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PURPOSE. The purpose of this study was to compare L-, M-, S-cone-, and rod-driven tempo-
ral contrast sensitivities (tCS) in patients with RP1L1-associated autosomal-dominant
occult macular dystrophy (OMD), and to investigate how photoreceptor degeneration
determines which post-receptoral channels dominate perception.

METHODS. Photoreceptor isolating stimuli were created with the silent substitution tech-
nique. Photoreceptor-selective tCS deviations (D L-cone/M-cone/S-cone/Rod) were obtained as a
function of temporal frequency with identical retinal adaptation, by subtracting tCS from
age-corrected normal values. A linear-mixed effects model was used for analysis.

RESULTS. Eleven genetically confirmed patients were included (7 women, 5 men; age =
52.27 ± 14.44 years). Overall, L- and M-cone-driven sensitivity deviations (DL-cone and
DM-cone) were more negative than DS-cone; DRod was normal at frequencies between 8 and
12 Hz in all subjects. Rod-driven tCS functions allowed identification of two subgroups
of patients: one with band-pass properties and one with low-pass properties, suggest-
ing dominance of different post-receptoral filters. The same filtering properties were
observed in L-cone-driven tCS functions. Furthermore, the two subgroups also differed in
clinical parameters (spherical equivalent, BCVA, perimetry, and ocular coherence tomog-
raphy (OCT) reflectivity of the ellipsoid zone relative to the RPE).

CONCLUSIONS. OMD was characterized predominantly by deterioration of L- and M-cone-
cone driven function in the perifovea. Rod-driven functions were normal. Differences in
the photoreceptor signals were further modified by postreceptoral filters.

Keywords: occult macular dystrophy (OMD), silent substitution, postreceptoral pathways,
temporal contrast sensitivity (tCS), chromatic pupil campimetry

Autosomal-dominant occult macular dystrophy (OMD) is
a macular dystrophy characterized by the absence of

visible funduscopic changes. Patients have impaired color
discrimination1,2 and display perimetric scotomas.3 Optic
coherence tomography (OCT) shows subtle alterations of
the outer retina (loss of interdigitation zone [IZ]; blurring or
discontinuity of the ellipsoid zone [EZ] in the macula; and
loss of the dome-shaped configuration of the foveola),4–6

and focal or multifocal electroretinograms show reduced
responses in the macula.7

Frequently, it is caused by variants in the retinitis-
pigmentosa1-like-1 (RP1L1) gene (OMIM #613587).8,9 RP1L1
encodes for a protein that is part of the photoreceptor
axoneme.10,11 It is expressed in both rods and cones, but
large differences in phenotypes between different mutations
suggest that it may play distinct roles in these photorecep-
tor types.9 Whereas loss-of-function mutations cause retinitis
pigmentosa with a predominant affection of rod function,12

OMD is typically caused by the R45W sequence variant or
by mutations more downstream (between amino acids 1172

and 1258).9 Currently, it is not known whether OMD also
affects rods.

Despite the genetic homogeneity, several authors have
identified phenotypic heterogeneity in disease severity,13

in spatial involvement (central and paracentral; focal and
widespread),14 and/or in different types of scotomas (central
scotoma, perifoveal scotoma, and no scotoma).3 However, it
is not clear whether different phenotypes are genuine or
if they represent different stages in disease progression,4

although severity is usually not correlated with age.4,15

Functional tests that enable a better characterization of
the function of retinal cell types and pathways are likely to
extend our knowledge about pathological mechanisms. The
silent substitution technique is used for selective stimulation
of different photoreceptor types in psychophysical and elec-
trophysiological tests.16,17 It is more reliable than chromatic
adaption and allows the different photoreceptor types to be
studied at the identical state of adaptation. Therefore, there
are more degrees of freedom for creating stimulus condi-
tions, and parameters like temporal frequency or contrast
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can be used to investigate the influence of postreceptoral
pathways on perception.18

In contrast to the chromatic desensitization technique,
the silent substitution technique does not make the targeted
photoreceptor more sensitive to a stimulus by altering reti-
nal adaptation or using stimulus properties that favor one
photoreceptor subtype. Instead, it aims to create stimuli
that induces an excitation modulation in one photorecep-
tor type but not in the others (that are “silenced”).16,17,19

This is achieved by using several, usually three to five,
primaries (i.e. spectrally independent light sources) with
different spectral composition (ideally stimuli with small
bandwidths) and knowledge about the spectral sensitivities
of the photoreceptor types (the so-called fundamentals).20

Psychophysical thresholds for detection of
photoreceptor-specific stimuli do not only depend on
properties of the photoreceptor (mosaic density, temporal
processing, etc.), but also properties of the postreceptoral
channels. For example, thresholds for L- or M-cone-isolating
stimuli are lower at low than at high temporal frequencies.
Furthermore, in normal trichromats, L- and M-cone driven
thresholds are equal at low temporal frequencies, whereas
L-cone driven thresholds are generally smaller than M-cone
driven thresholds at high temporal frequencies. These
differences can be explained because the (parvocellular)
red-green opponent system mediates detection thresholds
at low temporal frequencies whereas the fast (magnocel-
lular) luminance system is responsible for detection at
high temporal frequencies. These effects can be studied
by measuring temporal contrast sensitivity as a function of
temporal frequency (tCS functions or de Lange curves).

The shape of these tCS function reflects the filtering
properties of the postreceptoral retinogeniculate and central
pathways. The red-green opponent system receives balanced
and antagonistic inputs from the L-cones and M-cones and
has low-pass-shaped temporal properties (sensitivities are
maximal at low temporal frequencies with a sharp decrease
around 8 hertz [Hz]).21,22 It is associated with a subjective
perception of a red-green color change.21 The magnocellu-
lar luminance system, on the other hand, receives L- and
M-cone signals that reinforce each other and that are L-
cone dominated in most subjects with normal color vision
(maximal sensitivity at an intermediate frequency)21,22 and
is associated with the perception luminance modulation or
flicker.21 The temporal contrast sensitivity functions for L- or
M-cone-isolating stimuli result from a combination of both
types of pathways.21,22 The koniocellular pathway compares
S-cone inputs with combined L- and M-cone inputs. It also
acts as a low-pass temporal filter. Finally, there are at least
two different rod pathways: one where signals are passed on
via rod-bipolars and horizontal cells, and one where signals
are passed on via gap junctions to cones.23 The first pathway
has band-pass properties with a maximal sensitivity around
8 to 12 Hz. The signals that are fed into the second pathway
are passed on via parvo- and magnocellular systems.24,25

The importance of postreceptoral processing of reti-
nal signals for functional tests is widely underestimated.
Whereas most clinicians understand that functional losses
originate at different levels of the visual pathway, they
implicitly assume that postreceptoral processing is unal-
tered in diseases of the outer retina. However, findings,
such as increased thickness of the inner retina in patients
with RPGR,26 indicate that even the cellular substrate of
postreceptoral processing may indeed be altered. Further-
more, postreceptoral pathways act as filters on photorecep-

toral signals, and alterations purely at the photoreceptor
level may determine which postreceptoral channel medi-
ates visual perception. Thus, complex changes in sensitivity
may occur when distinct postreceptoral pathways mediate
perception under different stimulus and adaptation condi-
tions.

