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Purpose: Early detection of structural changes in retinal ganglion cells (RGCs) and corre-
sponding changes in visual function is important in early degenerative diseases of the
retina, but the sensitivity of both measurements is limited by the inherent variabil-
ity in healthy subjects. This study investigates the relationships between RGC-related
layer thicknesses and foveal and parafoveal flicker modulation sensitivity (FMS) across
photopic and mesopic light levels in healthy subjects.

Methods: Photopic and mesopic FMS was measured in 56 young adults, at the point
of fixation and at an eccentricity of 5 degrees, in each of the four quadrants. Spectral-
domain optical coherence tomography (SD-OCT) was used to measure retinal thick-
nesses. Relationships between foveal and parafoveal FMS and the retinal thickness in
the corresponding region were examined after adjusting for confounding variables.

Results: Total macular and inner retinal layer (IRL) thicknesses in the parafoveal ring
were significant predictors of photopic (P = 0.034) and mesopic (P = 0.034) parafoveal
FMS, respectively. The superior peripapillary retinal nerve fiber layer (pRNFL) thick-
ness was a contributing factor to the inferior parafoveal FMS (photopic: P = 0.006 and
mesopic: P = 0.021) and the inferior pRNFL thickness was also a contributing factor to
the superior parafoveal FMS (photopic: P < 0.001 and mesopic: P = 0.015).

Conclusions: The pRNFL thicknesses predict parafoveal FMS for both mesopic and
photopic conditions in healthy eyes.

Translational Relevance: The measurement of rapid flicker sensitivity in the parafoveal
retina together with the pRNFL thickness profiles measured before the onset of disease,
may provide a more sensitive biomarker for detecting loss of sensitivity caused by the
earliest neurodegenerative changes in the eyes.

tivity and greater visual discomfort at lower light levels

Introduction

The ability of the visual system to detect tempo-
ral and spatial modulations in luminance contrast
is strongly dependent on the normal functioning of
ganglion cells (RGCs) and their axons in the retina.! *
In glaucoma and other neurodegenerative diseases
characterized by loss of RGCs and axon fibers,’
both contributing to the thinning of the retinal nerve
fiber layer (RNFL),® visual tests using temporally
modulated (flickering) stimuli have been shown to
be sensitive for early detection of neurodegenerative
damage.” '3 In agreement with the often reduced sensi-
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described in patients with glaucoma'* and healthy
older subjects,' rapid flicker sensitivity has also been
shown to be reduced across the visual field under both
photopic and mesopic lighting.'® The flicker tests used
in this study have been shown to have sufficient sensi-
tivity to reveal the effects of normal aging of rod and
cone-specific pathways, both in central vision and in the
parafoveal retina.!”-!8

The relationship between loss of visual sensitivity
to certain stimulus attributes and structural changes in
RGCs and their axons within the retina has been shown
to be the hallmark in the diagnosis of glaucoma.!%-?"
Confirmation of structural damage in the retina adds
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significantly to any evidence of functional loss based
on visual field tests, and vice versa.?! Although previ-
ous studies in glaucoma have suggested that, in some
cases, structural changes may be detectable earlier than
functional changes, other studies have also argued that
such outcomes are largely the result of high variability
in functional tests and poor signal-to-noise ratio in
standard automated perimetry (SAP), when compared
to imaging tests, such as optical coherence tomography
(OCT).?>?3 Signal changes in visual field tests that may
be clinically important are often small compared with
the variability between successive tests (“noise”). The
ability of a test to discriminate healthy from diseased
eyes is determined by the signal-to-noise ratio that can
be achieved.?*?* The latter indicates the sensitivity of
the test to detect gradients of damage within a visual
field and is affected by the variability of the measure-
ments and the dynamic range of the technique.’*
The extent to which the within- and intersubject
variabilities contribute to the lack of test efficiency
remains poorly understood. Test-specific, within-
subject variability limits the smallest changes in sensi-
tivity that can be considered statistically significant and
is of great importance in monitoring subject-specific
changes in progressive diseases or the outcome of
treatment. Intersubject variability, on the other hand,
limits the smallest changes in sensitivity needed to
classify the subject’s performance as being outside the
age-matched, normal range. The latter is usually much
larger and includes the within-subject variability.?® The
relationship between structural and functional changes
in glaucoma remains particularly controversial largely
because of large intersubject variability in both struc-
tural parameters and functional performance. Results
from four key studies which compared axonal loss
in post mortem optic nerve head tissue in patients
suspected with glaucoma with loss of visual field sensi-
tivity in perimetric tests concluded that the former
precedes significant changes in visual field sensitivity
detected by SAP>"3 An extensive re-assessment of
the same results by Hood?! revealed limitations in
these studies and argued convincingly that significant
loss in visual field sensitivity could be demonstrated
before loss of RGCs and their axons could be detected
reliably. Because glaucoma is a slowly developing
disease, Hood also points out that many RGCs and
their axons may exhibit poor performance, even when
not missing and therefore not showing up in either
imaging or post mortem RGC counts.’! Another
recent study provides further convincing evidence that
true functional changes precede and also appear to
predict thinning of the RNFL in glaucoma.’! The
study recommends the development of improved tests
of visual performance with reduced variability in
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repeated measurements to allow for reliable detection
of smaller functional changes. A reduction in inter-
subject variability in normal vision is important, if
functional changes attributable to poorer performing
RGCs and their retinal axons are to be detected prior
to cell and / or axonal death. In addition to reduced
signal size, poorer performing neurons generate more
noise with an inevitable reduction in signal / noise
ratio and hence higher thresholds. This is only one of
several parameters that contribute to the measured
within-subject variability.>* Differences in neuronal
density in healthy eyes is also likely to contribute to
increased intersubject variability. It can therefore be
argued that all these changes can cause an overall
decrease in signal to noise (S/N) ratio and hence
higher thresholds over localized regions in the visual
field.’*>> Improved tests may include the use of differ-
ent measures of visual performance, such as contrast
sensitivity, red/green and yellow/blue chromatic
sensitivity,”> motion detection,>® and rapid flicker
sensitivity.!”

Despite previous perimetric studies, little is known
about the structure-function relationships in early
stages that precede glaucoma and in healthy subjects.
Significant relationships have been found between
peripapillary retinal nerve fiber layer (P RNFL) thick-
ness and peripheral grating resolution acuity as well
as differential light sensitivity in healthy subjects above
50 years of age.’* The relationships between spatial
contrast sensitivity and retinal thicknesses measured
by spectral-domain OCT (SD-OCT) have been investi-
gated in glaucoma®> 3’ and also in healthy subjects. -3
Some studies have examined the relationships between
rapid flicker modulation sensitivity (FMS) measured
across the visual field and RNFL thicknesses in
patients with glaucoma.'3-44? In contrast, fewer if
any studies investigated how RGC-related layer thick-
ness parameters (e.g. inner retinal layer, ganglion cell
complex [GCC], and pRNFL) relate to FMS in normal
healthy eyes.

