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PURPOSE. The purpose of this study was to describe, validate, and compare the contrast
sensitivity functions (CSFs) acquired with the novel quick CSF (qCSF) method from
patients with early and intermediate age-related macular degeneration (eAMD and iAMD)
and healthy controls.

METHODS. This is a cross-sectional analysis of contrast sensitivity (CS) and visual acuity
(VA) baseline data from the prospective Multimodal Functional and Structural Visual
System Characterization (MUMOVI) study. The qCSF testing was conducted with the
manifold contrast vision meter (Adaptive Sensory Technology, San Diego, CA, USA). CS
levels at spatial frequencies from 1 cycle per degree (CPD) to 18 CPD, the area under-
neath the logarithmic contrast sensitivity function (AULCSF), and contrast acuity (CA)
were analyzed. The association of functional metrics with variables of interest was tested
with linear models.

RESULTS. Ninety-four study eyes from 94 study patients were included in the analysis
(13 patients with eAMD, 33 patients with iAMD, and 48 healthy controls). Significant
differences between the eAMD and the iAMD model estimates were only found for CS
at 1 CPD (t value = −2.9, P value = 0.006) and CS at 1.5 CPD (−2.7, 0.01). A specific
association between smoking years and CS at 1 CPD (P = 0.02) and CS at 1.5 CPD
(P = 0.03) could be described in patients with AMD.

CONCLUSIONS. The qCSF testing allows the fast measurement of the whole CSF, enabling
the integration into clinical routine. We showed that novel qCSF-derived metrics detect
slight functional differences between AMD stages, which testing by Pelli-Robson charts or
VA testing would miss. This study, therefore, yields novel qCSF-derived candidate metrics
for therapeutic trials in AMD.

Keywords: age-related macular degeneration (AMD), quick contrast sensitivity function
(qCSF), lower spatial frequencies, candidate functional markers

Age-related macular degeneration (AMD) predominantly
disturbs the patients’ central vision and therefore

strongly disrupts their visual capacities. The worldwide
prevalence of AMD is estimated to be at 300 million by
2040.1 In the evaluation of therapeutic strategies for AMD,
adequate end points are essential. In spite of the quantita-
tive advantages of imaging-derived morphologic metrics,2–4

regulatory agencies have emphasized the role of functional
outcome measures, which determine the clinical relevance
of treatment effects for the patients.5 To this end, the metrics
of best-corrected visual acuity (BCVA), low-luminance visual
acuity (LLVA), and microperimetry (MP) have been stud-
ied extensively in the context of AMD.6–13 BCVA and LLVA

measure the spatial resolution of the visual system, that is,
these tests ask for the smallest detail of high contrast, that
can be detected. MP tests the retinal sensitivity for relatively
small light stimuli across the macula. Of note, due to their
design, the aforementioned tests omit an important compo-
nent of visual performance: contrast sensitivity (CS). Briefly,
the ability to see delicate objects does not guarantee the abil-
ity to see large or medium-sized objects of low contrast.14 A
metric that incorporates both visual acuity i.e. spatial reso-
lution) and CS is the contrast sensitivity function (CSF).

To measure spatial resolution, the stimulus size is
resolved along a sinusoidal grating pattern and quantified in
cycles of grating pattern per degree of visual angle (cycles
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per degree [CPD]), where one cycle consists of one light
bar and one dark bar. Contrast is defined by the difference
between the maximum luminance of the light bar and the
minimum luminance of the dark bar as follows: C = (Lmax