We previously used an LED stimulator27 with a circular
perifoveal test field with 2 degrees inner and 12 degrees
outer diameter to measure changes in photoreceptor-
specific temporal contrast sensitivities in patients with
retinitis pigmentosa (RP)28 and with Fundus flavimacula-
tus/Stargardt’s disease (FF/STGD).29 In both diseases, we
found no clear indication of changes in post-receptoral
mechanisms, and we found a predominant rod-driven loss
in RP and similar losses across all photoreceptor subtypes
in FF/STGD.

It is the purpose of the present study to measure peri-
foveal photoreceptor-specific tCS functions in patients with
OMD. The results of these measurements enable (1) a
comparison of functional losses in distinct photoreceptor
subtypes and (2) a description of the involvement of postre-
ceptoral pathways in OMD.

METHODS

In this observational, cross-sectional pilot study, we
measured L-cone, M-cone, S-cone-, and rod-driven tempo-
ral contrast sensitivities (tCSs) in patients with geneti-
cally confirmed autosomal-dominant OMD caused by muta-
tions in the Retinitis-pigmentosa-1-like-1 gene (RP1L1). The
method was combined with chromatic pupil campimetry,
OCT, and adaptive optics imaging in some patients. Patients
were recruited from the Inherited Retinal Diseases (IRD)
clinics of the University Eye Hospitals Tübingen and Erlan-
gen between May 2021 and January 2022, and data from
one patient who was examined in April 2013 was included
in the dataset. We pursued a study size of 10 patients, based
on our experience with similar studies in patients with RP28

and STGD,29 taking into consideration that OMD is a rare
disease. For each patient, all measurements were performed
during a single visit.

Patients with concurrent retinal disease, medication
known to affect retinal function, and/or conditions prevent-
ing participation in psychophysical tests, like dementia and
Parkinson’s disease, were excluded.

The study adhered to the tenets of the Declaration of
Helsinki and was approved by the ethics committee of
the Medical Faculty of the Friedrich-Alexander-University
Erlangen-Nürnberg (300-17B) and the ethics committee of
the Medical Faculty of the University of Tübingen. Patients
gave written informed consent prior to inclusion in the study.
All patients underwent a basic ophthalmological examina-
tion with objective and subjective refraction, best-corrected
visual acuity, perimetry, color vision tests, and funduscopy.

Perimetry

Standard-automated perimetry of the central 10 degrees
(M-pattern) was performed using a Haag-Streit Octo-
pus 900 perimeter (Haag-Streit, Köniz, Switzerland). Data
were exported as a CSV file and further analyzed using
the visualFields package30 for the statistical programming
language R.31
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FIGURE 1. Analysis of OCT reflectivity profiles. Thirteen regions of interest (ROIs) were placed, one in the foveola and six on each side
with 100 μm distance (in emmetropic eyes, these ROIs correspond to retinal eccentricities between 0 degrees and 6 degrees). Panel (A)
shows OCTs of three subjects (one normal subject, one patient from band-pass group, and one from low-pass group) and the location of
three ROIs (vertical dashes lines in panel A: 0 degrees, 4 degrees nasally, and 4 degrees temporally). The horizontal red bars in the OCT
images indicate the spatial configuration of the LED stimulator’s test field. Within these ROIs, reflectivities of the ellipsoid zone and the
retinal pigment epithelium were measured (see Panel B, scaling shown in the lower right corner), and the EZ reflectivity was normalized to
the RPE reflectivity within each ROI, resulting in the curves in the lower half of panel A.

Ocular Coherence Tomography

Spectral-domain OCT scans of the macula centered on the
fixation locus (at least one horizontal and one vertical)
were obtained with the Heidelberg Retina Analyzer (HRA;
Heidelberg Engineering, Heidelberg, Germany). A horizontal
section was exported as a TIF file, cropped, and converted
to grayscale using the GNU Image Manipulation Program
(version 2.10.14; The GIMP Development Team, https://

gimp.org), and further analyzed using the OCT Reflectivity
Analytics (ORA) software.32 Details of the analyses of OCT
reflectivity profiles are shown in Figure 1.

Color Vision Tests

At least one of the following color vision tests was performed
monocularly in each subject: anomaloscope (Rayleigh
equation), Panel-D15, or Cambridge Color Test. An HMC
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anomaloscope (Oculus, Wetzlar, Germany) was used to char-
acterize red-green color matches with the Rayleigh equation.
The red-green ratio in the test field was adjusted by the
experimenter while the observer adjusted the brightness of
the reference field. Although the anomaloscope is the gold
standard for identifying X-chromosomal color vision defects,
it is often difficult to perform measurements in patients with
OMD with a loss in central vision due to the small test field.

The (saturated) Panel D15 was performed under stan-
dardized lighting conditions. After thorough instructions,
subjects ordered the caps according to hue. Quantitative
scoring was performed according to the method by Vingrys
and King-Smith,33 with the C-index (confusion index), the
S-index (selectivity index), and confusion angle used as
outcome parameters. X-chromosomal color vision defects
were suspected when the S-index was high, and the angle
was compatible with confusion along the protan or tritan
axis.

The Cambridge Color Test (CCT) uses computer-
generated pseudoisochromatic patterns that are presented
on a self-calibrating, gamma-corrected 32 inch LCD screen
with 1920 × 1080-pixel resolution (display++ monitor) to
test color discrimination along the three major axes (trivec-
tor version of the CCT). The hardware is part of the Metrop-
sis Visual Function Assessment System (Cambridge Research
Systems, Cambridge, UK). The test field depicts a Landolt-C
with an opening in one of four directions (four-alternative-
forced choice test). X-chromosomal defects were suspected
when discrimination along the tritan axis was significantly
better than defects along the deutan- and protan-axes. The
latter are always highly correlated.

Photoreceptor-Specific Temporal Contrast
Sensitivities

Temporal contrast sensitivity quantifies the ability to detect
temporal modulation. In the present study, modulation was
presented around a white background (CIE coordinates x
= 0.38, y = 0.28; retinal illuminance 289 photopic trolands
[phot Td]) that was a combination of the output of four
colored LEDs (red, green, blue, and cyan). The output of
these four LEDs was modulated such that the excitation of
only one of the four photoreceptor types was also modu-
lated, whereas the excitation of the remaining photorecep-
tor types was constant. The observer was asked to indicate
if a change in luminance and/or in hue could be perceived.