When large stimuli are used, rapid FMS is likely
to be mediated largely by magnocellular RGCs, which
tend to exhibit high sensitivity to low spatial frequen-
cies and higher temporal frequencies.' *** Although
there is no guarantee that a set of stimulus parame-
ters can be found to isolate fully either magnocellular
or parvocellular pathways, it is generally agreed when
large stimuli are presented in the periphery of the visual
field, the threshold detection of rapid luminance flicker
is mediated largely by magnocellular pathways. It is
also generally agreed that both pathways can contribute
to other suprathreshold visual functions.** Detection
of rapid flicker in human vision at threshold must
involve the pooling of signals from the most sensi-
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tive ganglion cells. It is reasonable to assume that the
smallest modulation thresholds that can be measured
are therefore determined by both the number and the
normal functioning of these RGCs and their retinal
axons. The latter are metabolically extremely active
and particularly vulnerable to energy insufficiency.’*’
Although the density of ganglion cells varies in healthy
eyes, their functional integrity remains normal. This
may not, however, be the case in the earliest stages of
glaucoma when subtle changes, such as the degenera-
tion of RGC dendrites and mitochondrial insufficiency,
prior to gross axonal and soma loss have been demon-
strated.*® Such early changes discovered in examina-
tions of post mortem eyes recovered from patients
with glaucoma were also shown to have been accom-
panied by reduced visual sensitivity.* It is reasonable
to assume that rapid flicker sensitivity, either in central
vision or in the near periphery may be affected by these
early neural changes and also by intersubject variability
in the relative numbers of RGCs in healthy normal eyes.
It is therefore important to establish whether differ-
ences in RGC-related parameters that can be measured
using clinical retinal imaging techniques in healthy eyes
correlate directly with measures of maximum sensitiv-
ity in functional tests.

In order to minimize the effects of normal aging,
particularly in relation to the optics of the eye, it is
of advantage to measure visual performance in young
healthy eyes and to investigate how such measures
correlate with RGC-related layer thickness parame-
ters, which are largely determined by variations in
ganglion cell density. The hypothesis tested in this
study is that the thickness of the RNFL also corre-
lates with FMS in healthy subjects when test variabil-
ity is minimized. To test our hypothesis, we examined
the relationships between flicker sensitivity measured
under mesopic and photopic stimulus conditions and
parameters, such as the thicknesses of macular inner
retinal layer (IRL), macular ganglion cell complex
(mGCC) and pRNFL in healthy normal eyes. The
FMS was measured in central vision and also in the
near periphery. The findings from this study may help
us to establish whether significant differences in RGC-
related layer thickness parameters impact rapid flicker
sensitivity in healthy eyes.

Such findings may increase our understanding
of how degraded neuronal performance, as reflected
in RGC-related thickness parameters, affects visual
function in normal eyes. If a functional relationship
between RGC-related thickness parameters and FMS
can be established in healthy normal eyes, the inter-
subject variability in FMS tests can be significantly
reduced with immediate effect on the signal to noise
ratio that can be achieved.
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Materials and Methods

Subjects

This observational and cross-sectional study
included 56 healthy young adults, age range 20 to
31 years. Participants were students of the Faculty of
Optics and Optometry, Complutense University of
Madrid (Spain), and had no current or previous eye
disease. The Ethics Committee of the Hospital Clinico
San Carlos (Madrid, Spain) approved the study proto-
col. The design followed the tenets of the Declaration
of Helsinki, and informed consent was obtained from
all subjects.

All participants received a full ocular examination
to detect loss of visual function or the presence of
clinically recognized disease. Ophthalmic assessments
included best-corrected visual acuity (BCVA), subjec-
tive refraction, slit-lamp biomicroscopy of the anterior
segment and fundus examination performed in the
University Optometry Clinic. Normal retina health was
evaluated by color fundus photography and posterior
SD-OCT assessment. The eye with the highest BCVA
was selected for measurements. If both eyes had the
same BCVA, the right eye was selected.

Inclusion criteria required study participants to
have a BCVA of 0.00 logMAR or better, a refractive
error no greater than 3.50 diopters (D) of sphere or
1.50 D of cylinder, normal trichromatic color vision
as assessed using the Colour Assessment and Diagno-
sis (CAD) test (City Occupational Ltd., London, UK)
and normal findings in the ocular examination. Exclu-
sion criteria included systemic disease, such as diabetes,
previous ocular surgery, lens opacities LOCS I1I classi-
fication grade 1 or greater, medications, glaucoma,
amblyopia, retinal abnormality, or any other ophthal-
mological pathology.

Spectral Domain Optical Coherence
Tomography

The retinal thickness at the macula and the pRNFL
were measured in the selected eye in all subjects using
the 3.3 iVue OCT system (Optovue Inc., Freemont,
CA, USA). Data were obtained using the Retina
Map Scan protocol for macular thicknesses and the
Glaucoma Scan protocol for GCC and RNFL thick-
ness. Scans were taken through undilated pupils under
dark room lighting and only high-quality images with
a Scan Quality Index >65 were included.

Macular thickness measurements were restricted
to the 5 x 5 mm grid used in the Early Treatment
Diabetic Retinopathy Study (ETDRS). In this study,
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we analyzed only the central and parafoveal sections
of the ETDRS grid: the central fovea with a diame-
ter of 1 mm and the parafoveal ring with an outer
diameter of 3 mm and an inner diameter of 1 mm.
Mean macular thicknesses were recorded for each of
the three retinal segmentations measured automati-
cally in the central fovea and the parafoveal ring:
(1) the total retinal layer, from the internal limiting
membrane to the retinal pigment epithelium; (2) the
IRL from the internal limiting membrane to the outer
limit Of the inner plexiform layer (IPL) including the
macular RNFL, ganglion cell layer, and IPL; and (3)
the outer retinal layer (ORL) from the outer limit
of the IPL to the retinal pigment epithelium. The total,
IRL, and ORL thicknesses were obtained by averag-
ing the corresponding thickness measurements made
in each of the four quadrants of the parafoveal ring. In
the central fovea, only the total thickness was recorded.
The GCC scanning protocol was used to measure
macular GCC thickness. This region covers a zone
of 7 x 7 mm centered 1 mm temporal to fovea. The
mGCC thickness included the IPL, the ganglion cell
layer and the nerve fiber layer. The superior and the
inferior mGCC thicknesses taken above and below
the horizontal meridian and the mGCC overall thick-
ness were also measured. The pRNFL thickness was
measured automatically along a circle of 3.45 mm
diameter centered at the optic nerve head. The data
provided separate estimates of the mean pRNFL thick-
ness when restricted to the superior and the inferior
hemispheres and its average over the whole circle.

