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Purrose. The purpose of this study was to characterize summation of temporal L- and
M-cone contrasts in the parvo- (P-) and magnocellular (M-) pathways in glaucoma and
the relationship between the respective temporal contrast sensitivities (tCS) and clinical

MerHODSs. Perifoveal tCS to isolated or combined L- and M-cone contrasts (with differ-
ent contrast ratios, and therefore different luminance and chromatic components) were
measured at different temporal frequencies (at 1 or 2 Hz and at 20 Hz) using triple silent
substitution in 73 subjects (13 healthy, 25 with glaucoma, and 35 with perimetric glau-
coma). A vector summation model was used to analyze whether perception was driven by
the P-pathway, the M-pathway, or both. Using this model, L- and M-cone input strengths
(AL, Ay) and phase differences between L- and M-cone inputs were estimated.

Resurrs. Perception was always mediated by the P-pathway at low frequencies, as indi-
cated by a median phase angle of 179.84 degrees (cone opponency) and a median
A; /Ay ratio of 1.04 (balanced L- and M-cone input strengths). In contrast, perception
was exclusively mediated by the M-pathway at higher frequencies (input strength not
balanced: A; /Ay = 2.94, median phase angles = 130.17 degrees). Differences in phase

were not significant between diagnosis groups (Kruskal-Wallis = 0.092 for P- and 0.35 for
M-pathway). We found differences between groups only for the M-pathway (L-cone tCS
deviations at 20 Hz were significantly lower in the patients with glaucoma P = 0.014,
with a strong tendency in M-cones P = 0.049). L-cone driven tCS deviations at 20 Hz
were linearly correlated with perimetric mean defect (MD) and quadratically correlated
with retinal nerve fiber layer (RNFL) thickness.

Concrusions. Unaltered phase angles between L- and M-cone inputs in glaucoma indi-
cated intact temporal processing. Only in the M-pathway, contrast sensitivity deviations
were closely related to diagnosis group, MD, and RNFL thickness, indicating M-pathway

involvement.
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cellular system, glaucoma

laucoma is a heterogeneous group of chronic-

neurodegenerative diseases of the retinal ganglion cells
and among the most common causes of blindness world-
wide.l'? The current therapeutic approach of decreasing
intraocular pressure>* is often not sufficient, and the need
for neuroprotective strategies is widely recognized.’

For the development and evaluation of such thera-
pies, new tests of ganglion cell-related visual function are
required that are more sensitive than the current gold stan-
dard,6 which is standardized automated perimetry (SAP) of
the central 30 degrees using a white Goldman III; stimu-
lus on a white background.” Improved diagnostic perfor-
mance has been achieved with several psychophysical meth-
ods that are supposed to isolate certain subpopulations of
retinal ganglion cells (and their respective retino-geniculate
pathways) 8
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The two dominant subpopulations of retinal ganglion
cells in the human retina are the midget and the para-
sol ganglion cells, which differ in morphology, connectivity,
receptive fields, spatial distribution, and physiological prop-
erties.!1!

The midget ganglion cells project to the parvocellular
layer of the lateral geniculate nucleus (LGN; P-pathway)
and are therefore also called P ganglion cells (P-GCs). They
receive inputs from midget-bipolar cells and mediate red-
green color vision by opponent L- and M-cone inputs.'!
Although most humans have more L- than M-cones, their
inputs to the midget ganglion cells are balanced, probably
due to synaptic weightings. Thus, sensitivities to L- and M-
cone isolating stimuli are equal when perception is medi-
ated by the P-pathway.'? The P-pathway has a high spatial
but low temporal resolution.
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The parasol ganglion cells project to the magnocellular
layers of the LGN (M-pathway, M-GCs).!! They transfer addi-
tive signals from L- and M-cones, resulting in a strong lumi-
nance sensitivity, and their input strengths are proportional
to their packing densities. The M-pathway mediates lumi-
nance perception with a high temporal but low spatial reso-
lution.”?

The axons and cell soma of the MC ganglion cells might
be more susceptible to glaucomatous damage because they
are larger.!* Although some studies found psychophysical
evidence for such preferential damage,'>'¢ other studies did
not.'’=20 For the P-pathway, it seems that studies that use
red-green contrast for isolation instead of high spatial / low
temporal resolution tasks for isolation even found larger
functional defects in the P-pathway.>!~?* Furthermore, it is
not known whether any of these techniques might be able
to demonstrate functional consequences of reduced synaptic
density before ganglion cell death 2*2>

We hypothesized that characterizing the processing of
photoreceptor inputs in the retinal ganglion cells helps to
clarify the mechanisms behind such conflicting results.

The properties of the P- and M-pathways can be assessed
by using stimuli with different L- and M-cone contrast
ratios.?® Large luminance contrasts (to which particularly the
M-pathway is sensitive) can be created by in-phase stimula-
tion of the L- and the M-cones, large chromatic contrasts (to
which the P-pathway is sensitive) by stimulation in counter-
phase. Most stimuli (including L- and M-cone isolating stim-
uli) will have a luminance and a chromatic component. It
has been shown before that flicker detection thresholds for
simultaneous stimulation of L- and M-cones can be predicted
from the thresholds to single cone isolating stimuli based
on a vector summation model.?”-?® The L- and M-cone isolat-
ing stimuli can be created using the silent substitution tech-
nique. The method has been described in detail before?-3!
and will be reviewed briefly in the Methods section.