Apparatus. The dedicated four-primary LED stimulator
that we used to measure temporal contrast sensitivities has
been described in detail by Pokorny et al.27 This appara-
tus has two major advantages. First, the stimulus consists of
four colors with small spectral bandwidths allowing isolation
of the response of one photoreceptor type with reasonable
contrast. Second,modulation of the stimulus can be obtained
with a very high temporal resolution (2 kHz). However, the
stimuli are spatially fixed.

Briefly, the stimulus is created by combining the output
of four differently colored LEDs (peak intensities at 660 nm,
558 nm, 516 nm, and 460 nm) for each of 2 test fields: a
central circular field with 2 degrees diameter and a surround-
ing annular field with 2 degrees inner and 12 degrees outer
diameter. The LEDs’ spectral bandwidths at half-height are
reduced to approximately 8 to 10 nm by means of interfer-
ence filters. The apparatus uses a Maxwellian view optical
pathway, where the images of the LEDs are projected onto

the pupil to maximize retinal illuminance. The luminance
of each LED is controlled with high temporal resolution (2
kHz) by one of eight channels of the soundcard of a personal
computer and a digital analogous converter that converts the
soundcard’s amplitude-modulated output into a frequency-
modulated signal that drives the LEDs.34

Spatial, Temporal, and Spectral Properties of the
Stimuli. We used the outer annular stimulus as the test
field for obtaining photoreceptor-specific temporal contrast
sensitivities in the perifovea. Testing the perifoveal region
was chosen to decrease the interindividual variability caused
by individual differences in the macular pigment optical
density.

The LEDs were modulated sinusoidally, either in phase
or in counter-phase. This phase and the temporal contrasts
were chosen in a way that the changes in the number of
photoisomerizations caused by each LED were zero in all
except one photoreceptor type (triple silent substitution). In
this manner, four stimulus conditions with selective stimu-
lation of L-cones, M-cones, S-cones, and rods were created.
The excitation contrasts in the targeted photoreceptor types
were varied by varying LED contrasts while keeping their
contrast ratios and phases constant. The contrasts were
calculated based on the LED spectra and the spectral sensi-
tivities of the photoreceptor types (cone fundamentals). The
procedure and its validation in dichromats are described in
more detail elsewhere.21,35

Measurement Protocols. Measurements were carried
out at mesopic light levels (289 phot Td) in a dimly lit room
after adaption to these ambient conditions for at least 5
minutes. Temporal contrast sensitivity was measured using
a yes/no-forced choice randomly interleaved double stair-
case algorithm – one staircase starting at zero, the other at
maximal contrast – with temporal frequencies of 1, 2, 4, 6, 8,
10, 12, 16, and 20 Hz. The subjects were instructed to fixate
within the 2 degrees outer diameter central field, which has
half the illuminance as the annular test field.

Photoreceptor-Specific Temporal Contrast Sensi-
tivity. We used the triple silent substitution technique to
create stimuli to modulate the excitation selectively in one
class of photoreceptors and to measure detection thresh-
olds. The thresholds are not only determined by the prop-
erties of the photoreceptors themselves but also by the
post-receptoral pathways that mediate perception (L+M, L-
M, or both). Therefore, temporal contrast sensitivity to L-
cone-isolating stimuli should be called L-cone-driven tCS,
and we used this throughout the manuscript. We used the
term photoreceptor-specific tCS only as a generic term for
a tCS driven by a not-specified single photoreceptor type
subtype.

Photoreceptor-specific tCS is expressed in decibels, calcu-
lated according to Equation 1.

S[dB] = 10 × log10
100%

Cthreshold

Consequently, a sensitivity of 0 dB corresponds to thresh-
olds of 100% Michelson contrast. However, it is not techni-
cally possible to achieve 100% contrast at the photoreceptor
level. With our settings, the maximal contrast at the photore-
ceptor level was 25% for L-cones, 23% for M-cones, 83% for
S-cones, and 27% for rods (expressed in terms of Michel-
son cone or rod contrast), resulting in minimal measurable
sensitivities of 6.03 dB, 6.33 dB, 0.82 dB, and 5.64 dB,
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respectively. When observers were unable to perceive modu-
lation at the maximal technically possible contrast, we use
the minimal sensitivities as a conservative estimate for calcu-
lations (floor effect).

Calculating sensitivity deviations facilitates comparison
between different photoreceptor types and frequencies. The
(sensitivity) deviation, D, for each photoreceptor type (dB)
is defined in Equation 2.

D [dB] = Sobserved − Snormal,40years +
(
Age − 40 years

) × 0.1
dB

year

Where Sobserved is the measured sensitivity; Snormal, 40 years is
the measured sensitivity in a 40-year-old heathy subject
obtained from previous measurements; and age is the age of
the patient. The age-corrected normal values for a 40-year-
old observer and the change of 0.1 dB/year were obtained
from previous measurements with healthy subjects,28 but
we converted the published normative values to decibel
and used the mean instead of the median. In the previous
publication, we also showed data that justifies an identical
linear age-correction across photoreceptor types and tempo-
ral frequencies.

Data Analysis

Outcome Variables. Primary outcome variables were
the photoreceptor-driven temporal contrast sensitivity devi-
ations in comparison with normal values (DL-cone, DM-cone,
DS-cone, and DRod). We tested for systematic differences
between photoreceptor types using a linear mixed-effects
model.

During the study, we identified two different subgroups
of patients who displayed distinct rod-driven tCS (see Results
section). The so-called “band-pass group” displayed lower
sensitivities at low temporal frequencies compared with
sensitivities at higher temporal frequencies. The “low-pass”
group showed similar sensitivities at low and high temporal
frequencies. We used a more complex linear mixed-effects
model to describe the differences between the subgroups.
Furthermore, we tested for statistical differences between
these groups in the secondary outcome variables: age, spher-
ical equivalent, logMAR, perimetry, and OCT.

Statistical Testing. Linear mixed effects models were
constructed for comparison of temporal contrast sensitivity
deviations between photoreceptor types and for analyzing
differences between two subgroups that were observed in
the tCS deviation functions.