− Lmin)/Lmin. Consequently, the response of interest, which
is inquired from the patient, is the contrast threshold at a
certain spatial frequency, that is, the minimum amount of
contrast, which is needed to detect the presence of a spatially
patterned stimulus. Contrast thresholds are measured for
gratings of various spatial frequencies. The reciprocal of
contrast threshold is CS. The CS is plotted against spatial
frequency (in CPD), which yields the CSF.14 The relation
of visual acuity to the CSF is the following: Visual acuity
is equivalent to the point, where the CSF curve meets the
x-axis at the highest resolvable spatial frequency, which is
at the lowest CS, that is, at the highest contrast level. For
example, a logMAR Early Treatment Diabetic Retinopathy
Study (ETDRS) visual acuity of 0 corresponds to a spatial
grating of 30 cycles per degree, which features a bar width
of 1 minute of the arc. In conclusion, measuring the CSF as
opposed to only measuring visual acuity, provides a wide
range of additional information on visual performance. In
the context of AMD, CS has been shown to correlate with
morphologic metrics in neovascular AMD15 and with advanc-
ing stages of dry AMD.16

Traditionally CS is measured manually with Pelli-Robson
charts.17 Another established method to measure CS is the
presentation of Gabor patches on a computer screen.18–20

Both approaches above, however, are usually only used to
determine CS at selected spatial frequencies (between 3 CPD
and 5 CPD), because 500 to 1000 trials of CS at different
spatial frequencies would be needed in these methods for a
full CSF, which could take up to 60 minutes for one patient.21

A new approach, which delivers precise CSFs within less
than 10 minutes is the computer-based quick CSF method
(qCSF), which uses Bayesian inference to collect data points
around predicted patient-specific CSFs.22 After reviewing
several parametric functions, the authors decided to char-
acterize the CSF as truncated log-parabola by four parame-
ters: peak gain, peak frequency, bandwidth, and truncation
at the low frequency side. These four parameters are directly
estimated using Bayesian adaptive inference.

In this cross-sectional analysis of baseline data from the
longitudinal Multimodal Functional and Structural Visual
System Characterization (MUMOVI) study, we examined
CSFs acquired with the qCSF method on patients with
early AMD (eAMD), intermediate AMD (iAMD) and healthy
controls and compared the outputs of the different groups.
Further, we analyzed the sensitivity of CS metrics, BCVA, and
LLVA toward eAMD and iAMD. Of interest, in persons with
eAMD and iAMD, smoking has been reported to be associ-
ated with the progression to advanced AMD.23 To this end,
we also studied the association of CS metrics, BCVA, and
LLVA with smoking years, in order to see whether visual
performance is influenced by smoking behavior in eAMD
and iAMD. Finally, we evaluated the association of qCSF-
derived metrics with contrast thresholds as determined by
the presentation of Gabor patches.

METHODS

Participants

This is a cross-sectional analysis of the prospective natu-
ral history cohort study termed MUMOVI, performed at a

tertiary referral center (University Hospital Basel, PI: Prof.
Dr. med. Hendrik P.N. Scholl), in cooperation with the École
polytechnique fédérale de Lausanne (EPFL). The clinical
protocol adhered to the Declaration of Helsinki and was
approved by the institutional review board (Swiss Ethics No.
2021-00029). Written consent was provided by all partici-
pants prior to enrollment in the study.

Forty-nine participants with AMD and 50 healthy controls
were recruited from general and retinal ophthalmologic
clinics in the University Eye Hospital Basel between June
2021 and June 2022. The study featured a baseline visit
and follow-up visits at months 12 and 24. Important inclu-
sion criteria for the AMD group were (1) clinical diagno-
sis of AMD, (2) age ≥ 50 years, (3) media clarity, and (4)
good pupillary dilatation. The AMD staging was conducted
according to the Beckman classification24 by two trained
physicians (authors H.C. and P.A.): eAMD − medium drusen
> 63 μm and ≤ 125 μm and no pigmentary abnormalities;
iAMD − large drusen > 125 μm and/or any pigmentary
abnormalities; advanced AMD − neovascular AMD and/or
any geographic atrophy. The exclusion criteria comprised
ocular disease, other than AMD, affecting visual function
or ocular morphology. Healthy non-dominant control eyes
apart from refractive error or prior cataract surgery were
enrolled with participants aged ≥ 50 years. The inability
to perform all ophthalmic and psychophysical examinations
constituted an exclusion criterium for both study groups. At
every visit, a slit lamp examination, a medical history assess-
ment, and the Mechanism of Coordinated Access (MoCA)
test,25 were conducted. Further, the following ophthalmo-
logic examinations were run at every visit: BCVA, LLVA, MP,
qCSF, macula and retinal nerve fiber layer (RNFL) optical
coherence tomography (OCT) Spectralis. Finally, a custom
psychophysiological test battery on an LCD screen was
presented at every visit, comprising the following elements:
motion discrimination, Freiburg visual acuity test, orienta-
tion discrimination, visual search, and CS testing with Gabor
patches. In the following, the tests with relevance to this
publication will be described in detail.