It was the purpose of the present study to investigate
(1) if detection thresholds of different combinations of L-
and M-cone stimulation can be explained by the same vector
summation model in patients with glaucoma and in healthy
subjects, (2) how pathologic changes in glaucoma affect
model parameters, and (3) how glaucomatous alterations in
temporal contrast sensitivities relate to changes in retinal
nerve fiber layer (RNFL) thickness and to SAP field sensitivity
losses. In an earlier study, Alvarez et al.>? used a very similar
model for analyzing red-green contrasts, but they have not
explicitly considered vector summation of the L- and M-cone
inputs as the underlying mechanism and they have not vali-
dated their assumption that the major and minor axis of the
fitted ellipses reflect activities of the P- and M-pathways.

Therefore, we examined flicker detection thresholds in
an annular perifoveal test field for sinusoidal modulation of
L- and M-cone isolating stimuli and for well-defined combi-
nations of these in three groups: healthy subjects, glaucoma
suspects without manifest visual field defects, and patients
with perimetric glaucoma.

METHODS
Subjects

Altogether, data from 73 subjects were included in this study.
These data were collected in two series of measurements.
The main series of measurements — using mixed L- and M-
cone- stimuli with different L:M ratios (including L- and M-
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cone isolation) at 2 Hz and 20 Hz — was made in the year
2017, and data from these subjects were used in all anal-
yses in this study (#z = 57, 13 healthy subjects, 25 glau-
coma suspects, and 19 patients with perimetric glaucoma;
see Table 1). Healthy subjects were recruited among the staff
of the University Hospital Erlangen and among healthy rela-
tives of the participating patients with glaucoma.

In addition, data from another cohort of patients with
glaucoma (Table 2) were used together with data from the
first cohort for the comparison between contrast sensitivi-
ties and the clinical parameters perimetry and ocular coher-
ence tomography (OCT) RNFL thickness. These data had
already been obtained in 2015 (n# = 20, 4 subjects had partic-
ipated in both studies). All patients in this second cohort had
perimetric glaucoma and visual field defects in the central
12 degrees, and only temporal contrast sensitivities to pure
L- or M-cone-isolating stimuli at 1 Hz and 20 Hz were
measured. Preliminary data from both series were shown
at the annual ARVO conventions in 2016 and 2019.3334

This study followed the tenets of the declaration of
Helsinki and was approved by the Ethics committee of the
medical faculty of the Friedrich-Alexander - University Erlan-
gen - Nurnberg. All subjects gave written informed consent.

All patients with glaucoma participated in an ongoing
longitudinal, observational study of glaucoma, the Erlangen
Glaucoma Registry. Patients were examined annually under
standardized conditions. Therapeutic decisions were made
by the treating physicians independent of participation in
the present study. Best-corrected visual acuity was measured
with Snellen charts at a distance of 5 m and converted
into logMAR. Further routine examinations included Haag-
Streit slit lamp examination, indirect funduscopy with a 78-
diopter-lens, and gonioscopy with a Goldman-three-mirror-
lens.

Patients with congenital (X-chromosomal) color vision
defects were excluded from the study. We considered a
normal test Farnsworth Panel D15 result sufficient (satu-
rated version). An anomaloscope examination was always
performed if there were any errors in the D15 (Rayleigh
equation, HMC anomaloscope; Oculus, Wetzlar, Germany)
and also in the majority of subjects with a normal D15.
Exclusion criteria were (1) presence of other retinal diseases,
especially age-related macular degeneration, (2) diabetes
mellitus independent of the presence of diabetic vascu-
lopathy, (3) use of medications that impair visual function,
and (4) clinically relevant cataract. An experienced ophthal-
mologist examined all subjects that were included in this
study. Patients with diabetes mellitus were excluded because
neural damage may precede diabetic vasculopathy. Normal
age-related yellowing of the lens should not impair L- and
M-cone isolating temporal contrast sensitivities according to
calculations that we have previously published.?®

Subjects were divided into three groups: (1) healthy
subjects, (2) glaucoma suspects, and (3) perimetric glau-
coma patients. Healthy subjects were characterized by an
IOP of < 21 mm Hg, normal Octopus G1 visual field (mean
deviation < —2 dB and absence of relevant focal defects,
defined as 3 adjacent fields with a corrected probability of
functional loss of > 5%), and a normal morphology of the
optic disc. Glaucoma suspects had normal visual fields, but
had either ocular hypertension IOD > 21 mm Hg) or char-
acteristic glaucomatous changes of the optic disc (cupping,
focal defects of the neuroretinal rim, or the nerve fiber layer),
or both. Patients with perimetric glaucoma had correlating
optic disc changes and visual field defects. Differences in the
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Healthy N = 13 Suspect N = 25 Perimetric N = 19 P. Overall N
Age 54.0 (17.5) 62.1 (10.4) 70.9 (8.53) 0.001 57
Sex 0.608 57

M 7 (53.8%) 10 (40.0%) 7 (36.8%)

