assays of OFF versus ON pathway
function may improve the detection of clinical glaucoma
and progression monitoring if one pathway is preferentially
affected.

Motivated by the findings in murine models.*® and
results at the level of the retina from the electroretinogram
(ERG) literature,!!'1? here, we sought additional evidence
for differential loss of OFF versus ON pathway function in
patients with glaucoma. It is not possible to directly record
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the activity of OFF versus ON ganglion cells in humans,
and therefore an indirect approach was taken using visual
stimulation that is biased to activate either OFF- versus
ON-derived pathways. Prior work in macaque monkeys
has shown that ON ganglion cells are more responsive to
sawtooth luminance stimuli in which the fast direction of
the sawtooth results in a luminance increase. Similarly, OFF
ganglion cells respond better to sawtooth stimulation where
the fast direction creates a luminance decrement.!> Using
sawtooth stimuli, we have found that sawtooth luminance
stimulation generates differential steady-state visual evoked
potentials (SSVEPs) to fast contrast increments versus decre-
ments.!* These evoked responses had two features that
parallel properties of ON and OFF pathways measured
with single unit physiology in both cats and macaque
monkeys. First, responses to contrast decrements were larger
than responses to increments, consistent with a dark bias
observed in single-cell responses in striate cortex of the
cat’® and V1 of macaque monkeys'®; see Ref. 17 for more
extensive review and restrictions. Second, SSVEP responses
to OFF-biased rapid decrements were faster than responses
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to increments as in cat LGN'® and striate cortex!? and in
mouse retina.?

Here, we recorded SSVEPs to incremental and decremen-
tal sawtooth stimuli as a noninvasive reporter of the relative
health of the underlying ON versus OFF pathway neurons of
glaucoma patients. We find that SSVEPs to decremental/OFF
stimulation are more affected than those to incremental/ON
stimulation, particularly in patients with moderate to severe
glaucoma.

METHODS
Participants

Experiments proceeded after approval by the Institutional
Review Board of Stanford University; written informed
consent was obtained from all participants; all research
conformed to the tenets of the Declaration of Helsinki in
accord for use of human participants. All participants were
employees of Stanford University or patients at the glaucoma
and optometry clinics at the Byers Eye Institute at Stanford.
For the patient groups, inclusion criteria included the diag-
nosis of glaucoma, best corrected visual acuity of 20/70 or
better in the study eye(s), a mean deviation no worse than
—25 decibels (dB) on the 24-2 Humphrey visual field (Zeiss
Meditech, Dublin, CA, USA), absence of other ophthalmic
issues that may impact vision, and cognitive abilities suffi-
cient to participate in the study. Glaucoma was diagnosed
based on glaucomatous optic nerve head damage on fundo-
scopic examination, including retinal nerve fiber layer thin-
ning as measured on optical coherence tomography, and
typical visual field loss on the 24-2 Humphrey visual field.
This was defined as a positive glaucoma hemifield test or
a cluster of at least 3 points below P = 0.05, with at least

IOVS | October 2022 | Vol. 63 | No. 11 | Article 16 | 2

one point below P = 0.01. Humphrey visual field testing was
performed for all the patients with glaucoma on the day of or
within 3 months prior to the visual evoked potential (VEP)
recording.

A group of 61 adults with glaucoma participated. Data
from 11 patients were excluded based on one or more
of the following criteria: extremely poor vision, electroen-
cephalogram (EEG) data quality issues (excessive artifacts),
corrupted data file or an incomplete recording. We report
data from 50 eyes of 50 patients.

In addition, a group of 37 age- and gender-similar adults
without glaucoma or other ocular pathologies and with
normal visual acuity were recruited as controls. After the
above exclusion criteria were applied, data from 28 controls
were analyzed. Patient and control participant demographic
data is summarized in Table 1.