Flicker Modulation Sensitivity

FMS was measured using the Flicker-Plus test
supplied with the Advanced Vision and Optomet-
ric Tests (AVOT), City Occupational Ltd., London
UK. The test measures rapid flicker sensitivity for a
number of user-defined stimulus conditions. The test
also provides standard protocols designed for clinical
studies. This investigation used the standard proto-
cols for mesopic (rod-enhanced) and photopic (cone-
enhanced) stimulus conditions.!”-!8

Briefly, the two protocols measure flicker modula-
tion thresholds at five discrete locations in the visual
field with stimuli that differ in spectral composition,
size, retinal illuminance, and temporal modulation
frequency is order to favor either rods or cones. The
viewing distance is 1 m for both protocols. Monocu-
lar thresholds were measured foveally (0 degrees) and
at four parafoveal locations selected diagonally away
from fixation at an eccentricity of 5 degrees in each
of the four quadrants. Flicker modulation thresholds
were measured at each location using randomly inter-
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leaved 2-down/l-up adaptive staircases and a statisti-
cally efficient, five-alternative forced-choice procedure
with a chance probability of 1 in 25. The subject
was provided with a bespoke numeric keypad with
five keys arranged to map the five screen locations
of the stimulus. Following each stimulus presenta-
tion, the subject’s task was to indicate the location
of the stimulus by pressing the appropriate button.
The visual stimuli were uniform discs and had the
same mean luminance as the uniform background
(i.e. 0.5 cd/m® for the mesopic and 24 cd/m? for the
photopic protocols). Each stimulus generated a burst
of flicker presented randomly at one of five possi-
ble locations in the visual field. The photopic proto-
col used stimulus sizes of 0.5 degrees in central vision
and 1 degree in the periphery at a temporal modulation
frequency of 15 Hz. The hard-edged temporal presen-
tation lasted for 344 ms. The mesopic protocol used a
disc of 0.75 degrees for central vision and 1.5 degrees
in the periphery at a temporal modulation frequency
of 5 Hz presented for 600 ms. The spectral composi-
tion of the light used in the two stimulus conditions
was selected to produce a scotopic to photopic (S/P)
luminance ratio of 0.8 for the cone-enhanced and 8
for the rod-enhanced conditions. The choice of stimu-
lus sizes, retinal illuminances, temporal modulation
frequencies, stimulus presentation times, and differ-
ences in spectral content, as reflected by the S/P ratios,
ensure that rods are favored in the mesopic protocol
and middle- and long-wavelength cones respond best in
the photopic protocol. Another important advantage
of the new flicker test is invariance of flicker modula-
tion amplitude with variation in prereceptoral filters in
the eyes. Because the relative spectral composition of
the test stimulus and the adjacent background remains
unchanged in each stimulus condition, only luminance
signals are involved and any prereceptoral filters in the
eye do not affect the flicker modulation amplitudes.
The latter can be described as, SL/Liyean,
where Lpean, €quals the luminance of the uniform
background and represents the mean luminance of
the stimulus during one cycle. The SL represents
the peak luminance difference between the stimulus
and the background during the cycle. The recipro-
cal of the temporal modulation amplitude was used
as a measure of FMS. For comparison with other
studies, the FMS values were plotted on a logarithmic
scale. The FMS values measured at each of the four
parafoveal locations (at an eccentricity of 5 degrees)
were averaged for each subject to produce a measure
of overall parafoveal FMS for each of the two stimulus
conditions. Further, average FMS values for the two
superior and the two inferior parafoveal locations
were calculated to obtain the superior parafoveal and
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inferior parafoveal FMS for each participant in each
protocol. Global FMS was the average of the values
measured at parafoveal and foveal visual field locations.

The learning mode of the Flicker-Plus test preceded
the actual test and used suprathreshold stimuli. The
100% correct response scores were required in order
to proceed with the full test. This ensured that
every subject who passed the learning mode under-
stood how to respond to each stimulus during the
full test. The order of the photopic and mesopic
flicker testing was randomized. A spectrally calibrated,
neutral density filter was used to lower the luminance
of the display by 1.0 log unit so as to ensure that the
calibration of the display remained valid for the very
low light levels used in the mesopic protocol. Each
test was preceded by 2 minutes of light adaptation
to the corresponding background luminance for the
selected protocol. Before each test, pupil sizes were
measured at the photopic or the mesopic light level
used using a Colvard infrared pupillometer (Oasis
Medical, Glendora, CA, USA). Pupil size was needed
to assess changes in retinal illumination which can
affect FMS.#-*8 Screen luminance (in cd/m?) and pupil
area (in mm?) provided the information needed to
calculate retinal illuminance in trolands.

Analysis of FMS Results Versus RGC-Related
Parameters

To analyze the correlations between the measured
structure-function variables, we related the location
of the flickering stimuli in the visual field to the
corresponding regions on the retina. In the macular
region, RGCs are displaced radially away from the
foveola so that the photoreceptors receiving a stimu-
lus in the foveal region and the RGCs mediating the
signal response are not co-localised.*’-> Different
numerical models have been developed to account for
this displacement when analyzing the spatial corre-
spondence between retinal thickness or RGC density
estimates and visual sensitivity at specific locations in
the visual field measured using SAP.#->! In the present
study, the parafoveal flicker points which use larger
stimulus sizes were located diagonally on a circle of
10 degrees diameter (approximately 3 mm), which
corresponds approximately to the parafoveal ETDRS
ring. As the thicknesses of the four quadrants of the
parafoveal ring were averaged and related to overall
parafoveal FMS (the mean of 4 parafoveal FMS tests),
the effect of RGC displacement in the macular region
on the structure/function relationship is minimized.
The central foveal flicker point (with photopic and
mesopic stimulus diameters of 0.5 degrees and
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0.75 degrees, respectively) was referred to in relation to
the central foveal ETDRS field (diameter 3.3 degrees).
The two parafoveal flicker locations in the superior
visual field and the two located in the inferior field
match the inferior and superior hemispheres selected
for mGCC and pRNFL measurements. In addition,
global correspondences were also considered. The
steps involved in this analysis are described below.