F 6 (46.2%) 15 (60.0%) 12 (63.2%)
BCVA (logMAR) 0.03 (0.04) 0.11 (0.20) 0.16 (0.10) 0.273 41
ONH classification (Jonas): <0.001 50

0 13 (100%) 14 (63.6%) 0 (0.00%)

1 0 (0.00%) 6 (27.3%) 2 (13.3%)

2 0 (0.00%) 2 (9.09%) 8 (53.3%)

3 0 (0.00%) 0 (0.00%) 5 (33.3%)
VF: MD (G1, 30 degrees) 1.14 (0.68) 0.05 (1.88) —5.89 (5.63) <0.001 44
VF: MDg gegrees 1.35 (0.67) 0.57 (1.67) —2.50 (2.50) <0.001 41
VF: PSD 1.49 (0.35) 2.25 (1.16) 5.90 (2.99) <0.001 45
OCT: total mean RNFL 97.3 (9.54) 86.8 (13.7) 60.5 (12.2) <0.001 43
OCT: RNFLg gegrees 102 (11.6) 90.0 (19.2) 59.1 (11.1) <0.001 40

BCVA, best corrected visual acuity; ONH, optic nerve hypoplasia; VE, visual field.

TaBe 2. Demographic Data From the Additional Perimetric
Patients With Glaucoma From the 2015 Cohort

Perimetric N = 20 N
Age 68.3 (7.47) 20
Sex 20

M 8 (40.0%)

F 12 (60.0%)
BCVA (logMAR) 0.10 (0.11) 18
ONH classification (Jonas): 17

0 1 (5.88%)

1 1 (5.88%)

2 12 (70.6%)

3 3 (17.6%)
VF: MD (G1, 30 degrees) —8.31 (3.29) 18
VF: MDg gegrees —2.96 (2.62) 18
VF: PSD 6.61 (2.50) 18
OCT: total mean RNFL 59.3 (10.5) 18
OCT: RNFLg degrees 56.1 (16.0) 19

BCVA, best corrected visual acuity; ONH, optic nerve hypoplasia;
VF, visual field.

visual field global indices (P < 0.001) and RNFL thicknesses
(P < 0.001) between groups were a direct consequence
of the group definitions, and therefore of no relevance.
LogMAR was not significantly different between the groups.
There were statistically significant age differences between
groups (see Table 1; P < 0.001), which were addressed by
correcting contrast sensitivities for age (see below).

LED Stimulator

We used a two-channel stimulator, each containing four
differently colored LEDs as light sources, for creating
photoreceptor-isolating stimuli using the triple silent substi-
tution paradigm.® One channel can be used for central stim-
ulation (circular with 2 degrees diameter); the second chan-
nels can be used to stimulate an annular field with 2 degrees
inner and 12 degrees outer diameter. The soundcard of a
personal computer was used to control eight LEDs (two red
= 660 m; two green = 558 nm; two cyan = 516 nm; and two
blue ones = 460 nm) with a very high temporal resolution.’’
The LED spectra were narrowed by interference filters to a
bandwidth at half height of around 8 nm. Using a Maxwellian

view-type optical pathway, we were able to achieve reti-
nal illuminances up to 587 Td. Beam splitters and masks
positioned in the pathway were used to create a circular
field with a diameter of 2 degrees and a surrounding annu-
lar field with an outer diameter of 12 degrees. Calibration
was carried out regularly according to previously published
protocols.}?:38

Stimulus

We used a very similar approach as described previ-
ously.'2:35:39:40 The stimulus is shown in Figure 1. Briefly,
we used the annular outer field as the test field to display
modulation. In the test field, the mean LED luminances were
always set so that the retinal illuminance was 294 Td and
the chromaticity was white with CIE coordinates of x =
0.38 and y = 0.28. During the experiments, the LED lumi-
nances were modulated around these means without chang-
ing the time-averaged retinal illuminance and chromaticity.
As a consequence, the retinal adaptation remained constant.
The central circular field was used as a fixation target and
was not modulated. Retinal illuminance was 147 Td and the
chromaticity was equal to that of the test field.

Temporal modulation of the test field was sinusoidal, and
we measured both at a low temporal frequency (either 1 Hz
in the 2015 cohort or 2 Hz in the 2017 cohort) and at a high
temporal frequency (20 Hz in both cohorts).

Silent Substitution

Briefly, the photoreceptor types differ in their spectral sensi-
tivity, that quantifies the probability that a photon of a
given wavelength is absorbed. However, the principle of
univariance® states that the reaction of the photoreceptor
is always the same independent of the photon’s wavelength.
Thus, when two stimuli of different spectral compositions
are exchanged, differences in a photoreceptor’s sensitivity
to the stimuli can be compensated by choosing appropriate
intensities. For instance, an exchange between two stimuli,
one containing short wavelengths and the other long wave-
lengths, may not result in a modulation of L-cone excitation
when the short wavelength stimulus is more intense than the
long wavelength stimulus. However, the same stimulus will
strongly stimulate the M-cones. In that case, the response of
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TaBLE 3. Parameters Used for Data Analysis and How They Were Calculated

Symbol Parameter Processing

C (Michelson) contrast at threshold Umax — Imin) / Umax + Imin)
CS/logCS Contrast sensitivity/Log contrast sensitivity 1/C