For purposes of analysis, the eyes of the patients with
glaucoma were split into two groups according to glau-
coma severity based on a criterion of an eye having
better (“mild”) or worse (“moderate to severe”) than a —6
dB mean deviation on Humphrey visual field testing. We
analyzed one eye from a given patient, using the same
eyes for both between-group comparisons and within-group
comparison of the differences between ON/increment and
OFF/decrement responses. Patients with only one eye meet-
ing entry criteria were assigned to the severity group of
that eye. For patients who had both eyes in the same
severity group, or one eye mild and the other moderate
to severe, the eye entered in the analysis was selected at
random. Data from 28 eyes/patients with mild glaucoma
and 22 eyes/patients with moderate to severe glaucoma
were analyzed. The data from the two eyes of the control
participants were averaged, yielding one estimate of the
ON/increment and OFF/decrement response per control
participant (# = 28 individuals).

TasLe 1. Participant Characteristics
Patients
Moderate to Severe
Mild Glaucoma Glaucoma Controls
28 eyes 22 eyes 28 eyes (pooled)

Gender

M 25 12

F 25 16

Age 61.71y £ 13.3 (22-84 y) 62.4y £17.11 (18-80 y)
Race and ethnicity

Caucasian 32 24

Asians 15 9

Hispanic 1 3

African American 1 -

Other 2 -
Diagnosis -

Primary open angle glaucoma 15 eyes 18 eyes

Juvenile open angle glaucoma 2 eyes -

Mixed mechanism 1 eye -

Normal tension glaucoma 6 eyes 2 eyes

Pseudo exfoliation glaucoma 2 eyes -

Pigmentary dispersion glaucoma 1 eye -

Low tension 1 eye 2 eyes
Mean deviation HVF —3.17 + 1.45 —12.78 + 4.8 -
Mean BCVA LogMAR +0.1+ 0.13 (20/13-20/50 +0.1+ 0.16 (20/13-20/70 0.016 + 0.13 (20/10-20/60

Snellen) Snellen) Snellen)
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(A) Probe waveforms. Incremental (gray) and decremental (black) sawtooth waveforms designed to favor ON versus OFF pathway

responses, respectively. The stimulus frequency of 2.73 Hz is illustrated. Frame rate was 60 Hz. (B) Probe-on-pedestal display element. The
sawtooth-modulated probes (small white hexagon) were presented on a mid-gray pedestal (medium size bexagon). An incremental pedestal
is illustrated. The probe was 20% the size of the pedestal. The pedestal was surrounded by a black background region (largest hexagon).
Weber contrast was 20% for both increments and decrements. (C) Scaled stimulus array. The visual field was tiled with a set of probe/pedestal
elements. The size of the elements was scaled over eccentricity according to the cortical magnification factor to optimize responses from
the periphery. White rings indicate 5 degrees eccentricity radii from central fixation, and the red ring is 12 degrees in radius.

Visual Stimuli

We used periodic decremental and incremental sawtooth
stimulation to elicit SSVEPs.!* Decremental stimuli were
defined as those in which the fast phase of the sawtooth
decreases in luminance and the slow ramp phase increases
(Fig. 1A, black curve), with incremental stimuli being the
opposite (Fig. 1A, gray curve). The stimulus frequency was
2.73 hertz (Hz). Stimuli were presented on a SONY PVM-
2541 monitor (1920 x 1080 pixels) viewed monocularly
at a distance of 70 cm. Display pipeline delays and EEG
pipeline delays were measured with a photocell and have
been corrected.

The spatial structure of the stimulus was based on the
Westheimer sensitization paradigm.?'?> In our version of
the paradigm, small hexagonal probes were presented on
larger hexagonal background pedestals that were five times
larger than the probes (Fig. 1B). Pedestal luminance was
47 cd/m?, background luminance was 11 c¢d/m?, and probe
contrast relative to the pedestal was +/—20% based on the
Weber definition Ly, — Lmin/Lmin. Increments and decre-
ments had opposite signs but equal values in under this
definition. The probes were modulated according to either a
decremental or incremental sawtooth profile just described.
The probes and pedestals were presented as multi-element
arrays where each element comprised a probe-on-pedestal
element. Elements that straddled the horizontal and verti-
cal meridian were eliminated (see Fig. 1C for a schematic
example). The probe and pedestal elements were scaled for
cortical magnification as described previously.'* The central
element comprised an 8 arc minute probe/40 arc minute
pedestal. Field size was 12 degrees in radius vertically and
approximately 20 degrees horizontally.