Photoreceptor type was modeled as a fixed factor,
whereas individual patients were modeled as a random
factor. Interactions between random and fixed effects were
not included in the model, because we were interested in
disease-specific (fixed) effects. The data were fit by the
model using a restricted maximum likelihood estimation
(REML) with the lmerTest package36 for the R statistical soft-
ware.31

A first model was used for statistical inference about
differences in photoreceptor-specific tCS loss between
photoreceptor types. Therefore, it only included photore-
ceptor type and patient, thus assuming disease-specific fixed
differences between photoreceptor types and random differ-
ences in overall sensitivities between patients, but no effects

of temporal frequency.

DI,j [dB] = μ + αi + uj + I (1)

where μ is the intercept (see below), αi is the fixed
photoreceptor-related change (i refers to the photorecep-
tor type), uj is the patient (j) related random variation (u ∼
N(0, σ 2

j )), and ∈ i,j is the remaining error (∈∼ N(0, σ I
i,j )). We

chose this model, because linear mixed-effects models allow
to draw conclusions about the population (i.e. all patients
with OMD) from which the study cohort was sampled while
taking into consideration the intra-observer lack of indepen-
dence between the photoreceptor types.37

Because the conclusions drawn from this first model
are paramount to our study and because statistical infer-
ence from linear mixed effects may not always be reliable,
we also used an alternative model for analyzing disease-
specific fixed effects while accounting for intra-individual
variability in overall sensitivities based on analysis of vari-
ance (ANOVA).

Furthermore, we fitted a second model to the data
that also incorporated differences between two different
subgroups of patients that could be distinguished based on
the rod tCS deviation functions (see Results section).

This model is descriptive, because it compares the same
parameters between two subgroups that were initially used
to subdivide patients. The model therefore does not provide
evidence for the validity of the subdivision. Instead, we used
the Wilcoxon test, the t-test (both after Holms correction for
multiple testing) and the ANOVA (as appropriate) on the
following parameters to make inferences on the external
validity of the subdivision: age, BCVA, spherical equivalent,
perimetric defect, OCT, and EZ/RPE reflectivity ratio.

In the “bandpass” subgroup, the functions displayed
lower sensitivities at low temporal frequencies and a sensi-
tivity maximum around 8 to 12 Hz. In the “low pass”
subgroup, the sensitivities were high at low temporal
frequencies and only decreased at high temporal frequen-
cies. In this second linear mixed-effects model, we used only
the frequency range between 8 and 12 Hz and included inter-
actions between patient subgroup and photoreceptor types.

Di, j [dB] = μ + αi + β j + αβi, j + uk + ∈i, j (2)

where αi is the fixed photoreceptor-related effect, β j is the
fixed effect of the groups, αβ i,j is the interaction between
photoreceptor type and subgroup, and uk is the patient-
related random variation (u ∼ N (0, σ 2

j )).
In both models, we used a “treatment model” parame-

terization, where an intercept μ corresponds to the L-cone-
driven sensitivity in model 1 and to the L-cone-driven sensi-
tivity in the low-pass group in model 2. This parameter is
tested against zero (H0: μ = 0). The other parameters are
tested against this intercept (for example, H0: αRod − μ = 0).
If a “cell means model” was used instead, all photoreceptors
would be tested against 0 and direct statistical comparison
between photoreceptors would not be possible.

RESULTS

Patient characteristics are reported in Table 1. Eleven
patients (7 women and 4 men) were included in this cross-
sectional observatory study (age = 52.27 ± 14.44 years
and 26 to 71 years). Patients had reduced visual acuities
(logMAR = 0.936 ± 0.511, between 0.49 and 1.3, corre-
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TABLE 1. Patient Characteristics

Age Sex Eye Mutations SE (D) logMAR MD (dB) CFT (μm)

37 67 F OD RP1L1: R45W +0.62 0.80 5.10 154
245 43 F OD RP1L1: R45W −10.00 1.00 5.90 256
246 45 M OD RP1L1: R45W −2.12 0.70 6.45 155
247 71 F OD RP1L1: R45W +1.00 1.30 6.90 189
248 66 M OD RP1L1: R45W −3.75 1.00 6.79 168
249 33 F OD RP1L1: R45W 0.00 0.60 2.07 176
250 52 M OS RP1L1: R45W −1.13 0.60 8.25 197
251 53 F OD RP1L1: R45W −0.25 0.49 6.90 183
252 26 M OD RP1L1: R45W −3.75 0.90 5.10 186
253 63 F OD RP1L1: R45W −7.62 1.30 7.80 158
254 56 F OD RP1L1: R45W +1.50 0.60 6.80 196

SE, spherical equivalent; MD, mean defect (10 degrees standard-
automatized perimetry); CFT, central foveal thickness (OCT).

sponding Snellen acuities of 0.32 and 0.05, respectively) and
perimetric losses in the central 10 degrees visual field (mean
defect = 6.3 ± 0.99 dB). No patient had undergone cataract
surgery, although one patient (#247) had clinically relevant
cataract. Patients #251 and #253 took dietary supplements.
Six patients were myopic (spherical equivalent < −1 dpt).

All subjects underwent at least one color vision test
(CCT: n = 7, Anomaloscope: n = 6, and Panel-D15: n =
9). The results are shown in Table 2: almost all subjects
had impaired color discrimination, (only subject #252 had
a normal discrimination CCT threshold along the tritan
axis and thresholds close to normal along the protan- and
deutan-axes, small AQ range, and normal Farnsworth D15).
One other patient (#245) also had a normal Farnsworth
D15 (C-index of 1.00), but the same patient had markedly
elevated color discrimination thresholds in the CCT. Thus,
even minor transpositional errors in the D15 panel as were
observed, for example, in patient #249 indicate relevant
dyschromatopsia.

Two patients had very large matching ranges in the
anomaloscope examination (Rayleigh equation). In patient
#37 (a female patient), the range included 1 and the color
discrimination in the CCT was at instrument gamut, indica-
tive of a severely disrupted color discrimination. In the other

patient (#246, a male patient), the midpoint was shifted
toward green, but the examination was very difficult for this
patient. In the CCT, he had protan and deutan discrimina-
tion thresholds close to gamut (protan 102 and deutan 101),
whereas tritan discrimination was relatively preserved (56).
Furthermore, the L- and M-cone-driven temporal contrast
sensitivities (SL-cone and SRod) at low temporal frequencies
were suggestive of protanopy (see below). However, a
Farnsworth D15 color vision test from 2014 (and therefore
not shown in Table 2) argued against congenital dichromacy.
A third patient, #253 (a female patient) also had very high
color discrimination thresholds in the CCT.

Patient #250 had relatively selective confusion lines in
the Panel-D15 test, with an angle that indicated possible
protanomaly. No other color vision tests were performed in
this patient.