Apm Model parameters of L- and M-cone input strength theoretically identical to CSy/m
CSDy /v [dB] Contrast sensitivity deviations log CSpatient — 10g CSpormat

Mean deviation values of 8 VF locations
OCT retinal nerve fiber layer thickness

MD() degrees [dB]
RNFLg gegrees [mm]

Locations 23, 24, 28, 29, 32, 33, 38, 39; defects were anti-logged for averaging
Sectors 2, 3, 4, 5, 28, 30, and 31 averaged

294 phot Td 147 phot Td
siA A &
25 /J \J &8
88 S8
28 UM=21 SE—— s
o o
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Ficure 1. Schematic illustration of the spatial and temporal structure of the stimulus used for temporal contrast sensitivity measurements
and how its spatial structure relates to OCT and SAP field. Panel (A) shows the annular test field (outer diameter 12 degrees and inner
diameter 2 degrees), its time-averaged retinal illuminance and its CIE coordinates. Chromaticity and luminance were temporally modulated,
but the average remained constant and was identical for all stimulus conditions. The central circular field had the same CIE coordinates,
but a 50% lower retinal illuminance. It was not modulated and served as a fixation target. Panel (B) shows how the spatial structure of
the stimulus relates to the G1 pattern of the Octopus 900 visual field. The antilogarithms of the defect values in the eight locations which
coincide with the annular test field (marked in red) were averaged for calculating the MDg gegrees- Panel (C) shows the 32 sectors of the OCT
RNFL measurements. The sectors marked in red were averaged for the RNFLg gegrees Value.

any system that exclusively or mainly receives L- and M-cone
input (as the M- and P- pathways at photopic conditions)
will be mediated by the M-cones. When four primaries with
different wavelength contents are used, perfect isolation of
each of the four photoreceptor types can be achieved by
varying intensity of all four primaries (triple silent substitu-
tion) at identical states of retinal adaptation.?®-3°

We previously validated that photoreceptor isolation is
feasible.!?:3>:3 As mentioned above, L- and M-cone isolating
stimuli contain both a luminance and a chromatic compo-
nent and detection thresholds were mediated by the P-
pathway at low and by the M-pathway at high temporal
frequencies.'?4!

Using matrix calculation, modulation contrasts and
phases (either in-phase or counter-phase) of the LEDs
were calculated based on the spectral sensitivities of the
photoreceptors in a way that L- and M-cones were stimu-
lated at different L:M contrast ratios (again, either in-phase
or counter-phase), whereas contrasts in S-cones and rods
were either zero (silent substitution) or at least negligible
(because of variability e.g. in pigment spectra or preretinal

absorption®®). The LED contrasts and phases that we used
are shown in the Supplementary Table S1, together with the
resulting contrasts at the photoreceptor level.

Photoreceptor-isolating temporal modulation thresholds
were measured at a convenient time during a visit for
the standardized routine examinations. Measurements were
carried out in a separate, calm, and dimly lit room. All
subjects were adapted to the room light for at least
15 minutes prior to measurements. We measured the more
severely affected eye unless there were exclusion criteria,
and we chose the right eye when there was no relevant
difference between eyes. The fellow eye was occluded with
a transparent eyepatch and the subjects were positioned
in front of the LED stimulator. Breaks were taken every
15 minutes.

We have described psychophysical threshold determina-
tion in detail before.!? In brief, we used a PEST strategy with
two randomly interleaved staircases. One staircase started at
0%, the other at 100% contrast.

In the 2015 cohort, only thresholds to pure L- and M-
cone isolating stimuli were measured (L:M ratios of 1:0 and
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Ficure 2. Exemplary fit of an elliptic vector summation model to the temporal contrast perception thresholds for mixed L- and M-cone-
isolating stimuli with different L:M ratios. The closed circles represent the measured M-cone- and L-cone-contrasts at threshold. Points on
the same straight line through the origin have the same L:M ratio (see blue triangles marked with an A). The larger the distance between
the data point and the origin, the larger the contrast for flicker detection threshold and thus the lower the sensitivity. If the thresholds fall
on an ellipse, they can be described by a vector summation of the incoming L- and M-cone signals. The red ellipse represents the model fit

(Equations 1 and 2).

0:1). In the 2017 cohort, at least four out of eight ratios were
measured (1:0, 0:1, 1:1, 1:-1, 1:2, 2:1, 1:-2, and 2:-1; negative
ratios indicate counterphase modulation).

Modeling the Interaction Between L-Cone- and
M-Cone-Inputs

If the contrast thresholds for mixed L- and M-cone stim-
uli can be described by vector summation of the L- and
M-cone inputs with a phase lag, the measured thresholds
are located on an ellipsis around the origin in a plot where
L-cone contrast C; is plotted against M-cone contrast Cy
(Fig. 2).14,24,25

Our vector summation model is based on the following
equations, which calculate C; and Cy for a given L:M ratio
K= L%). For pure L-cone isolating stimuli, Cyy = 0 and C;, =
AiL. For all other ratios, the following equations are used:

1
Cu = = 5 @D
VA K2 +2-A - Ay K- cosAa + A
and
C.=K- Cy. @

The model parameters are A; and Ay, which represent
the sensitivities of the two photoreceptor types, and Ac,
which is the phase lag between both. For pure L- or M-cone-
isolating stimuli, contrast sensitivities (CS) were defined as
the inverse of the threshold contrast for that photoreceptor
type. Thus, according to the equations above, the contrast
sensitivities CS; and CSy for these stimuli would equal the
model parameters A; and Ay for a perfect model fit.