Procedure

Participants viewed contrast increment and decrement stim-
uli monocularly with the other eye being patched. The trials
(n = 10-12 per condition) were blocked by eye and within
an eye-testing block, increment and decrement trials were
presented in random order. Trials lasted 7.7-13.2 seconds
with 3000 £+ 500 msec inter-trial intervals. The first and last

1.1 seconds of each trial were excluded to allow for start-
up and end effects. Participants were instructed to withhold
blinking and to fixate on the center element. The participants
performed a concurrent letter discrimination task presented
within the central hexagon designed to control fixation and
attention.

SSVEP Recording and Signal Processing

The EEG was recorded over 128 channels using Hydrocell
SensorNets and NetStation version 5.2 software (Electrical
Geodesics, Eugene, OR, USA). Prior to recording, individ-
ual electrodes were adjusted so that the impedance values
were lower than 60 k2. The raw EEG was amplified (gain =
1000 at 24-bit resolution) and digitally filtered with a zero-
phase 0.3 Hz to 50 Hz bandpass filter. The data were then
processed using in-laboratory software written in Objective
C (XDiva). The artifact rejection procedure first detected and
then substituted consistently noisy individual channels. The
noisy channels were substituted with the average signals of
the six nearest electrodes surrounding the noisy electrode.
After this, the EEG was re-referenced to the common average
of all electrodes. Second, to reject data recorded during coor-
dinated muscle movements or blinks, 1-second-long epochs
were excluded for all electrodes if signals of more than 5%
(7 out of 128) of the electrodes exceeded a set threshold
amplitude (60-520 pV, median = 100 pV) sometime during
the epoch. Finally, 1 second epochs from individual elec-
trodes were excluded if more than 10% of the epoch samples
exceeded +/— 30 pV.

Statistical Analysis

Reliable Components Analysis (RCA) was used to reduce
the dimensionality of the 128 channel recordings to a small
number of components.?> Each RCA component comprises
a scalp topography and a response spectrum. RCA compo-
nents were derived through an eigenvalue decomposition
that maximized the trial-by-trial covariance matrix. This crite-
rion reflects the fundamental assumption that the stimulus-
driven evoked response is highly similar over repeated
presentations of the same stimulus. RCA also results in an
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improved signal-to-noise ratio (SNR) and provides a data
driven method for selecting the recording channels whose
data are to be analyzed. Components were learned from
the complex values of the first four harmonics of the stim-
ulus frequency as higher harmonics had low SNR, even in
control eyes.'* Spectral analysis was performed at the sensor
level using a recursive least squares filter.?* The components
were learned separately for the three groups pooling over
stimulus polarity and eye. Each participant’s complex-valued
sensor-level data was projected through the group-specific
weights and group averages were computed by coherent
(vector) averaging of the complex values across trials and
participants.

We used one-sample Hotelling’s T? or T2, tests to
determine whether a response was present at a given
harmonic, using the latter when its distribution assump-
tions were met and the former when they did not.?
We used two-sample T? tests to compare ON/increments
of OFF/decrement responses within participants and for
assessing between group differences within a contrast polar-
ity. Elliptical error bounds indicating +/—1 SEM were calcu-
lated as part of the T? computation.?® Within each group,
the difference between ON/increment- and OFF/decrement-
averaged complex vectors were tested against a univariate
null hypothesis of zero difference (test within subjects).
Between groups, we used a multivariate test to deter-
mine if there was a significant difference between groups
for ON/increment and OFF/decrement conditions sepa-
rately (test between subjects). Hotelling’s T? test func-
tions were written in MATLAB and results verified with
R’s Hotelling package (CRAN/Hotelling repository). Addi-
tional corrections to the standard calculations were made
when the samples being compared had unequal covari-
ance.”’ Differences in correlations were determine with the
cocor package in R (http://comparingcorrelations.org/). The
presence of phase-angle differences between ON/increment
and OFF/decrement responses was determined by via jack-
knifed estimates of the vector average phase differences
between for control and patient groups.?$-3°

REsuLTS

The SSVEP scalp topography of the dominant evoked
response component, RC1 learned over both ON/increment
and OFF/decrement conditions, was focused over the occip-
ital pole in each of the participant groups, with the ampli-
tude of the component decreasing with increasing glaucoma
severity (Fig. 2).