Temporal Contrast Sensitivities

Temporal contrast sensitivities (SL-cone, SM-cone, SS-cone, and
SRod) of the 11 patients are shown in Figure 2, ordered by
photoreceptor type and decade of age. Sensitivities were
mostly below age-corrected normal values but sometimes
not outside the mean ± SD range (shown in Fig. 2). As in
healthy subjects, sensitivities often had low-pass character-
istics.

One patient (#246, a 45-year-old man) had severely
impaired L-cone-driven sensitivities (SL-cone) across all
frequencies. This patient also showed reduced SM-cone at low
temporal frequencies but not at high temporal frequencies.
A similar pattern is found in patients with X-chromosomal
protanopy, in agreement with the results of the examinations
with the anomaloscope and the CCT (see above). However,
the results of a Panel-D15 test that was performed years
before (in 2014) argued against that possibility.

The oldest patient (#247, a 71-year-old woman) with
manifest cataract had severely impaired S-cone-driven sensi-
tivities SS-cone, whereas S-cone-driven sensitivities were
normal in most other subjects. This patient also had severely
impaired SRod values that could not be measured, because

TABLE 2. Color Vision Tests

Cambridge Color Test (CCT) Anomaloscope Saturated Farnsworth D15 Test
ID Protan Deutan Tritan AQmean AQrange S-Index C-Index Angle [°] Comment

37 110.0* 110.0* 110.0* 5.47 10.20* 1.15 1.19 −70.15 Large anomaloscope matching
range; poor discrimination in

CCT
245 74.4 54.7 13.8 1.16 0.68 1.38 1.00 61.98
246 102.1* 100.7* 55.6* 13.27 15.21* Very large anomaloscope

matching range; poor Protan
and Deutan discrimination in

CCT
247 only non-saturated Panel-D15
248 1.30 2.04 3.45
249 1.18 1.35 −45.22
250 2.58* 2.70* 3.14* D15: high selectivity index
251 43.2 36.6 28.2 1.30 1.82 −15.61
252 16.5 11.4 10.5 0.72 0.00 1.38 1.00 61.98
253 110.0* 110.0* 89.1* 1.52 1.91 1.79 1.31 57.83 Poor discrimination in CCT
254 25.1 35.0 16.7 1.04 0.63 1.29 1.23 −3.62
NV <10 <10 <15 1.0±0.2 4.4±3.8 1.38 1.00 +61.98

Patients 37, 246, 250, and 253 had very poor results in one of the color vision tests, as indicated by the asterisks. Patient #246 also had
a pattern of photoreceptor-specific temporal contrast sensitivity loss suggestive of protanopy. The last line (NV) indicates the normal values
for the Cambridge Color Test (CCT),38 the HCM anomaloscope,39 and the saturated Panel-D15.33
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FIGURE 2. Temporal contrast sensitivities, shown separately for different age groups (decade) and photoreceptor types. The red line shows
the age-corrected normal sensitivity, and the red area shows the normal range ±1 SD.28 The gray area at the bottom shows the sensitivities
that could not be measured because they were beyond the instrument’s gamut. When subjects were not able to see the maximal technically
possible contrast, we used the gamut as a conservative estimate of sensitivity. Note that S-cone- and rod-driven sensitivities were often within
the normal range, and even L- and M-cone-driven sensitivities were not always reduced. The oldest patient (#247) had very poor S-cone- and
rod-driven sensitivities, possibly due to the presence of cataract. One patient (#246) has very poor L-cone-driven-sensitivities and reduced
M-cone-driven sensitivities at low temporal frequencies.

the gamut of the stimulator was reached (dynamic range is
very limited for rods in this age cohort).

The youngest subject (#252, a 26-year-old man), on the
other hand, had basically normal temporal contrast sensitiv-
ities for stimulation of all photoreceptor types.

In a subgroup of patients (37, 249, 250, 251, and 254),
rod-driven (and L-cone-driven) sensitivities were impaired at
low, but not at high temporal frequencies (i.e. showing band-
pass characteristics [around 12 Hz], rod-driven sensitivities
were normal in almost all subjects). This group was desig-
nated as the “band-pass group.” This was not observed in
the other patients. Later, we will show how these subgroups
differ by comparing analyzing temporal contrast sensitivity
deviations and clinical parameters.

Overall Differences Between Photoreceptor Types

Overall differences in temporal contrast sensitivity devia-
tion (DL-cone, DM-cone, DS-cone, and DRod) among photoreceptor
types were analyzed with the first linear mixed-effect model
detailed in the Methods section. This model demonstrated
an L-cone-driven sensitivity defect DL-cone (corresponding to
μ in Equation 1) of 4.00 dB (p < 0.01), a nonsignificantly
larger M-cone-driven defect (difference αL-cone: −0.10 dB,
P = 0.8), and significantly smaller S-cone- and rod-driven
defects (differences αS-cone of 1.66 dB with p < 0.01 and
αRod of 2.32 dB with p < 0.01). An alternative model based
on ANOVA corroborated these results (overall p < 0.01, L-

cone-driven intercept of −3.1 dB and differences with this
intercept of −0.05 dB for M-cones, 1.64 dB for S-cones, and
2.35 dB for rods).

Temporal Contrast Sensitivity Deviations in Two
Subgroups

The tCS deviation functions are shown as a function of
temporal frequency in Figure 3. The upper plots show
the results for the patients belonging the band-pass group
(reduced rod-driven sensitivities at low temporal frequen-
cies). The lower plots show the results for the remaining
patients who displayed low-pass characteristics. This group
was thus designated as the “low-pass group” (similar rod-
driven sensitivities at low and high temporal frequencies).
Note that L-cone-driven (and also S-cone-driven) tCS devia-
tion functions in the band-pass group had similar band-pass
characteristics as the rod-driven functions (i.e. lower sensi-
tivities at low temporal frequencies). The tCS deviations in
the low-pass group were more heterogeneous than in the
band-pass group.

The second linear-mixed effects model (Equation 2)
detailed in the Methods section describes the tCS deviation
in the frequency range between 8 Hz and 12 Hz whereas
considering differences between the two subgroups. The
interpretation that the parameters offer is detailed in Table 3.
The model fits are shown in Figure 3 by the shaded areas.
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FIGURE 3. Temporal contrast sensitivity deviations (negative values indicate loss). These plots show the difference between the observed
photoreceptor-specific contrast sensitivities and the age-related normal values as a function of temporal frequency. Patients were subdivided
into two different groups according to the patterns in rod-driven tCS deviation (band-pass versus low-pass). The curves in the low-pass
group (similar rod-driven tCS losses at low and at high frequencies) were more heterogeneous and there was more variability between
neighboring frequencies. In contrast, the curves in the band-pass group (selective loss in rod- and L-cone-driven tCS at low frequencies)
were much more homogeneous. The bars indicate the parameter estimates of a linear mixed-effects model (parameter estimate and 2.5/97.5
confidence intervals) that was fitted to the frequency range of 8 to 12 Hz. Patients in the band-pass group had a pronounced M-cone-driven
tCS deviation, whereas patients in the low-pass group had similar losses in L- and M-cone-driven sensitivities.