Statistical Analysis

According to prior sample size for power calcu-
lations to detect statistical significance for an antici-
pated correlation coefficient of 0.40, an alpha risk of
5.0%, and a power of 85%, a minimum sample size
of 54 subjects is required. Two more participants (56
subjects) were recruited for the study.

The normality of the data was checked by using
the Kolmogorov-Smirnov test. The demographics
and baseline characteristics of the study partici-
pants were evaluated using traditional descriptive
methods. Continuous variables are shown as mean
and SD. Paired Student ¢-test was used to compare
normally distributed variables, such as FMS and
Holm-Bonferroni post hoc correction was applied for
multiple comparisons.

The linear associations between global and sectoral
FMS (dependent variables) with the corresponding
overall and regional retinal thicknesses (independent
variables) were examined using the Pearson correla-
tion coefficients and the Holm-Bonferroni corrected
P values were calculated for testing the same hypoth-
esis in the three sections of each retinal thickness
variable (total, ORL, IRL, and / or overall, superior,
and inferior). A log-log coordinates scale was used
to enhance the linearity of the structure-function
relationship.”>:3? Foveal central FMS was correlated to
foveal central thickness. Overall parafoveal FMS was
correlated to the average macular thicknesses (total,
ORL, and IRL) of the parafoveal ring. The average
parafoveal FMS values in the inferior field were corre-
lated to averages of superior mGCC and superior
pRNFL thicknesses, and the average parafoveal FMS
values in the superior field were correlated to averages
of inferior mGCC and inferior pRNFL. Further, the
average global FMS was correlated to overall mGCC
and pRNFL thicknesses.

Forward stepwise multiple linear regression was
performed adjusting for covariates, such as age, gender,
BCVA, refractive error, retinal illuminance, and the
retinal thickness corresponding to each FMS depen-
dent variable. All outcomes were reported with the
corresponding beta coefficients and P values corrected
using the Holm-Bonferroni adjustment. All statistical
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tests were performed with Statgraphics Centurion XVI;
Statpoint Technologies, Inc., The Plains, VA, USA).
The statistical significance level was set at P < 0.05.

Table 1 provides the demographic and ocular
characteristics of the study participants. As Table 2
shows, mean central fovea FMS and parafoveal FMS
(overall, superior, and inferior) were 0.2 and approx-
imately 0.1 log units higher under photopic than
mesopic light conditions, respectively (all P < 0.001).

Pearson correlation coefficients for the association
between foveal or parafoveal FMS and the thickness in
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each corresponding retinal area are shown in Table 3.
There were no significant correlations between either
photopic or mesopic FMS for the central stimulus
and the central foveal thickness. Overall parafoveal
FMS showed significant correlation with the thick-
ness in the parafoveal ring, specifically photopic FMS
with total (P = 0.034) and ORL thickness (P =
0.048), and mesopic FMS with ORL (P = 0.048)
and IRL thickness (P = 0.050). Parafoveal FMS
in the inferior visual field showed significant corre-
lation with the pRNFL thickness of the superior
hemisphere (photopic: P = 0.006 and mesopic: P =
0.042). Parafoveal FMS in the superior visual field
showed significant correlation with the pRNFL thick-
ness of the inferior hemisphere (photopic: P < 0.001
and mesopic: P = 0.015). These correlations were

Table 1. Demographic and Ocular Characteristics of the Study Participants

Characteristic Overall

Eyes, n 56

Age,y 24.8 + 2.4(20,31)

Sex, male/female 18/ 38

BCVA, logMAR —0.14 4+ 0.08 (—0.30, 0.00)

Spherical equivalent, D

Pupil size, mm
Photopic
Mesopic

Color threshold, CAD units
Red/green
Yellow/blue

Retinal thickness, um
Central fovea
Parafoveal ring
Overall mGCC
Overall pRNFL

1.41 4+ 0.08(1.22,1,56)

3.29 £ 0.54 (2.40, 4.60)
6.24 £ 0.78 (4.00, 7.60)

1.29 4+ 0.23(0.84, 1.89)
1.11 £+ 0.27 (0.63, 1.96)

257.2 + 15.0(234.0, 295.0)
308.5 + 11.1(282.0,331.3)
96.0 £ 5.3 (86.0, 106.0)
99.8 £ 7.7 (84.0, 124.0)

BCVA, best corrected visual acuity measured using logMAR letter charts; CAD units, standard normal Colour Assessment
and Diagnosis units for the CAD test; pRNFL, peripapillary retinal nerve fiber layer; mGCC, macular ganglion cells complex.

Mean = SD (min, max).

Table 2.
at Photopic and Mesopic Light Conditions

Foveal and Parafoveal Flicker Modulation Sensitivity (FMS) Measured in the 5 Degrees Central Visual Field

Flicker Modulation Sensitivity (Log Units)

Stimulus Locations Photopic Mesopic PValue
Central fovea 1.46 + 0.13(1.13,1.74) 1.26 + 0.12(1.00, 1.49) <0.001
Parafovea
Overall 1.40 4+ 0.08(1.21, 1.56) 1.31 + 0.09(1.10, 1.52) <0.001
Superior 1.41 £+ 0.07 (1.25, 1.56) 1.32 4+ 0.09(1.10, 1.54) <0.001
Inferior 1.38 4+ 0.09(1.16, 1.56) 1.31 + 0.09(1.11, 1.53) <0.001
Global 1.41 4+ 0.08(1.22, 1.56) 1.30 + 0.09(1.13, 1.50) <0.001

Mean = SD (min, max).
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Table 3. Pearson Correlations of Foveal or Parafoveal
FMS Measured Under Photopic and Mesopic Light
Conditions Versus the Thickness in Each Corresponding
Retinal Area

Flicker Modulation Sensitivity

Photopic Mesopic

Retinal Thickness r P Value r P Value
Central fovea 0.20 0.134 0.23 0.089
Parafoveal ring

Total 0.32 0.034 0.30 0.053

ORL 0.32 0.048 0.27 0.048

IRL 0.15 0.256 0.32 0.050
mGCC

Overall 0.13 0.700 0.1 0.438

Superior 0.21 0.360 0.16 0.690

Inferior 0.09 0526 0.14 0.582
PRNFL

Overall 0.01 0922 0.07 0.597

Superior 0.39 0.006 0.31 0.042

Inferior 0.48 <0.001 0.37 0.015

IRL, inner retinal layer; ORL, outer retinal layer; mGCC,
macular ganglion cells complex; pRNFL, peripapillary retinal
nerve fiber layer; Superior, superior hemisphere; Inferior,
inferior hemisphere.