Controls (N = 28)

Mild (N = 28)

® e
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SSVEP Amplitude and Phase Versus Glaucoma
Severity

The SSVEP is complex-valued, comprising both amplitude
and phase parameters at each response harmonic. For illus-
tration of the complete spectral data set, Figure 3 shows
the mean SSVEP responses for each group as a Nyquist plot
where the x-axis represents the real (cosine) coefficient and
the y-axis the imaginary (sine) coefficient, respectively. The
distance from the origin of each vector represents the ampli-
tude of SSVEP response; the angle represents the phase with
increasingly delayed responses shifted counter-clockwise.
The phase/time origin is at 3 o’clock. The ellipses represent
the one standard error of the mean bound (see Methods).

Figure 3 top plots the complex amplitudes (1F, 2F, 3F, and
4F) for ON/increments and the bottom panel shows compa-
rable data for OFF/decrements. In each panel, data from
controls are shown in black, with data from mild and moder-
ate to severe groups shown in cyan and red, respectively.
Response amplitudes are generally lower in the patients
than controls, especially for the moderate to severe group.
Responses are overall delayed in the patients with glaucoma
compared with controls, as indicated by the clockwise rota-
tion of the phase angle of the response vectors away from
the time origin (3 o’clock). For the 1F component, where
significant responses are present for both ON/increment
and OFF/decrement responses in all groups, the response
is more delayed in the patients relative to the controls for
OFF/decrements than for ON/increments (OFF = 18 vs. ON
= 10 degrees for the mild group and OFF = 20 vs. ON =
16 degrees for the moderate to severe group). Responses
are generally larger for OFF/decrement responses and both
ON/increment and OFF/decrement responses are consis-
tently smaller in the moderate to severe patient group than
in the controls.

To provide an alternative visualization of between
group effects, Figure 4 plots the vector-mean ampli-
tudes at each response harmonic for ON/increments (left)
and OFF/decrements (right). Response amplitude generally
decreases with glaucoma severity for both increments and
decrements. Given that glaucoma results in a combination of
amplitude and phase changes, we compared pairwise differ-
ences between groups using between-participant Hotelling’s
T? tests that assess the joint effect of amplitude and phase
differences. Significance values that survive the false discov-
ery rate (FDR) cutoffs for the 12 between-group pairwise
comparisons for ON and OFF responses are plotted above
the vector mean amplitudes as stars. Those that are naively

Moderate-Severe (N = 22)

Amplitude, pV

0.3

Ficure 2. Response topography for the first RCA component (RC1) for controls, mild, and moderate to severe glaucoma groups. Responses
over the first four harmonics of the stimulus frequency, 1F, 2F, 3F, and 4F are maximal over mid-line occipital electrodes. Color scale is the

same for each group.
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Ficure 3. SSVEP 1F, 2F, 3F, and 4F amplitude and phase. Top: Responses to ON/increment sawtooth stimulation for control (black), mild
(cyan), and moderate to severe (red) groups. Bottom: The same for OFF/decrement sawtooth stimulation. The phase origin is at 3 o’clock
and increasing phase lag is in the counter-clockwise direction. Ellipses indicate the one standard error of the mean contour.
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Ficure 4. Amplitude versus harmonic number and pair-wise comparisons between groups for ON/increments (left) and OFF/decrements
(right). The P values are derived from Hotelling’s T? statistic on the individual harmonic vector means. *P < 0.05, uncorrected. *P < 0.01,
FDR corrected. Light shading indicates responses that are not measurably different than zero. See Table 2 for a complete set of comparisons.
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TaBLE 2. Pair-Wise Comparisons Between Groups for ON/Increment (Top) and OFF/Decrement Responses for 1f, 2F, 3F, and 4F Response

Components
ON/Increments
Comparison Rank Naive Significance FDR Cutoff FDR Significance
ModS_Cnt 2F 1 0.005 0.004 FALSE
ModS_Cnt 1F 2 0.024 0.008 FALSE
Mild_ModS 3F 3 0.056 0.013 FALSE
Mild_Cnt 4F 4 0.061 0.017 FALSE
Mild_ModS 2F 5 0.086 0.021 FALSE
Mild_Cnt 3F 6 0.133 0.025 FALSE
Mild_Cnt 2F 7 0.138 0.029 FALSE
Mild_Cnt 1F 8 0.158 0.033 FALSE
ModS_Cnt 4F 9 0.214 0.038 FALSE
ModS_Cnt 3F 10 0.581 0.042 FALSE
Mild_ModS 1F 11 0.626 0.046 FALSE
Mild_ModS 4F 12 0.881 0.050 FALSE
OFF/Decrements