Nonlinear least-squares estimate for the model param-
eters were obtained using the nIsLM function of the R-
package minpack.m. The underlying nonlinear function

returned the cartesian distance of a threshold from the origin
(/C? + C2) as a function of K based on the equations shown
above.

We have excluded measurements where observers were
not able to perceive maximally possible stimulus contrasts,
because this would have resulted in floor effects of the resul-
tant sensitivities. If less than four points were available for
analysis, a model fit was not performed (NA values).

Visual Fields

An Octopus 900 perimeter (Haag-Streit, KOniz, Switzerland)
with the G1 pattern (consisting of 59 locations in the central
30 degrees) was used to measure the visual field. In some
of the healthy subjects, only the TOP strategy was used to
ascertain that visual fields were normal. These fields were
not analyzed further. In the patients with glaucoma and the
healthy subjects who underwent the extended routine exam-
ination as participants in the Erlangen Glaucoma Registry
study, two full-threshold measurements were performed. In
addition to the standard global parameters (mean defect
[MD] and pattern standard deviation [PSD]), mean deviation
in the locations that coincided with the annular test field of
the LED stimulator (MDg gegrees) Was calculated by averaging
the antilogarithm of the defect values for 8 (out of 59) Octo-
pus G1 field locations (23, 24, 28, 29, 32, 33, 38, and 39)
and subsequently calculating the logarithm of this average.
For these calculations, data were exported from the Haag-
Streit EyeSuite software and analyzed with the R statistical
programming language and the visualFields package.*?

Ocular Coherence Tomography

Peripapillary RNFL thickness was measured using spectral
domain ocular OCT with the HRA system (Heidelberg Engi-
neering, Heidelberg, Germany). We averaged the RNFL thick-
ness from sectors that contribute to the test field by averag-
ing the RNFL thickness of 7 out of 32 sectors (RNFLg gegrees)-
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Ficure 3. Vector summation model fits for different subjects at 2 Hz and 20 Hz. Subjects 1 to 3 were healthy observers, whereas subject 4
was a glaucoma patient. The model is explained in Figure 2. Model parameters A, Ay, and Aa = o, — ay are given in the insets.

These were sectors 2, 3, 4, 5, 28, 30, and 31, where sector 1
is located just above the temporal horizontal hemi-meridian
and sectors are numbered clockwise.

Data Analysis

Temporal contrast sensitivity deviations were calculated
from the contrast thresholds with the purpose of facilitat-
ing comparisons with clinical markers by subtracting the
median of the log;, of the healthy subjects’ contrast sensitiv-
ities (1ogCS) from the observed logCS values (see Table 3).
To account for age differences between groups (see Table 1,
P < 0.001), we performed an age correction on the logCS
measurements according to a model that we established in
an earlier study.”® This model assumes a loss of 0.01 logCS
per year. Then, sensitivity deviations were converted to deci-
bel (dB). By definition, loss of sensitivity was represented by
negative values.

We used the Kruskal-Wallis test for identifying significant
differences between groups and the Wilcoxon test for pair-
wise comparison (with Holms correction for multiple test-
ing). Because only one eye from each subject was included,
correlated measurements were a minor issue.

Linear and quadratic regression models were fit in order
to describe sensitivity deviations as a function of either
MDg gegrees Of RNFLg gegrees- Only models that were significant
after correction for multiple testing are shown, and quadratic
regression was reported instead of linear regression if the
coefficient for the quadratic term was significant at P < 0.05
(similar to Garway-Heath et al.®).

RESsULTS

Modeling Contrast Thresholds for Mixed L- and
M-Cone-Isolating Stimuli

In 3 healthy subjects and one glaucoma suspect from
the 2017 cohort, contrast thresholds measurements were
performed for 8 different L:M ratios (see Fig. 3). At both
2 Hz and 20 Hz, we were able to describe contrast sensitivity
by the above-mentioned model based on vector summation.

At 2 Hz, contrast thresholds were generally lower (and
sensitivities were thus higher) than at 20 Hz. This corre-
sponds to a position closer to the origin in Figure 3. For
all 4 subjects, the fits to the 2 Hz data revealed that Ax was
close to 180 degrees at 2 Hz and that A; and Ay had similar

values (thus, the ratios /’:; were close to 1). Altogether, the
model fits were excellent at 2 Hz (residual sum of squares
= median 0.07, and range = [0.0008 to 25.4]).

In contrast, at 20 Hz, as mentioned above, values for A;
and Ay were generally smaller than at 2 Hz, there were
marked interindividual variabilities in the phase angles, and
model fits were poorer (residual sum of squares: median
0.25, range = [0.006 to 13.3], Wilcoxon P = 0.038 compared
with 2 Hz). In all 4 cases shown in Figure 3, the estimated
L-cone-driven sensitivity (Ar) was higher than that driven by
the M-cones (Ay) and thus the ratios :—L were larger than
1. Compared with the three healthy subjects, the glaucoma
subject had much higher thresholds and thus smaller A; and
Ay values at 2 and 20 Hz.