TABLE 3. Calculation of The Photoreceptor-Specific Deviations From The Parameters of The Linear Mixed-Effect Model #2, Along With The
Interpretation of The Different Parameters

D Group Parameter Interpretation

L-cone low-pass μ Is μ/DL-cone different from 0?
M-cone μ + αM − cone Do DM-cone, DS-cone and DRod differ from DL-cone?
S-cone μ + αS − cone

Rod μ + αRod

L-cone Band-pass μ + βband − pass Is DL-cone different between the two groups?
M-cone (μ + βband − pass) + (αM − cone + αβband − pass, M − cone) Are the photoreceptor effects different between the two groups?
S-cone (μ + βband − pass) + (αS − cone + αβband − pass, S − cone)
Rod (μ + βband − pass) + (αRod + αβband − pass, Rod)

The interpretation refers to the parameters printed in bold.

L-cone driven tCS deviation (DL-cone) in the low-pass group
served as reference and was significantly different from
zero (μ: −4.2 dB, P < 0.001), and DL-cone deviation tended
to be less negative in the band-pass group (difference
βband − pass = +2.6 dB, P = 0.07). DM-cone was not signifi-
cantly different from the reference DL-cone in the low-pass
group (slightly less deviation, αM − cone = +0.7 dB, P = 0.53),
but DM-cone was significantly larger than DL-cone in the band-
pass-group (αβband − pass, M − cone: −4.4 dB, P = 0.01). DS-cone

and DRod were much smaller than DL-cone in the lowpass-
group (αS − cone: +4.1 dB, P < 0.001; αRod: +5.4 dB, P <

0.001). This was similar in the band-pass-group, but this
difference between DS-cone and Drod on the one hand and
DL-cone on the other hand was significantly less pronounced

(αS − cone + αβband − pass, S − cone: +0.3 dB, P = 0.01; αRod +
αβband − pass, Rod: +0.8 dB, P = 0.004).

Differences in Clinical Parameters Between
Subgroups

There were no systematic differences in age between the two
subgroups (51.0 ± 10.12 vs. 52.5 ± 16.4 years; P = 0.8 after
adjustment for multiple testing; see Fig. 4A), but patients in
the low-pass group had significantly poorer best-corrected
visual acuities (logMAR of 1.03 ± 0.23 vs. 0.62 ± 0.11;
P = 0.04 after adjustment for multiple testing; see Fig. 4B).
Furthermore, there was a tendency for these patients to be
more myopic than patients in the band-pass group (−4.38 ±
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FIGURE 4. Age (left), best-corrected visual acuity (middle), and spherical equivalent (right). The comparison between both subgroups
shows that patients with suppressed photoreceptor-specific temporal contrast sensitivities at low temporal frequencies (band-pass group)
had significantly better best-corrected visual acuities and tended to be emmetropic rather than myopic. The exact P values are reported in
the text.

FIGURE 5. Perimetric sensitivity deviations in the central visual field. Deviation values were averaged in: (1) the central field (0 to 1 degrees
retinal eccentricity), (2) the rings between 1 and 3.5 degrees eccentricity and between 3.5 and 6 degrees eccentricity, and (3) the periphery
between 6 and 10 degrees retinal eccentricity. The rings correspond to the inner and the outer portion of the ring-shaped test field of the
LED stimulator that was used to measure photoreceptor-specific tCS. The center is illuminated but not modulated by the stimulator, whereas
the periphery is completely outside the test field.

3.92 vs. 0.15 ± 0.98 D; P = 0.11 after adjustment for multi-
ple testing; see Fig. 4C). Patients in the band-pass group had
also significantly poorer perimetric sensitivity in the center
(Fig. 5).

OCT Differences Between Subgroups

The EZ reflectivity/RPE reflectivity ratio was significantly
reduced in all patients in the perifoveal region, and these

changes gradually merged into intact EZ toward the margins.
Typical images are shown in Figure 1. A visible interdigita-
tion zone was not present in any patient, but the external
limiting membrane was largely intact in all patients. The
results of the quantitative analysis are shown in Figure 6.
Two subjects (#245 and #250 were excluded from analysis
because of eccentric scan and poor image quality, respec-
tively). In healthy subjects, the EZ/RPE reflectivity ratios
were close to or above 1 in the perifovea, but there was
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FIGURE 6. Reflectivity of the ellipsoid zone relative to RPE reflectivity at different retinal eccentricities. Data from patients #245 and #250
were excluded because of slightly eccentric scan in patient #245 and poor image qualitiy in patient #250. In the band-pass group, there is
a clear trend (P = 0.052 after correction for multiple testing) toward a lower reflectivity in the fovea than in the perifovea. This group has
relatively symmetric loss of reflectivity across the fovea, whereas patients in the low-pass group have lower reflectivity nasally (inner ring:
1 to 3 degrees eccentricity, and outer ring: 4 to 6 degrees eccentricity). The significances are calculated using ANOVA with Holm correction
for multiple testing.

a clear drop in EZ reflectivity ratio in the fovea, possi-
bly to the dome shape of the EZ in this area (see Fig. 1).
Differences among all three groups (normal, band-pass,
and low-pass) were statistically significant in the perifovea
(caused by the large differences between healthy subjects
and patients), but not in the fovea (see Fig. 6). Differ-
ences between patient groups were not statistically signif-
icant. The foveal decrease was also observed in patients in
the band-pass group. The fact that overall loss of reflectiv-
ity was not smaller than in the low-pass group resulted in
very low foveal reflectivity ratios in this group. However,
the differences in the foveal reflectivity ratios were not
statistically significant after correction for multiple testing
(ANOVA; P = 0.21). The patients in the low-pass group did
not show a drop in foveal reflectivity, but an asymmetry
across the fovea with lower reflectivity ratios nasally than
temporally was observed in several of these patients (see
lower reflectivity ratios nasally in the low-pass group in
Fig. 6).

In the qualitative analysis, OCT of the macula showed
either blurring of the EZ (2/6 patients in low-pass group,
and 4/5 in band-pass group), focal disruption of the EZ
in the fovea (2/6 patients in low-pass group, and 0/5 in
band-pas group). In the band-pass group, a hint of a dome-
shaped EZ in the fovea was retained in two out of five
patients.

In some patients, focal accumulation of hyper-reflective
material extending from the retinal pigment epithelium to
as far as the outer nuclear layer or retinal elevation anterior
to a subretinal cleft were observed.