Comparison Rank Naive Significance FDR Cutoff FDR Significance
ModS_Cnt 1F 1 0.004 0.004 TRUE
ModS_Cnt 2F 2 0.006 0.008 TRUE
ModS_Cnt 3F 3 0.008 0.013 TRUE
ModS_Cnt 4F 4 0.032 0.017 FALSE
Mild_ModS 3F 5 0.078 0.021 FALSE
Mild_ModS 1F 6 0.096 0.025 FALSE
Mild_ModS 2F 7 0.099 0.029 FALSE
Mild_Cnt 1F 8 0.143 0.033 FALSE
Mild_ModS 4F 9 0.193 0.038 FALSE
Mild_Cnt 3F 10 0.243 0.042 FALSE
Mild_Cnt 2F 11 0.278 0.046 FALSE
Mild_Cnt 4F 12 0.488 0.050 FALSE

Cnt, controls; Mild, mild glaucoma group; ModS, moderate to —severe glaucoma group. Significance values for all possible pairwise
comparisons are rank ordered (Rank) according to their T2 value (Naive Significance). When naive significance is better than FDR cutoff,

significance after FDR correction is indicated as TRUE.

significant at the P < 0.05 level but do not survive FDR
correction are plotted as open circles.

There are more cases of significant differences between
patients and controls for decrements than increments. Four
of 12 comparisons are naively significant at the P < 0.05,
for decrements, whereas 2 reached the same naive signifi-
cance level for increments. Measurable differences after FDR
thresholding of the naive P values are present for controls
versus patients with moderate to severe glaucoma at 1F,
2F, and 3F for OFF/decrements (see stars in Fig. 4, P =
0.004, P = 0.006, and P = 0.008, respectively). None of
the ON/increment responses differences survived the FDR
cutoff, although two comparisons were naively significant
(2F, P = 0.005 and 1F, P = 0.024). The complete set of
comparisons, with naive P values and the FDR cutoffs are
shown in Table 2.

As just mentioned, differences between patient groups
and controls measured by the T? test reflect the combined
effect of amplitude and phase differences. It is also of inter-
est to ask to what extent individual patient VEP ampli-
tudes correlated with MD, a common metric in the glau-
coma literature. We computed Pearson correlation coeffi-
cients between mean deviation VEP amplitude at 1F, 2F,
3F, and 4F. Data were combined across the mild and the
moderate to severe groups — # = 50. The correlations are
significant for OFF/decrements and ON/increments for 1F
(OFF-1F r = 0.39, P = 0.005 versus ON-1F r = 0.32, P =

0.02), and 2F (OFF-2F r = 0.38, P = 0.007 and ON-2F r =
0.28, P = 0.05). The level of these correlations, while numer-
ically higher for OFF/decrements, do not differ between
ON/increment and OFF decrement responses. None of
the correlations were significant for 3F and 4F at the P
< 0.05 level. Scatter plots are shown in Supplementary
Figure S1.

Partial Loss of OFF/Decrement Superiority in
Moderate to Severe Glaucoma

To better compare the effects of glaucoma severity on
the functioning of ON versus OFF pathways, we made
within-participant comparisons of ON/increment versus
OFF/decrement responses using the same participants for
mild (28 eyes) and for moderate to severe glaucoma groups
(22 eyes) and controls (28 eyes). Figure 5 plots the vector
mean amplitudes for 1F, 2F, 3F, and 4F for controls in panel
A, the mild group in panel B, and the moderate to severe
glaucoma group in panel C, and in polar format for 1F and
2F in panel B, the moderate to severe group in panel C, and
the corresponding polar plots in panels D and E.