Significant r coefficients and P values are shown in bold.

positive, meaning that increased retinal thickness corre-
lated with higher FMS. There were no significant corre-
lations between either the superior or the inferior FMS
and the corresponding thickness of the inferior or
superior hemisphere of the mGCC at both luminance
conditions. Further, neither the photopic nor the
mesopic global FMS showed significant correlations
with estimates of overall mGCC or pRNFL thick-
nesses.

Table 4 shows the significant independent predic-
tors of FMS identified after forward stepwise multi-
ple linear regression analyses were conducted to control
for every factor. Retinal illuminance and total thick-
ness in the parafoveal ring were significant predictors of
photopic parafoveal FMS (P = 0.008). IRL thickness
in the parafoveal ring emerged as the only independent
contributor to mesopic parafoveal FMS (P = 0.034),
which increased approximately 1.0 log unit for each
1.0-log micron increase in IRL thickness (Fig. A). The
superior pPRNFL thickness was a contributing factor to
the inferior parafoveal FMS (photopic: P = 0.006 and
mesopic: P =0.021) and the inferior pPRNFL thickness
was a contributing factor to the superior parafoveal
FMS (photopic: P < 0.001 and mesopic: P = 0.015).
The estimated effects of a 1.0 log micron increase in
superior or inferior pPRNFL thickness resulted in 0.7
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to 0.5 log units increase in FMS for both protocols
(Figs. B, 1C).

Discussion

This study was designed to examine relationships
between RGC-related layer thickness parameters and
FMS to gain insight into the neuronal changes that
impact flicker sensitivity in healthy eyes. The main
finding was that both the macular IRL and the pRNFL
thicknesses correlate well with the parafoveal FMS
measured at 5 degrees eccentricity in the superior and
inferior visual fields. These findings suggest that in
normal, healthy young subjects, sensitivity to rapid
flicker is limited by RGC density.

Previous studies have found significant FMS
changes across the visual field at photopic”!'*-!> and
mesopic light conditions in glaucoma when compared
with controls.'® Fluctuations in retinal illuminance can
have a large effect on FMS in healthy subjects.*® Differ-
ences in pupil size (see Table 1) may have contributed
significantly to increased intersubject variability in
retinal illuminances under both photopic and mesopic
conditions employed in this study. Although the differ-
ences between the mean FMS results measured with
the rod- and cone-enhanced stimulus conditions were
statistically significant (P < 0.001), the measured
differences were small and can be altered by simply
changing the spatiotemporal and spectral properties of
either protocol. The small differences in FMS values
between the two protocols may, however, increase
significantly in older subjects and particularly in those
with early stage diseases of the retina who are likely to
exhibit a greater decrease in sensitivity in the mesopic
range.'®

To our knowledge, the relationship between RGC-
related layer thickness parameters and temporal flicker
sensitivity has not been examined previously in healthy
subjects. In this study, a stepwise multiple regres-
sion analysis was conducted to control for potential
confounding factors. No significant association was
detected between the central fovea thickness and the
central fovea FMS measured at photopic and mesopic
light levels. This finding can be explained by taking into
account how the structure-function relationship varies
with retinal location.”* In order to produce a similar
functional change, a greater reduction in RGC density
is expected in central vision when compared with the
more peripheral retina.

When examining results measured at parafoveal
locations, retinal illuminance and macular total thick-
ness in the parafoveal ring (at 5 degrees eccentricity)
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Table 4. Forward Stepwise Multiple Regression Models Showing the Independent Predictor Variables Related to
Parafoveal Flicker Modulation Sensitivity Measured at Photopic and Mesopic Luminance Levels
Dependent Variable Predictor Variable B Coefficient PValue
Overall parafoveal FMS

Photopic Retinal illuminance 0.1656 0.008

Total parafoveal 1.2343

Mesopic IRL parafovea 1.0369 0.034
Inferior parafoveal FMS

Photopic Superior pRNFL 0.7009 0.006

Mesopic Superior pRNFL 0.5694 0.021
Superior parafoveal FMS

Photopic Inferior pRNFL 0.6003 <0.001

Mesopic Inferior pRNFL 0.5238 0.015

B coefficient represents the change in the dependent variable for one unit of change in the predictor variable; IRL, inner

retinal layer; pRNFL, peripapillary retinal nerve fiber layer.