DISCUSSION

This is the first description of photoreceptor-specific tCS
deviation functions in patients with RP1L1-related occult
macular dystrophy. The L- and M-cone-driven temporal
contrast sensitivities were more severely impaired in the
perifovea than S-cone-driven sensitivities.

Rod-driven sensitivities were almost normal, except for
decreased sensitivities at low temporal frequencies in the
band-pass group. This subgroup was characterized by an
additional band-pass pattern in the L-cone-driven tCS devi-
ation functions, a refraction close to emmetropia, rela-
tively preserved best-corrected visual acuities, and a less
pronounced decline in perimetric sensitivities toward the
center of the visual field. This group had more homoge-
neous tCS functions, and tended to have more preserved
foveal structure in the OCT.

In contrast, patients in the low-pass group had more
heterogeneous tCS-deviation curves and more variability
between adjacent frequencies (“noise”). Furthermore, these
patients were more myopic, had poorer best-corrected visual
acuities, and a more pronounced drop in perimetric sensitivi-
ties toward the center. Their OCT showed decreased EZ/RPE
reflectivity ratios in the nasal region relative to the temporal
region. Despite this clinically more severe phenotype, some
of these patients had relatively preserved temporal contrast
sensitivities.

The CCT allowed identification of acquired dyschro-
matopsia in patients with a normal D15 panel and can poten-
tially be used as a sensitive test in OMD.2 The saturated D15
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panel, on the other hand, is known to have a low sensitiv-
ity, and, for example, a relevant number of deuteranomalous
observers have normal results.40

Differences Between Photoreceptor Types

We found a predominant loss of L- and M-cone-driven tCS
(shown by DL-cone and DM-cone values that strongly differ
from 0). This seems to contrast with many other macu-
lar diseases, where a loss of S-cone-driven function domi-
nates, most likely due to the relative sparsity and the limited
dynamic range of the S-cones.41 The lack of RPE atrophy
suggests that viable photoreceptors are preserved even at
late stages of the disease,4 but it is not clear whether S-cones
and rods are more likely to remain viable than L- and M-
cones. Possibly, disease-related deficits are mainly restricted
to the fovea where S-cones are absent. The loss of S-cone-
and rod-driven sensitivities in the oldest patient in the cohort
is likely related to cataract and other age-related changes in
the visual system.

Rods

The RP1L1 gene is expressed in cones and rods.9 Using chro-
matic perimetry, Miyake et al. have measured cone and rod
absolute thresholds in 12 patients with OMD and have found
normal dark-adapted responses in 6 younger patients, and
borderline or abnormal sensitivities in the 6 older patients.7

However, the silent substitution technique offers superior
quality of isolation of the different photoreceptor types
than chromatic adaptation19 or dark adaptation.42 In the
present study, we have found preserved rod-driven sensi-
tivities at frequencies between 8 and 12 Hz. Although we
cannot fully exclude perception of rod-driven stimuli outside
the test field through stray light, we are confident that our
data demonstrate that rod-driven function at intermediate
frequencies is not severely affected.

The Low-Pass and Band-Pass Groups

Genetically, our cohort was homogeneous. Phenotypically,
however, we observed two distinct subgroups with different
temporal patterns of the rod-driven (and the L-cone-driven)
tCS loss functions. The external validity of this grouping
was supported by statistically significant differences in visual
acuity, refraction, pattern of perimetric loss, and by tendency
for different patterns in the EZ/RPE ratios in the OCT reflec-
tivity profiles. This indicates that OMD disease can mani-
fest itself in different ways. This notion is reinforced when
considering that the low-pass group was intrinsically rela-
tively heterogeneous.

Other authors have also found different functional3,14 and
structural phenotypes4,13,15 in patients with OMD despite a
very homogeneous genotype (dominance of patients with
the heterozygous R45W mutation). As in our study, it was
usually not possible to discriminate different stages in
disease progression from distinct phenotypes, due to the
studies’ cross-sectional nature.4 Although, the clinical param-
eters suggest a more progressed disease stage in the low-
pass group, this group displayed better rod sensitivities at
low temporal frequencies.

It is unlikely that the frequency-dependent differences
between groups are caused by different temporal properties
of the photoreceptors because this would result in similar
frequency dependency of the sensitivities driven by single

photoreceptor types. Temporal resolution at the photore-
ceptor level is much higher than the observed psychophysi-
cal temporal resolution, and tCSFs reflect activity of postre-
ceptoral processes that act as filters, transmitting certain
frequencies better than others depending on the path-
ways and adaptation,43 resulting in a low-pass or a band-
pass pattern. Thus, distinct tCSFs indicate differences in
the postreceptoral pathways underlying the psychophysical
task. Furthermore, earlier studies support the notion that the
observed effects are post-receptoral.22,44 In the band-pass
group, rod-driven sensitivities were impaired only at low
temporal frequencies, where perception is possibly medi-
ated by the cone-opponent system through gap junctions
between rods and cones.45 Although rod signals are primar-
ily transmitted to MC cells in the macaque, there was also
input to PC cells in primates.46,47 We hypothesize that the
band-pass pattern is caused by loss of sensitivities at low
temporal frequencies due to disruption of the (parvocellu-
lar) red-green opponency system. This notion is supported
by the band-pass pattern in the L-cone-driven tCS deviation
functions in the band-pass group.

In healthy trichromatic subjects, L- and M-cone-driven
contrast sensitivities are very similar at low temporal
frequencies, where perception is mediated by the parvocel-
lular red-green opponency system, that receives balanced
inputs from L- and M-cones.21,22,48,49 On the other hand,
L-cone-driven sensitivities are higher at higher temporal
frequencies, when perception is mediated by the magnocel-
lular luminance system,21,22,50 because most subjects have
more L-cone than M-cones.48 Although we accounted for
these differences by calculating tCS deviations, a relative
sparsity and the concurrent absence of signal redundancy
might be associated with a more rapid decline in function
when further photoreceptors are lost.

Differences in Clinical Parameters Between
Groups

Patients in the low-pass group were more myopic than
in the band-pass group. Because refractive errors were
corrected with glasses, the image of the test field on the
retina was smaller. In the patients with the most pronounced
myopia, the image was approximately 20% smaller than in
the emmetropic patients (vertex distance of 12 mm), but,
on average, it was only approximately 8% smaller. Refrac-
tion affects perimetry in a similar manner and, in the low-
pass group, would lead to: (1) lower perimetric sensitivi-
ties because of the smaller stimulus size, and (2) seemingly
larger area of the central scotoma due to the smaller visual
field as a whole. This was indeed observed in our cohort
(see Fig. 5). However, it seems unlikely that this retinal
image size effect explains the differences in the tCS deviation
curves, because the stimulus of the LED stimulator would fall
on more severely affected and more parvocellularly domi-
nated retina in the low-pass group, but we observed poorer
parvocellularly driven sensitivities in the band-pass group
instead.