As reported previously for normal-vision adults,'*
responses are larger for decrements than increments in
the controls (19 of 28 control participants are common
between studies). Responses in the control participants are
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Figure 5. Amplitude versus harmonic number for ON/increments versus OFF/decrements for controls (A), mild (B), and moderate to severe
glaucoma (C). Panels D to F plot 1F and 2F amplitude and phase for the same groups with 1 SEM error ellipses. Scale for real and imaginary
components is microvolts. The P values in the left panels are derived from within-subjects Hotelling’s T statistic on the harmonic vector
means. *P < 0.05, *P < 0.01, **P < 0.001, FDR corrected. Gray (ON/increment), and black (OFF/decrement) responses. Darker shading in
A to C indicates statistically reliable response. See Table 2 for details of significance tests.
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Tasie 3. Comparisons of ON/Increment versus OFF/Decrement Responses on a Within-Participant T2 Test for Control, Mild 3, and Moderate

to Severe 3 Groups

Control
Comparison Rank Naive Significance FDR Cutoff FDR Significance
Controls 3F 1 0.000 0.013 TRUE
Controls 2F 2 0.000 0.025 TRUE
Controls 1F 3 0.000 0.038 TRUE
Controls 4F 4 0.047 0.050 TRUE
Mild
Comparison Rank Naive Significance FDR Cutoff FDR Significance
Mild 2F 1 0.000 0.013 TRUE
Mild 1F 2 0.000 0.025 TRUE
Mild 4F 3 0.005 0.038 TRUE
Mild 3F 4 0.005 0.050 TRUE
Moderate to Severe
Comparison Rank Naive Significance FDR Cutoff FDR Significance
Moderate to severe 2F 1 0.003 0.013 TRUE
Moderate to severe 1F 2 0.116 0.025 FALSE
Moderate to severe 3F 3 0.495 0.038 FALSE
Moderate to severe 4F 4 0.546 0.050 FALSE

When naive significance is better than FDR cut-off, significance after FDR correction is indicated as TRUE.

also faster at 1F, and 2F for OFF/decrement stimulation as
indicated by the phase advances. Patients with mild glau-
coma also have significantly larger/faster decrement than
increment responses for 1F and 2F. Patients with moderate to
severe glaucoma have lower overall amplitudes than controls
or patients with mild glaucoma (see also Fig. 4). Their
responses to decrements are not measurably larger/different
than those for increments at 1F where ON/increment and
OFF/decrement responses are both significant. The lack of a
difference in the moderate to severe glaucoma group at 1F is
not a floor effect, as both responses are well above the noise
level (gray bands) and are each significantly different from
zero. Increment/decrement responses differ at 2F as they do
in controls and patients with mild glaucoma, suggesting a
partial sparing of function. The complete set of tests is listed
in Table 3.

Evoked response shows a smaller phase lag with respect
to the stimulus for OFF/decrement than ON/increment
responses in healthy younger and older observers.'
Evoked response phase at 1F where both ON/increment
and OFF/decrement responses are statistically reliable in
each of the groups shows a smaller phase advance for
OFF/decrements in the patient groups than in controls (10.1
and 9.2 degrees in mild and moderate to severe groups,
respectively, versus 22.4 degrees in controls). This pattern
comes about from the OFF/decrement responses being
more delayed in patients than ON/increment responses
(see discussion of Fig. 3). The phase difference between
ON/increment and OFF/decrement responses are statisti-
cally reliable in the controls (P = 0.037), but not the mild P
= 0.234 or moderate to severe patient groups (P = 0.368)
on one-tailed #-tests. In the mild glaucoma group, a lack of
significant difference is not due to a lack of response ampli-
tude, as these are comparable to those of controls. This
pattern is not present at 2F in the mild glaucoma group
where both ON/increment and OFF/decrement responses
are statistically reliable. Here, the OFF/decrement phase
advantage is 29.8 degrees in the mild group versus 24
degrees in the controls.