emerged as independent predictors of photopic FMS
(P = 0.008). The macular IRL thickness was found
to be a unique, independent predictor accounting for
variability in parafoveal FMS in the mesopic protocol
(P = 0.034). Structure-function relationships between
macular IRL thickness and spatial contrast sensitiv-
ity measured at photopic and mesopic light level were
also found in healthy subjects, both young and old.*® In
contrast to these findings, mGCC?* and pRNFL3-%
thickness parameters were not found to be related to
spatial contrast sensitivity in healthy subjects.’®:3 In
the present study, we also did not find significant corre-
lation between mGCC and FMS. Results from other
studies also show that the pRNFL performed better
in discriminating between healthy and early glauco-
matous eyes than the mGCL and any other retinal
macular layers, when assessed separately.”> The study
also identified the mGCL as least useful in discriminat-
ing between healthy and glaucomatous eyes.
Relationships between RNFL thickness and the
mean defect measured in flicker perimetry!>*#! and
between RNFL thickness and flicker sensitivity and
mean defects*® have been described in glaucoma and
healthy controls.*> In the present study, we found a
relationship between the sectoral structural pRNFL
thickness and the parafoveal FMS at corresponding
locations. Both protocols show that the thinning of the
pRNFL results in loss of FMS. The superior pPRNFL
thickness was a contributing factor to the inferior
parafoveal FMS (photopic: P = 0.006 and mesopic:
P = 0.021) and the inferior pRNFL thickness is a
contributing factor to the superior parafoveal FMS
(photopic: P < 0.001 and mesopic: P = 0.015). Studies
carried out at photopic light levels found lower sensi-
tivity to 16 Hz flicker in the superior temporal when
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compared to the inferior temporal visual field. The
effect was greater in older when compared to younger
normal individuals.>® In another study, the superior
nasal field was reported to have better flicker sensi-
tivity when compared to the inferior temporal field in
healthy eyes.’’ In this study, we have not found signif-
icant differences between the superior and inferior
parafoveal FMS in either protocol. Flicker sensitivi-
ties measured in the superior parafoveal visual field
locations showed the strongest correlations with the
pRNFL thickness measured in the inferior hemisphere.
Although our study involved only normal healthy
subjects, it is of interest to note that in other studies
RGC axons in the inferior hemisphere have been found
to be most susceptible to glaucomatous damage.*®->
Figure C also provides useful information in relation
to the thinning of pRNFL needed to indicate loss of
sensitivity. Because the inferior pRNFL thickness in
this sample of normal, healthy young subjects ranges
from 141 to 78 pm, a large loss of fibers would
be needed to diagnose the onset of disease in most
subjects, except for those with values close to the lower
normal limit. An examination of Figure C suggests that
during the earliest stages of disease when RGC thick-
ness changes are small, measurements of FMS and
the corresponding pRNFL thickness in the inferior
retina can be used to detect glaucomatous damage. A
knowledge of the subject’s pPRNFL thickness before or
at the onset of glaucomatous changes, can in princi-
ple be used to provide a better estimate of the lowest
FMS limit that can be considered normal for the
subject’s pPRNFL thickness. The linear trends shown
in Figure C can be corrected for so that the additional
intersubject variability that arises from normal varia-
tions in pRNFL thickness is removed. This approach
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Figure. Relationships between the parafoveal flicker modulation
sensitivity and the retinal thickness in the macula and peripapillary
areas. (A) Overall parafoveal FMS in relation to inner retinal layer
thickness in the parafoveal ring, (B) FMS in the inferior parafoveal
visual field location in relation to pRNFL thickness in the superior
hemisphere, and (C) FMS in the superior parafoveal visual field
location in relation to pRNFL thickness in the inferior hemisphere.
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can make the measurement of FMS more effective
in predicting the presence of disease. The measured
FMS can be compared directly to the lower, normal
FMS limit expected for the corresponding pRNFL
thickness (see Fig. C). This combined approach, which
requires the measurement of both pRNFL thickness
and FMS, may provide a sensitive predictor of glauco-
matous changes in the retina. In order to implement
this approach, one needs to have a measurement of
pRNFL thickness ahead of disease onset to be of value
in establishing normal upper limits of expected sensi-
tivity when using the Flicker-Plus test. This is simply
because a heightened degree of autoregulation may
occur in RGCs prior to cell death. RGCs may well
behave differently under stress and this could disrupt
the structure/function relationship that is otherwise
found in normal healthy subjects. The remaining inter-
subject variability in FMS at a known pRNFL thick-
ness (see Fig. C) is at least in part attributable to
within-subject variability. It therefore becomes even
more important to reduce both within and intersubject
variability in visual psychophysical tests so that even
smaller changes in visual sensitivity become statistically
significant. There are at least two improvements one
can make to the present the Flicker- Plus test to achieve
this aim.

An important limitation of this test is the expected
intersubject variation in retinal illuminance due to
individual differences in pupil size and the corre-
sponding variation in FMS. Development of enhanced
FMS tests, which maintain constant retinal illumi-
nance, would undoubtedly reduce the observed inter-
subject variability and make the test more specific,
as has already been suggested.’! FMS measurements
are affected by both within- and intersubject variabil-
ity. The coefficient of variability in repeated FMS
tests in the same subject is expected to be signifi-
cantly smaller than the intersubject variability. The
latter is around 17% based on the photopic FMS
data (shown in Fig. C after correction for the linear
trend attributed to pRNFL thickness). The intersub-
ject variability at any pRNFL thickness includes the
within-subject variability. The variability in repeated
measurements of pRNFL thickness in the same subject
is again expected to be small, but the intersubject
variability is approximately 14% (based on the pPRNFL
data shown for the inferior retina in Fig. C). The detec-
tion of small, significant changes in FMS or pRNFL
is directly affected by the corresponding intersubject
variabilities. Within-subject variability in FMS can

<—
In the graphs, open circles represent photopic FMS and solid circles
mesopic FMS; r, Pearson’s correlation coefficient.
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be reduced by improving the staircase procedure and
by averaging repeated measurements. The intersubject
variability in FMS can also be reduced by controlling
for pupil size changes and variation in retinal illumi-
nance. This analysis shows that it may be possible to
reduce significantly both the within- and the inter-
subject variability in the data shown in the Figure to
make the combined pRNFL and FMS a more sensi-
tive biomarker for detection of the earliest glaucoma-
tous changes.

In conclusion, this study demonstrates that the
pRNFL thicknesses correlate well with parafoveal
photopic and mesopic FMS in healthy eyes. The
measurement of FMS using the current Flicker-Plus
test demonstrates high sensitivity for detection of RGC
related changes, both in the macula and the RNFL, but
the intersubject variability remains high. This realiza-
tion justifies further efforts to enhance the performance
of visual psychophysical tests by reducing both within
and intersubject variability. Future investigations using
improved functional tests are needed to demonstrate
the potential advantages using pRNFL parameters to
make rapid flicker tests more sensitive for the early
detection of neurodegenerative diseases of the retina.

Acknowledgments

The authors thank Alex llarinas-Say, MsC, Andrea
Gomez-Puga, MsC, Lucia Ortiz-Pérez, MsC, and Ana
Cordon-Saez, MsC, for their help with subject recruit-
ment and clinical measurements.

Disclosur,e: M.J. Pérez-Carrasco, None;
J. Carballo-Alvarez, None; J.L. Barbur, City Occupa-
tional Ltd (UK) (E); M.C. Puell, None

References

1. Smith VC, Pokorny J, Lee BB, Dacey DM. Sequen-
tial processing in vision: The interaction of sensi-
tivity regulation and temporal dynamics. Vis Res.
2008;48:2649-2656.

2. Lee BB, Pokorny J, Smith VC, Martin PR, Val-
berg A. Luminance and chromatic modulation
sensitivity of macaque ganglion cells and human
observers. J Opt Soc Am A. 1990;7:2223-2236.

3. Lee BB, Sun H, Zucchini W. The temporal prop-
erties of the response of macaque ganglion cells
and central mechanisms of flicker detection. J Vis.
2007;7:1.1-16.

Downloaded from tvst.arvojournals.org on 12/27/2024

10.

11.

12.

13.

14.

15.

16.

17.

TVST | October 2021 | Vol. 10 | No. 12 | Article 16 | 10

. Chander D, Chichilnisky EJ. Adaptation to Tem-

poral Contrast in Primate and Salamander Retina.
J Neurosci. 2001;21:9904-9916.

. Calkins DJ. Age-related changes in the visual path-

ways: blame it on the axon. Invest Ophthalmol Vis
Sci. 2013;54:0RSF37-ORSF41.

Weinreb RN, Aung T, Medeiros FA. The patho-
physiology and treatment of glaucoma: a review.
JAMA. 2014;311:1901-1911.