Alternatively, development of myopia might modify
photoreceptor damage in patients with OMD. To our knowl-
edge, the effect of myopia on visual function in patients with
RP1L1 (with refractive correction) has not yet been system-
atically investigated.

The analysis of the OCTs is also affected by myopic
changes. First, the ROIs were spaced 100 μm apart, which
corresponds to 1 degree in an emmetropic eye. However, in a
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myopic eye, this would correspond to smaller visual angles.
Second, the ORA software does not allow to rotate regions
of interest (ROIs), leading to underestimation of EZ reflec-
tivities in eyes with a strong macular curvature, because
the reflective bands now coincide with different horizontal
bands. This may influence the EZ/RPE ratio. Altogether, esti-
mating the effect of refraction on analysis of the OCT band
reflectivities is difficult without axial length measurements.
Therefore, the (statistically not significant) differences in
OCT reflectivities between groups must be appraised crit-
ically and should be more thoroughly investigated in future
studies.

In conclusion, direct comparison of structure and func-
tion may not be straightforward. Furthermore, our analysis
of EZ/RPE ratios depends on the assumption that RPE reflec-
tivity is not altered in OMD, because we use RPE as refer-
ence. However, no visible RPE alterations were observed and
the RPE has been used for normalization of OCT reflectiv-
ities in one other study on OMD.13 Finally, it is not clear
whether EZ layer reflectivity always corresponds to photore-
ceptor viability.51 This can also be seen in the relatively low
foveal EZ reflectivities in the normal subjects.

Pathophysiological Interpretation

The pathological mechanism behind RP1L1-related OMD
is not fully elucidated. Clinical data suggest that changes
are limited to the macula and that mostly L- and M-cone-
related functions like visual acuity and color discrimination
are affected. This agrees with the results of the clinical data
and the photoreceptor-specific tCS functions in the present
study. It also agrees with the strong changes in the AO
images found by Nakanishi and coworkers.6

L- and M-cone-driven stimuli are detected by the parvo-
cellular (red-green opponent) pathway at low temporal
frequencies and by the magnocellular (luminance) pathway
at high temporal frequencies.22 Our data strongly suggests
that the parvocellular system is selectively affected in the
band-pass group but not in the low-pass group.

This conclusion would infer that the rod-driven tCFs are
mediated by the parvocellular pathway at low temporal
frequencies. Under high scotopic conditions, rod signals are
transmitted via rod bipolar cells and rod-driven temporal
contrast sensitivities have a band-pass-shaped dependency
on temporal frequency with highest sensitivities at interme-
diate temporal frequencies around 8 Hz. In healthy subjects,
however, mesopic temporal contrast sensitivities are rela-
tively high at low temporal frequencies. Under these condi-
tions, rod-driven responses also induce color perception, an
effect that has been studied in detail by Cao et al.25 Although,
we cannot fully rule out cone intrusion in our data, the
observed changes in rod-driven sensitivities with changing
light levels35 argues against that and might suggest percep-
tion via gap junctions between rods and cones. When cones
are lost, rod-driven sensitivities at low temporal frequencies
mediated by these gap junctions would be affected, resulting
in a band-pass pattern.

Strength and Limitations

The robust, reliable, and well-validated quality of photore-
ceptor isolation due to the silent substitution technique is
one strength of our study. Furthermore, linear mixed effects
models36,37 allowed the analysis of the data by consider-
ing both fixed and random effects. The small sample size

is a clear limitation of our study, although it is somewhat
mitigated by the fact that comparisons between photore-
ceptor subtypes (primary outcome) are performed intra-
individually (“paired data”) which reduces the negative
effects of the large interindividual variability.

A further limitation is the lack of axial length measure-
ments to account for alterations of the retinal image size by
correcting lenses. Due to the cross-sectional nature of the
study, we also cannot discriminate effects of disease progres-
sion over time from phenotypic differences in our groups.
Furthermore, we did not have a direct age-matched control
group. Although this would have been ideal, measurements
are time-consuming, and it is not always easy to recruit aged-
matched normal subjects for the older patients. Therefore,
we have developed a model for age-dependent normative
data, an approach that is also used in standard-automated
perimetry.28

In the present study, it was difficult to rule out X-
chromosomal color vision defects due to the magnitude of
the acquired color vision defects. Patients had difficulties
performing the anomaloscope examination, which would be
the only test that yields direct information about the spec-
tral sensitivities of the L- and M-cone opsins. From earlier
experience, we hypothesized that the tCS measurements
themselves might allow identification of dichromacy, but
one patient with characteristics of dichromacy in this cohort
was found to have an almost normal Panel-D15 more than
10 years ago.

Impact for Clinicians

Our study underscores the power of psychophysical tests in
OMD. Our data show that there was selective impairment
of the L- and M-cone-driven functions, that S-cone-driven
function was impaired to a lesser degree and that rod func-
tion was normal. The terms “L-cone-driven function” must
be used instead of “L-cone function” because it is not always
possible to draw direct conclusions on photoreceptor func-
tion from psychophysical data.

In the process, we have also identified two subgroups
which differ strongly in visual function and show very differ-
ent patterns in photoreceptor-specific contrast sensitivity
functions. Although there is also a tendency toward struc-
tural differences between these groups, these are subtle in
comparison to the functional test, and it is difficult two
discriminate the two groups on the basis of the OCT. This
warrants further research in the future.

Our method is currently not suited for clinical application,
because photoreceptor-specific temporal contrast sensitiv-
ity measurements are reserved for highly specialized vision
research laboratories, where functional test based on the
silent substitution technique are a valuable tool for investi-
gating the mechanisms of retinal function in healthy subjects
and in patients with retinal diseases.

Outlook

In the future, clinical tests based on the silent substitution
paradigm should be developed (e.g. perimetry with rod and
cone isolating stimuli). Patients with OMD would be a good
cohort for validation of such new tests, because they are
genetically very homogeneous, retain central fixation and a
minimal visual acuity, and have clear L- and M-cone specific
effects.
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Conclusions

Photoreceptor-specific temporal contrast sensitivity func-
tions demonstrated selective damage to L- and M-cone
signals in patients with OMD and sparing of the rods. In
a subgroup, the parvocellular red-green-opponency system
was predominantly affected. This (“band-pass”) group was
relatively homogeneous and had retained a better central
function compared with the other (“low-pass”) group.
Sophisticated functional tests based on the silent substitution
mechanism are useful for investigating diseases like OMD.
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