DISCUSSION

Here, we find that SSVEP amplitudes are depressed and
delayed in the moderate to severe glaucoma group, consis-
tent with prior studies using VEP in patients with glau-
coma.’! Importantly, these data expand upon several prior
VEP studies by exploring responses to stimuli that favor the
ON versus OFF visual pathways, showing that when consid-
ering the combination of amplitude and timing effects,
differences between controls and patients with moderate to
severe glaucoma are seen for more response components
at higher levels of statistical reliability for decrements than
for increments. In controls, the evoked response is signif-
icantly larger/faster for decrements than increments at all
response harmonics. In patients with moderate to severe
glaucoma, this enhanced OFF/decrement response is not
present at 1F, is present at 2F, and is unmeasurable at 3F
and 4F due to low SNR. In both patient groups, the phase
advance of OFF/decrement versus ON/increment response
is reduced relative to controls. Thus, when measured in this
cohort trial design, there is preferential loss of responses
that are likely to depend on the OFF pathway as glau-
coma severity progresses. Losses first manifest in terms of
response phase and then response amplitude as severity
increases.

Comparison With Animal Models of Glaucoma

Our results are consistent with evidence from animal models
of glaucoma that have suggested earlier and/or more exten-
sive damage to OFF RGCs than ON RGCs.!032 After exper-
imental elevation of IOP in mice, greater dendritic field
shrinkage,*® greater reduction in receptive field size,*%°
greater cell death,® and lower firing rates to visual stimu-
lation have been reported in OFF versus ON RGCs. Other
studies suggest that relative damage profiles in ON versus
OFF RGCs may depend on the magnitude/temporal profile
of IOP elevation or genetic background of the model,3%34
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% or method of quantifying

species, receptive field
size 3

Increased cell death in transient-OFF alpha RGCs has also
been observed in a mouse optic nerve-crush model® and
other work using the optic nerve crush model has found
that light responses are decreased earlier in OFF versus ON
RGCs of mice, as are their receptive field sizes.” Prolonga-
tion of response latency was also observed to occur earlier in
OFF versus ON RGCs. Consistent with this, we find increased
delays in patients versus controls that are larger for decre-
ments than for increments. By contrast, another dataset
comparing ON versus OFF RGCs in the mouse showed equal
survival rates after axotomy, but ON-OFF types were more
affected.’” At this point, it is premature to try to link the
effects we see in the cortically derived SSVEPs to specific
RGC pathophysiology. Differences measured here could be
the result of a reduced number of functional OFF versus
ON RGGCs, reductions in their dendritic arbors or synap-
tic complements from other retinal neurons, changes in
the strength of the drive that the remaining RGCs have
on LGN or cortical processes, or a combination of these.
Nevertheless, data from animal models at the level of the
retina and RGCs support the hypothesis that the prefer-
ential loss of luminance decrement responses seen here
in SSVEP is due to preferential loss of signaling origi-
nating at the level of the OFF RGCs in human patients
as well 3®

The current results provide further motivation to under-
stand the biology of OFF and ON RGCs, because functional
changes that may be related to changes seen in murine
models can also be seen in human disease. These results
motivate the further development of functional and struc-
tural assays of the two pathways, including ones other
than the one we present here. Recent work with visi-
ble light optical coherence tomography,” for example, has
found evidence for thickness reductions in a portion of
the inner plexiform layer containing both ON and OFF
sub-laminae and suggestive evidence for thinning in an
OFF-dominated sub-laminae but none in an ON-dominated
sub-lamina. Our data provide an example of the SSVEP’s
ability to demonstrate this biological difference at the
group level. This may be suitable for group level compar-
isons of different treatment regimes, or for comparisons
between different types of optic neuropathy, as examples.
Additional work will be needed to demonstrate SSVEP’s
suitability for use as a clinical diagnostic for individual
patients.

Comparison With Previous Behavioral
Measurements in Patients With Glaucoma

Visual field defects are typically measured clinically with
incremental stimuli, as in the Humphrey visual field and
other common visual field analyzers. Decremental stimuli
have been used for perimetry only rarely.” Decremental
perimetry compared favorably to conventional incremen-
tal perimetry (Humphry 24-2) in patients with glaucoma*!
and was reported to detect field loss at locations with
normal field sensitivity on incremental testing.*> A compar-
ison of reaction times for incremental and decremental
targets embedded in binary random noise found that reac-
tion times were more elevated (slower) for increments than
decrements in patients with glaucoma,*® suggesting that the
ON pathway was more affected. Other work has reported
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that foveal increment and decrement thresholds are equally
affected in glaucoma.%> However, when measurements
were made at 9 degrees eccentricity, decremental thresholds
were found to be elevated relative to increment thresholds,
suggesting more OFF-pathway damage there, and pointing
to retinal eccentricity of the targets as an important factor.”®
The behavioral literature is thus mixed on whether the ON or
OFF pathways are preferentially damaged in glaucoma, but
our data detecting preferential loss of OFF pathway sensitiv-
ity adds to the preponderance of data on non-foveal vision,
where glaucoma damage is more reliably detected in early
and moderate disease. The next steps following from these
studies could include additional dissection of the parafoveal
and increasingly eccentric visual field to address these differ-
ences directly.