For the rest of the 2017 cohort, we determined contrast
thresholds for four different L:M stimulation ratios (0:1, 1:0,
1:1, and 1:-1). The results of the model fits are shown
in Figure 4. Despite the limited number of data points, model
fits were generally satisfactory. At 2 Hz, the estimates for
the parameters A; and Ay were, again, very similar to each
other for each subject (median L:M ratio = 1.04), and the
phase angles were close to 180 degrees (median phase angle
= 179. 84; see Fig. 4, top panels), regardless of diagnosis
group (Kruskal-Wallis: P = 0.092). This confirms mediation
of temporal contrast perception by the parvocellular system.
Indeed, the subjects reported substantial chromatic changes
in the test field close to threshold.

At 20 Hz, the subjects were more sensitive for L-cone
than for M-cone stimuli in most cases (median L:M ratio
= 2.94). Phase angles Aa were much more variable but
generally substantially smaller than 180 degrees (median
= 130.17 degrees; see Fig. 4, bottom panels). Again, this
was the case for all groups. This is in agreement with the
notion that thresholds were mediated by the magnocellu-
larly based luminance channel and by the fact that the
subjects reported that at threshold they perceived achro-
matic flicker. Although the absolute sensitivities were lower
at high temporal frequencies compared to low temporal
frequencies, the subjects generally reported to be more
certain about their answers.

There were no significant differences in phase angle
between diagnosis groups (Kruskal-Wallis test: P = 0.092
for 2 Hz and P = 0.35 for 20 Hz). Furthermore, there were
excellent correlations between the model parameters A; and
Ay on the one hand and the observed contrast sensitivities
for pure L- and M-cone isolating stimuli (CS; and CSy) on



Investigative Ophthalmology & Visual Science

Temporal L- and M-Cone-Contrast in Glaucoma

2 Hz

20 Hz

Log10 Ay (M-cone gain)

0 1 2 3
Log10 A, (L-cone gain)

Subjects: ¢ normal 4 suspect = perimetric

IOVS | May 2021 | Vol. 62 | No.6 | Article 17 | 7

2 Hz
20 1

15 1

10 1

20 Hz

Count

20 1

15 1

10 4

ull
0 90 180 270
Phase angle Aa [deg]

360

Ficure 4. Parameter estimates of the vector summation model in the subjects from the 2017 cohort. On the left, L-cone-sensitivity (Ar)
is plotted against M-cone sensitivity (Ay) for each subject. The black lines represent equal sensitivities. At 2 Hz, L- and M-cone-driven
sensitivities were almost identical. At 20 Hz, M-cone-driven sensitivities were lower than L-cone-driven sensitivities. On the right, the phase
angle estimates are plotted as histograms. There were no obvious phase angle differences between the diagnosis groups at 2 Hz. At 20 Hz,
phase angles have a much larger interindividual variability, and there were no obvious differences between the groups.

the other hand. This confirmed the theoretical relationship
from the above equations and highlighted the quality of the
model fits (Spearman Rho: 0.90 for L-cones 2 Hz, 0.97 for L-
cones 20 Hz, 0.95 for M-cones 2 Hz, and 0.98 for M-cones 20
Hz, P < 0.001 in all cases). Therefore, we decided to use the
L- and M-cone contrast sensitivities (converted to sensitivity
deviations in dB) because this allowed us to include data
from patients with perimetric glaucoma measured in 2015.

L-Cone and M-Cone Sensitivities in the Subject
Groups

In 2015, the low frequency measurements were performed
at 1 Hz, but according to previous studies, sensitivities at 1
Hz and at 2 Hz are quite similar.'> We used a model for age
correction that we developed in an earlier study.*

The sensitivity deviations for the different diagnosis
groups are shown in Figure 5. At high temporal frequencies,
there was a statistically significant loss of temporal contrast
sensitivity in the perimetric glaucoma group.

As mentioned before, the losses were age corrected. We
also recalculated the expected differences assuming a larger
age-related loss of 0.15 dB/year instead of 0.1 dB/year,
because confidence intervals for this slope indicated a 5%
probability of an age effect of 0.15 or larger, but the differ-
ences between groups remained significant (Kruskal-Wallis
P = 0.041 instead of 0.014 after correction for multiple
testing).

At low temporal frequencies, photoreceptor-isolating
sensitivity deviation values were quite variable, and there
was considerable overlap between the different diagnosis
groups. There was a tendency toward a sensitivity loss in
the glaucoma suspects with four glaucoma suspects showing
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Ficure 5. Sensitivity deviations for pure L-cone- or pure M-cone-isolating stimuli mediated by the parvocellular system (1-2 Hz) and by the
magnocellular system (20 Hz). Subjects from both cohorts were included. Sensitivity deviations were calculated by subtracting the logarithm
of the contrast sensitivity (logCS) from the median of the logCS in the normal group, and then converting to dB. Negative values indicate a

loss of sensitivity. All logCS values were adjusted for age.

substantial sensitivity losses, despite normal visual acuity,
visual field, and anomaloscope findings (Rayleigh equation).