Testing

Visual acuity was determined by using the ETDRS visual
acuity charts at 4 meters, with the best refractive correc-
tion. The LLVA was measured by covering the best-corrected
study eye with a 2.0-log unit neutral density filter and then
repeating the visual acuity evaluation. The test chart lumi-
nance of 130 candela/m2 was maintained throughout both
visual acuity examinations.

CS testing with Gabor patches was conducted as part
of a psychophysiological test battery with best refractive
correction. The stimuli were presented on an LCD screen
at 2 m in a room with standardized illumination. Partic-
ipants were tested monocularly and gave their responses
by pushing buttons on a hand-held wireless control. The
participants needed to discern whether the Gabor patch was
oriented clockwise or anticlockwise compared to vertical.
The orientation was modified by 45 degrees. The Gabor
patch had a spatial frequency of 3 CPD and a diameter
of 3 arcdeg. The stimulus was presented for 200 ms. The
mean luminance was 50%. An auditory feedback tone was
provided after incorrect responses. An annulus at a lumi-
nance of 70% around the Gabor patch indicated when it
was potentially presented. Test levels were chosen follow-
ing the QUEST adaptive procedure working on a logarithmic
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scale.26 The outcome was the contrast level, for which 75%
of correct responses were given. Contrast threshold (CT) and
CS, the reciprocal, were reported as appropriate. A graphi-
cal illustration of the Gabor CS testing procedure has been
published by Tibber et al.19

The qCSF testing was conducted in the same room at
standardized illumination of approximately 7 lux with the
manifold contrast vision meter (Adaptive Sensory Technol-
ogy, San Diego, CA, USA) and with best refractive correction.
The device presents triples of Sloan letters with > 300 possi-
ble contrast levels at spatial frequencies ranging from 1 CPD
to 27 CPD on an LED monitor. The participants were asked
to read the presented optotypes and their responses were
registered (as correct, incorrect, or optotype not seen) on
a tablet computer by a trained study nurse. The following
metrics were exported from the qCSF platform: the contrast
acuity (CA) in logCPD, the point in which the CSF curve
meets the x-axis at the highest resolvable spatial frequency
and at the lowest CS; the CS values at spatial frequencies 1
CPD, 1.5 CPD, 3 CPD, 6 CPD, 12 CPD, and 18 CPD, and the
area underneath the logarithmic contrast sensitivity function
(AULCSF) in logCS. A graphical illustration of the qCSF test-
ing procedure has been published by Traber et al.27

Statistical Analysis

Microsoft Excel (Microsoft Corporation, Redmond, WA,
USA), GraphPad Prism (GraphPad Software, San Diego,
CA, USA) and the software environment R28 with add-on
packages lme4 and sjPlot were used for statistical analy-
sis. Data were assessed for Gaussian normal distribution
by the D’Agostino and Pearson test and parametric or non-
parametric statistics were calculated as appropriate. ANOVA
and multiple-comparison tests were used to compare the
cohort characteristics. In this study, multiple multivariable
linear regression models were built and used for analysis. In
these models, the respective functional metrics (BCVA, LLVA,
Gabor CS, CA, AULCSF, and CS thresholds) were consistently
input as dependent variables and variables of interest (AMD
stage by Beckman Classification,24 lens status, and smok-
ing years always in combination with age) were introduced
as a fixed effect. In specifics, age was found to be signif-
icantly associated with all tested functional metrics in this
dataset. Consequently, age was included in linear regression
models in order to control for its effect on the dependent