Comparison With Previous VEP and ERG Studies
in Patients With Glaucoma

Several previous studies have measured VEPs in patients
with glaucoma using stimuli intended to bias functioning
to ON versus OFF pathways. The first of these studies®
measured VEPs to sinusoidally modulated arrays of isolated
bright or dark checks modulated at 10 Hz and presented
on a mid-gray background. They reported that responses in
the bright check condition were more affected in patients
with glaucoma and glaucoma suspects. Subsequently, VEPs
in patients with glaucoma and controls were measured
for isolated checks of either 10% or 15% Weber contrast
incremental and decremental stimuli.*’ Using a criterion of
whether a statistically reliable evoked response was present
or not, receiver operating characteristic (ROC) analysis indi-
cated that optimal increment stimuli demonstrated some-
what better classification rates than optimal decremental
stimuli. Response magnitudes were not reported so it is
difficult to compare their results to ours. Recent work with
isolated checks has focused on responses to bright checks
and has found these responses to be affected in glau-
coma,!»#-0 but these data do not distinguish between ON
versus OFF pathways.

Whether incremental or decremental SSVEP responses
are seen to be more affected in glaucoma could depend
on a variety of factors. The isolated check paradigm uses
sinusoidal modulation, which is time-symmetric in terms of
luminance increase/decrease. Sawtooth stimulation on the
other hand is time-asymmetric and, along with its broad
temporal frequency spectrum, this may more strongly differ-
entially activate ON versus OFF pathways. Consistent with
this, an ERG study using sawtooth stimulation found pref-
erential loss of responses after the fast-phase of a sawtooth
luminance modulation in glaucoma,!? extending prior work
from the same group using long duration flashes to measure
offset responses.!! Both studies found preferential loss of
offset responses, consistent with our results.

Most studies of achromatic pattern evoked responses
have found increased latency of transient evoked response
peaks or delays in the steady state VEP,>'~*° but some have
found statistically reliable but small delays or delays that
were not measurable :61-% What we add to the previ-
ous studies is that in addition to overall delays in patients
with glaucoma, the delay advantage for OFF/decrement
responses in controls is lost in both mild and moderate-
severe glaucoma due to a greater change in delay for
responses to decrements.
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A common feature of our study and previous VEP
studies?®-47:50.9 of increment/decrement sensitivity in glau-
coma?®4%43.4 js that visual fields were defined using the
Humphry 24-2 measurement that does not sample within
the central +/— 3 degrees of the visual field. The VEP is
dominated by the central visual field and, because of this,
our stimulus arrays were scaled for cortical magnification.
We have shown that scaling increases SSVEP amplitude,'4
increasing the contribution to the overall VEP of periph-
eral locations where the visual field measurements are made.
Eliciting a more robust response from the periphery may be
important for detection ON/OFF differences as a previous
psychophysical study in patients with glaucoma has found
a greater deficit for detecting contrast decrements beyond
the central 9 degrees.®> The use of multiple frequency stim-
ulation® to achieve analysis according to eccentricity may
facilitate addressing this point, as discussed above. Taken
together, the modifications in the current SSVEP protocol
may more reliably differentiate between ON and OFF path-
way responses, consistent with the larger effect of glaucoma
on OFF pathways detected here.

CONCLUSION

Our results suggest preferential damage to OFF-related
visual pathways occurs in glaucoma. Given the diversity
of previous findings in animal models and with behavioral
measurements, further research is needed to understand
the underlying biology of RGC susceptibility and to link
this susceptibility to functional measurements. Future stud-
ies building on this foundational effort using longitudinal
trial designs may reveal additional diagnostic utility (e.g. in
predicting progression or response to therapy).
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