Parvo- Versus Magnocellular Pathway

A paired #-test of the L-cone data showed that, on average,
the mean sensitivity deviation at low temporal frequencies
(P-pathway) was more negative than at high frequencies (M-
pathway) with P < 0.05. For the M-cones, the difference was
not significant (P = 0.075).

Comparison With Clinical Parameters (Both
Cohorts)

Figure 6 shows the relationship between sensitivity devia-
tion and clinical parameters. There were statistically signif-
icant relationships between L-cone-driven sensitivity devia-
tions at high frequencies and MDg gegrees (linear regression:
R?> = 0.256, P < 0.001 after Holms correction for multi-
ple testing) as well as RNFLg gegrees (quadratic regression:
R? = 0.279, P < 0.001 after correction, P = 0.02 for the
quadradic coefficient). Regression analysis was not signifi-
cant for M-cone sensitivity alterations at high frequencies,
probably because the dynamic range of the measurements

were reduced with M-cone isolating stimuli. There was a
significant linear relationship between M-cone-sensitivities
at low frequencies and MDg gegrees (linear regression: R? =
0.085, P < 0.001 after correction for multiple testing). The
overall relationship between photoreceptor-specific sensitiv-
ity deviation and RNFLg gegrees Was similar to the relationship
between MDg gegrees and RNFLg gegrees (quadratic regression:
R? = 0.596, P < 0.001, P = 0.001 for the quadradic coeffi-
cient).

Di1scusSION

Our data show that retinal processing in glaucoma patients
can be characterized using combined L- and M-cone-
isolating stimuli. The model, which assumes vector addi-
tion of the photoreceptor signals in the retinal ganglion
cells, can indeed describe flicker detection thresholds for
such stimuli. The data indicate that all stimuli - regard-
less whether chromatic or luminance contrast was domi-
nant — were detected by the P-pathway at low and by
the M-pathway at high temporal frequencies. We did not
find evidence for relevant changes in retinal processing in
glaucoma. Altogether, this implies that the sensitivities to
temporal L- and M-cone contrasts can be used as param-
eters for functional changes in these systems. Among these
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Ficure 6. Relationship between photoreceptor-specific sensitivity deviation and the clinical parameters central visual field and temporal
RNFL thickness (both cohorts). At 1 to 2 Hz, perception is mediated by the P-, at 20 Hz by the M-pathway. There was a clear relationship
between magnocellular L-cone-driven sensitivity deviation at 20 Hz and corresponding visual field MDg gegrees/ OCT RNFLg degrees- Magno-
cellular M-cone-driven sensitivities had a limited dynamic range. Parvocellular-driven sensitivities had a much higher variability and some
glaucoma suspects with good visual fields/RNFL thickness had reduced logCS. Linear (red) or quadratic (blue) regression models are
shown in the plots, if model parameters were significant after correction for multiple testing. The relationship between RNFL thickness and
MDg gegrees as Well as the relationship between RNFLg gegrees thickness and magnocellularly driven sensitivity deviation was best described
by a quadratic regression. Furthermore, there was a linear correlation between MDyg gegrees and sensitivity deviation.

parameters, temporal contrast sensitivity for L-cone isolating
stimuli at 20 Hz (M-pathway) was significantly reduced in
patients with advanced glaucoma. Furthermore, exclusively
this sensitivity was significantly correlated with perimetric
MDg gegrees (linear relationship) and RNFLg gegrees (quadratic
relationship).

Vector Addition Model

The vector addition model that we used has been vali-
dated in normal trichromats and in dichromats.'*??% To
our knowledge, we are the first to use a vector addition
model to describe threshold data from patients with glau-
coma. Alvarez et al.>? have used an ellipsoid fit for analyz-
ing increment (and decrement) thresholds in patients with
glaucoma for different color mixtures (red-green and blue-
yellow), hypothesizing that mixtures with mostly chromatic
contrast were detected by the parvocellular and those with
dominating luminance contrast by the magnocellular path-
way. However, the fact that a vector summation model could
explain the thresholds to all combinations of L- and M-
cone stimuli in our experiments implies that perception at
the used stimulus frequencies was mediated by only one
pathway’® because threshold contours would substantially
deviate from an ellipse otherwise.?® Therefore, it cannot
be excluded that stimulus detection in the experiments by
Alvarez et al. were always dominated by the magnocellular
pathway, because their stimuli have a sudden onset.**

Changes in Model Parameters in Glaucoma

Temporal properties of summation of photoreceptor inputs
in the retinal ganglion cells may conceivably be altered in
glaucoma, because remodeling of the dendritic tree has been
demonstrated in morphologic structures.'®% This is of clini-
cal interest, because it might allow identification of ganglion
cell damage before cell death. Previously, we have found
evidence of altered ERG response phases in patients with
glaucoma.** However, in the present study, we have not
found relevant differences in the phase angle parameter of
the vector summation model between groups. As a conse-
quence, we propose that pure L- and M-cone-specific tempo-
ral contrast sensitivities can be used to quantify functional
loss of the different retino-geniculate systems in glaucoma
and used these stimuli for further analysis.

Is There Preferential Damage?