Tyler CW. Specific deficits of flicker sensitivity in
glaucoma and ocular hypertension. Invest Ophthal-
mol Vis Sci. 1981;20:204-212.

Lachenmayr BJ, Drance SM, Douglas GR, Mikel-
berg FS. Light-sense, flicker and resolution perime-
try in glaucoma: a comparative study. Graefe’'s
Arch Clin Exp Ophthalmol. 1991;229:246-251.
Horn FK, Jonas JB, Korth M, Jinemann A,
Grindler A. The Full-field Flicker Test in Early
Diagnosis of Chronic Open-angle Glaucoma. Am
J Ophthalmol. 1997;123:313-319.

Nomoto H, Matsumoto C, Takada S, et al.
Detectability of glaucomatous changes using SAP,
FDT, flicker perimetry, and OCT. J Glaucoma.
2009;18:165-171.

Breton ME, Wilson TW, Wilson R, Spaeth GL,
Krupin T. Temporal contrast sensitivity loss in
primary open-angle glaucoma and glaucoma sus-
pects. Invest Ophthalmol Vis Sci. 1991;32:2931-
2941.

Austin MW, O’Brien CJ, Wishart PK. Flicker
perimetry using a luminance threshold strategy
at frequencies from 5-25 Hz in glaucoma, ocular
hypertension and normal controls. Curr Eye Res.
1994;13:717-723.

Horn FK, Tornow RP, Jiinemann AG, Laem-
mer R, Kremers J. Perimetric Measurements With
Flicker-Defined Form Stimulation in Comparison
With Conventional Perimetry and Retinal Nerve
Fiber Measurements. Invest Ophthalmol Vis Sci.
2014;55:2317.

Bierings RAJM, van Sonderen FLP, Jansonius
NM. Visual complaints of patients with glaucoma
and controls under optimal and extreme luminance
conditions. Acta Ophthalmologica. 2018;96:288—
294,

Owsley C. Aging
2011;51:1610-1622.
Jodo Car, Scanferla L, Jansonius NM. Retinal
Contrast Gain Control and Temporal Modulation
Sensitivity Across the Visual Field in Glaucoma
at Photopic and Mesopic Light Conditions. Invest
Ophthalmol Vis Sci. 2019;60:4270-4276.

Bi W, Gillespie-Gallery H, Binns A, Barbur JL.
Flicker Sensitivity in Normal Aging—-Monocular

and vision. Vis Res.



Flicker Sensitivity and Retinal Thickness

translational vision science & technology

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Tests of Retinal Function at Photopic and
Mesopic Light Levels. Invest Ophthalmol Vis Sci.
2016;57:387-395.

Hathibelagal AR, Bharadwaj SR, Yadav AR, Sub-
ramanian A, Sadler JRE, Barbur JL. Age-related
change in flicker thresholds with rod- and cone-
enhanced stimuli. PLoS One. 2020;15:¢0232784.
Nilforushan N, Nassiri N, Moghimi S, et al.
Structure-function relationships between spectral-
domain OCT and standard achromatic perimetry.
Invest Ophthalmol Vis Sci. 2012;53:2740-2748.
Yohannan J, Boland MV. The Evolving Role
of the Relationship between Optic Nerve Struc-
ture and Function in Glaucoma. Ophthalmology.
2017;124:S66-S70.

Hood DC. Does Retinal Ganglion Cell Loss Pre-
cede Visual Field Loss in Glaucoma? J Glaucoma.
2019;28:945-951.

Gardiner SK, Johnson CA, Demirel S. The effect
of test variability on the structure-function rela-
tionship in early glaucoma. Graefe’s Arch Clin Exp
Ophthalmol. 2012;250:1851-1861.

Gardiner SK, Fortune B, Demirel S. Signal-to-
Noise Ratios for Structural and Functional Tests
in Glaucoma. Translational Vision Science & Tech-
nology. 2013;2:3.

Artes PH, Chauhan BC. Signal/noise analysis
to compare tests for measuring visual field loss
and its progression. Invest Ophthalmol Vis Sci.
2009;50:4700—4708.

Rountree L, Mulholland PJ, Anderson RS,
Garway-Heath DF, Morgan JE, Redmond T.
Optimising the glaucoma signal/noise ratio by
mapping changes in spatial summation with area-
modulated perimetric stimuli. Scientific Reports.
2018;8:2172.

Barbur JL, Rodriguez-Carmona M, Evans BEW.
Color vision assessment-3. An efficient, two-
step, color assessment protocol. Color Res Appl.
2021;46:33-45.

Quigley HA, Dunkelberger GR, Green WR. Reti-
nal Ganglion Cell Atrophy Correlated With Auto-
mated Perimetry in Human Eyes With Glaucoma.
Am J Ophthalmol. 1989;107:453-464.

Quigley HA, Addicks EM, Green WR. Optic nerve
damage in human glaucoma. I1I. Quantitative cor-
relation of nerve fiber loss and visual field defect in
glaucoma, ischemic neuropathy, papilledema, and
toxic neuropathy. Arch Ophthalmol ( Chicago, 1l
1960). 1982;100:135-146.

Kerrigan-Baumrind LA, Quigley HA, Pease ME,
Kerrigan DF, Mitchell RS. Number of ganglion
cells in glaucoma eyes compared with threshold

Downloaded from tvst.arvojournals.org on 12/27/2024

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

TVST | October 2021 | Vol. 10 | No. 12 | Article 16 | 11

visual field tests in the same persons. Invest Oph-
thalmol Vis Sci. 2000;41:741-748.

Harwerth RS, Carter-Dawson L, Shen F, Smith
EL, Crawford ML. Ganglion cell losses underlying
visual field defects from experimental glaucoma.
Invest Ophthalmol Vis Sci. 1999;40:2242-2250.
Gardiner SK, Mansberger SL, Fortune B. Time
Lag Between Functional Change and Loss of Reti-
nal Nerve Fiber Layer in Glaucoma. Invest Oph-
thalmol Vis Sci. 2020;61:5.

Vemala R, Sivaprasad S, Barbur JL. Detection of
Early Loss of Color Vision in Age-Related Mac-
ular Degeneration — With Emphasis on Drusen
and Reticular Pseudodrusen. Invest Ophthalmol
Vis Sci. 2017;58:B10247.

Rauscher FG, Chisholm CM, Edgar DF, Barbur
JL. Assessment of novel binocular colour, motion
and contrast tests in glaucoma. Cell and Tissue Res.
2013;353:297-310.