Direct comparison between P- and M-pathway mediated
contrast sensitivity deviations showed stronger losses in the
P-pathway. However, M-pathway related losses were better
correlated with other clinical findings. Thus, it is difficult to
interpret the P-pathway-related losses. It is interesting that
other studies that also have used red-green contrast for isola-
tion of the P-pathway have often found larger functional loss
in the P- compared with the M-pathway.?!~?> We are reluc-
tant to attribute this to premorphological damage, because
we do not have an objective correlate in the patients with
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good RNFL thickness and poor temporal contrast sensitivi-
ties, and because criterion bias cannot be fully ruled out.?’

Some authors have tried to identify functional changes
that correspond to the morphological changes in synaptic
density of the retinal ganglion cells before cell death.!4
Battista, Badcock, and McKendrick?® have not found altered
spatial summation in glaucoma using a paradigm by Poko-
rny and Smith,*® whereas Sun et al. have found differences in
the M-pathway contrast gain with a very similar approach.?*
Such questions might be addressed by measuring light adap-
tation and spatial summation with a more refined version of
our technique in the future.

Correlation With Clinical Parameters

We have found that M-pathway-driven L-cone defects corre-
late with perimetric MD in a linear and with RNFL thickness
in a quadratic fashion. At least for SAP, this is not surpris-
ing, because SAP is a luminance detection task dominated
by L-cones.* Casson et al.** have also found higher temporal
frequencies (8 Hz and 16 Hz) to be more useful in (achro-
matic) temporal modulation perimetry. In agreement with
our data, Zhang et al.* have found a relationship between
functional magnetic resonance imagery (fMRI) activation of
the magnocellular layers of the LGN and structural parame-
ters. The relatively poor correlation between functional loss
of the P-pathway and RNFL thickness should be addressed
in future studies, while considering possible criterion bias.*’

Commercially available solutions for isolating retino-
geniculate channels are short-wavelength-automated
perimetry®® for the koniocellular system, high pass resolu-
tion perimetry (HPRP)’ for the parvocellular system, and
frequency-doubling perimetry,?® flicker perimetry,” flicker-
defined form,>? and motion perimetry for the magnocellular
system. Rarebit perimetry was not designed to isolate a
specific retinogeniculate pathway, but the parvocellular
system might conceivably be the neural substrate, because
stimuli are small and the P-pathway has the highest resolu-
tion.>> In contrast to our test, the presumably parvocellular
mediated HPRP and rarebit perimetry do not use red-green
color discrimination but rather spatial discrimination for
isolation. While these tests offer a detailed spatial character-
ization, retinal adaptation differs between tests and isolation
of the targeted pathway is not always as expected.*>> This
might explain why direct comparisons of commercially
available tests are often inconclusive.’*>> Our technique
offers the possibility to validate the quality of isolation
during the actual measurements by fitting ellipses.

Limitations

One limitation of our study is the age difference between
the diagnostic groups, because temporal contrast sensitivity
decreases with age. However, we think that the age correc-
tion, derived in another study, is most probably sufficient to
account for this effect.®® However, even when we assumed
stronger age effects, it did not influence the conclusions.
Nevertheless, studying age matched populations may give
more conclusive results.

Our technique cannot be used in patients with anoma-
lous trichromacy, because the cone fundamentals do not
apply.®! In dichromats, temporal contrast sensitivities of the
remaining cone type can be obtained.'??”-* Furthermore,
these observers have reduced sensitivities at low tempo-
ral frequencies, because the parvocellular system is not
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chromatically sensitive,'?> According to our calculations, our
paradigm should be relatively robust to polymorphisms of
the L- and M-cone-opsin genes.’>3° We excluded X-linked
color vision defects using dedicated tests, but we have found
that such defects can also be identified from the temporal
contrast sensitivity measurements themselves.!?:35:39

Another limitation is that the low frequency range was
represented by different temporal frequencies in the two
cohorts (2015 = 1 Hz, and 2017 = 2 Hz). However, we found
before that the sensitivities are very similar at these frequen-
cies.!? Rod intrusion in the M-cone-isolating stimuli cannot
completely ruled out'** but is expected to be small at the
used retinal illuminance.

In its current form, the technique that we used can
only provide global measures of retinal sensitivity. However,
the results of the current study can be used to develop a
photoreceptor-specific modulation perimetry (or campime-
try). This is not possible with current screens or perime-
ters. However, novel monitors or projectors with four or
more spectrally different light sources offer the possibility
to present photoreceptor specific stimuli, with high tempo-
ral precision and with fixed states of retinal adaptation, at
different locations in the visual field.

CONCLUSIONS

Photoreceptor-specific temporal contrast sensitivities may
be a useful and versatile research tool for investigation func-
tional consequences of glaucomatous damage, because the
measurements can be performed at a fixed mean luminance
and chromaticity. Therefore, the influence of retinal adap-
tation can be studied independently. Temporal and spatial
structure can also be varied without sacrificing comparability
between different retino-geniculate mechanisms. Although
we cannot conclude whether parvo- or magnocellular-driven
stimuli are better for early diagnosis of glaucoma, our data
indicate that magnocellular-driven stimuli are more closely
related to the widely accepted structural and functional
parameters.
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