Redmond T, Anderson RS, Russell RA, Garway-
Heath DF. Relating retinal nerve fiber layer thick-
ness and functional estimates of ganglion cell sam-
pling density in healthy eyes and in early glau-
coma. Invest Ophthalmol Vis Sci. 2013;54:2153—
2162.

Amanullah S, Okudolo J, Rahmatnejad K, et al.
The relationship between contrast sensitivity and
retinal nerve fiber layer thickness in patients with
glaucoma. Graefe’s Archive for Clinical and Exper-
imental Ophthalmology = Albrecht von Graefes
Archiv fur klinische und experimentelle Ophthal-
mologie. 2017;255:2415-2422.

Fatehi N, Nowroozizadeh S, Henry S, Coleman
AL, Caprioli J, Nouri-Mahdavi K. Association of
Structural and Functional Measures With Con-
trast Sensitivity in Glaucoma. Am J Ophthalmol.
2017;178:129-139.

Chien L, Liu R, Girkin C, Kwon M. Higher
Contrast Requirement for Letter Recognition and
Macular RGC+ Layer Thinning in Glaucoma
Patients and Older Adults. Invest Ophthalmol Vis
Sci. 2017;58:6221-6231.

Puell MC, Palomo-Alvarez C, Pérez-Carrasco MJ.
Macular Inner Retinal Layer Thickness in Relation
to Photopic and Mesopic Contrast Sensitivity in
Healthy Young and Older Subjects. Invest Ophthal-
mol Vis Sci. 2018;59:5487-5493.

Denniss J, Turpin A, McKendrick AM. Visual
Contrast Detection Cannot be Predicted from Sur-
rogate Measures of Retinal Ganglion Cell Number
and Sampling Density in Healthy Young Adults.
Invest Ophthalmol Vis Sci, https://doi.org/10.1167/
iovs.14-15339.


https://doi.org/10.1167/iovs.14-15339

Flicker Sensitivity and Retinal Thickness

translational vision science & technology

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Reznicek L, Muth D, Vogel M, Hirnei3 C.
Structure-Function Relationship between Flicker-
Defined Form Perimetry and Spectral-Domain
Optical Coherence Tomography in Glaucoma Sus-
pects. Curr Eye Res. 2017;42(3):418-423.

Horn FK, Scharch V, Mardin CY, Liammer R,
Kremers J. Comparison of frequency doubling and
flicker defined form perimetry in early glaucoma.
Graefe’s Arch Clin Exp Ophthalmol. 2016;254:937—
946.

Ichhpujani P, Lo DC, Cvintal V, et al. Flicker
defined form, standard perimetry and Heidelberg
retinal tomography: Structure-function relation-
ships. Canadian Journal of Ophthalmology. Journal
Canadien d’ophtalmologie. 2015;50:290-296.
Reinhard K, Miinch TA. Visual properties
of human retinal ganglion cells. PLoS One.
2021;16:e0246952.

Page WK, King WM, Merigan W, Maunsell J.
Magnocellular or parvocellular lesions in the lat-
eral geniculate nucleus of monkeys cause minor
deficits of smooth pursuit eye movements. Vision
Research. 1994;34:223-239.

Liu H, Prokosch V. Energy Metabolism in the
Inner Retina in Health and Glaucoma. Int J Mol
Sci. 2021;22:3689.

Tribble JR, Vasalauskaite A, Redmond T,, et al.
Midget retinal ganglion cell dendritic and mito-
chondrial degeneration is an early feature of
human glaucoma. Brain Commun. 2019;1:fcz035.
Kelly DH. Visual response to time-dependent stim-
uli. I. Amplitude sensitivity measurements. J Opt
Soc Am. 1961;51:422-429.

Snowden RJ, Hess RF, Waugh SJ. The processing
of temporal modulation at different levels of retinal
illuminance. Vision Res. 1995;35:775-789.
Drasdo N, Millican CL, Katholi CR, Curcio CA.
The length of Henle fibers in the human retina and
a model of ganglion receptive field density in the
visual field. Vision Research. 2007;47:2901-2911.
Curcio CA, Allen KA. Topography of gan-
glion cells in human retina. J of Comp. Neurol.
1990;300:5-25.

Downloaded from tvst.arvojournals.org on 12/27/2024

51.

52.

53.

54.

55.

56.

57.

58.

59.

TVST | October 2021 | Vol. 10 | No. 12 | Article 16 | 12

Montesano G, Ometto G, Hogg RE, Rossetti
LM, Garway-Heath DF, Crabb DP. Revisiting
the Drasdo Model: Implications for Structure-
Function Analysis of the Macular Region. Transi.
Vis. Sci. Technol. 2020;9:15.

Harwerth RS, Carter-Dawson L, Smith EL,
Barnes G, Holt WF, Crawford MLJ. Neural losses
correlated with visual losses in clinical perime-
try. Invest Ophthalmol Vis Sci. 2004;45:3152—
3160.

Harwerth RS, Carter-Dawson L, Smith EL, Craw-
ford MLJ. Scaling the structure—function relation-
ship for clinical perimetry. Acta Ophthalmol Scand.
2005;83:448-455.

Garway-Heath DF, Caprioli J, Fitzke FW, Hitch-
ings RA. Scaling the hill of vision: the physio-
logical relationship between light sensitivity and
ganglion cell numbers. Invest Ophthalmol Vis Sci.
2000;41:1774-1782.

Pazos M, Dyrda AA, Biarnés M, et al. Diagnostic
Accuracy of Spectralis SD OCT Automated Mac-
ular Layers Segmentation to Discriminate Normal
from Early Glaucomatous Eyes. Ophthalmology.
2017;124:1218-1228.

Casson EJ, Johnson CA, Nelson-Quigg JM. Tem-
poral modulation perimetry: the effects of aging
and eccentricity on sensitivity in normals. Invest
Ophthalmol Vis Sci. 1993;34:3096-3102.

Tyler CW. Analysis of visual modulation sensitiv-
ity. III. Meridional variations in peripheral flicker
sensitivity. Journal of the Optical Society of Amer-
ica. A, Optics and Image Science. 1987;4:1612—
1619.

Nakatani Y, Higashide T, Ohkubo S, Takeda
H, Sugiyama K. Evaluation of macular thickness
and peripapillary retinal nerve fiber layer thick-
ness for detection of early glaucoma using spec-
tral domain optical coherence tomography. J. Glau-
coma. 2011;20:252-259.

Na JH, Sung KR, Baek S, Sun JH, Lee Y. Macu-
lar and retinal nerve fiber layer thickness: which is
more helpful in the diagnosis of glaucoma? Invest
Ophthalmol Vis Sci. 2011;52:8094-8101.