variables. In the case at hand, the effect of the continuous
variable age on the dependent variables can be assumed to
be reproducible in other cohorts. Therefore, age was intro-
duced as a fixed effect.29,30 A univariable linear model with
CS at 1 CPD as the dependent variable and smoking years
as a fixed effect was fitted to retrieve the respective regres-
sion line. Hypothesis tests were performed using a 5% (0.05)
significance level. For normally distributed data, mean and
standard deviation (SD) are presented and for not normally
distributed data median and interquartile range (IQR) are
presented.

RESULTS

Cohort Characteristics

This baseline analysis of functional data from the MUMOVI
study included 94 study patients with one study eye each. Of
the total 99 study eyes enrolled in the MUMOVI study, 5 eyes
were excluded from this analysis due to insufficient CS data
quality or divergent AMD stage. In specifics, 48 control eyes,
13 eAMD eyes, and 33 iAMD eyes were analyzed (Table 1).
There was a significant age difference between the control
and eAMD groups (P = 0.004) and the control and iAMD
groups (P < 0.0001), whereas the age between AMD groups
showed no significant difference (P= 0.6). As all tested func-
tional metrics were found to be significantly associated with
age (P < 0.001), age was controlled for by including it as a
fixed effect in subsequent regression analyses. The control
group was female-dominated (62.5%) with a balanced right-
to-left eye ratio. The AMD groups overall included an equal
number of female and male eyes and a higher percent-
age of right eyes (63%). The study participants were White
except for one participant in the iAMD group and there
were more phakic eyes than pseudophakic eyes included in
the control group (89.6%), eAMD group (92.3%), and iAMD
(63.6%) group. However, univariate linear regression analy-
sis revealed no significant association of lens status with any
of the tested functional metrics.

Comparison of Functional Metrics Between
Healthy Controls and AMD Subgroups

Multivariate linear regression analysis of functional metrics
with the Beckman AMD classification (eAMD and iAMD)

TABLE 1. Demographic Data of the Study Population

Subject No. Parameter Control eAMD iAMD AMD Combined

1 No. of patients and study eyes 48 13 33 46
2 Mean age (SD) 66 (8.5) 74 (6.0) 75 (7.2) 74 (6.8)
3 Sex

Female 30 (62.5%) 5 (38.5%) 18 (54.5%) 23 (50%)
Male 18 (37.5%) 8 (61.5%) 15 (45.5%) 23 (50%)

4 Eye
Right 23 (47.1%) 10 (77.0%) 19 (57.6%) 29 (63%)
Left 25 (52.1%) 3 (23.0%) 14 (42.4%) 17 (37%)

5 Race
White 48 (100%) 13 (100%) 32 (97.0%) 45 (97.8%)
Other 0 (0%) 0 (0%) 1 (3.0%) 1 (2.2%)

6 Lens status
Phakic 43 (89.6%) 12 (92.3%) 21 (63.6%) 33 (71.7%)
Pseudophakic 5 (10.4%) 1 (7.7%) 12 (36.4%) 13 (28.3%)

7 Median smoking years (IQR) 0 (0-17.5) 8 (0-21) 14 (0-26.5) 9.5 (0-22.8)
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TABLE 2. Age-Controlled Comparison of Functional Metrics Between eAMD and iAMD Subgroups

iAMD

Variable
eAMD

Model Estimate [95% CI] Model Estimate [95% CI] T Value P Value

BCVA (logMAR) −0.39 [−0.72 to −0.07] −0.37 [−0.76 to −0.02] 0.7 0.5
LLVA (logMAR) −0.19 [−0.58 to −0.21] −0.18 [−0.65 to −0.30] 0.3 0.8
CS Gabor 3 cpd (logCS) 2.62 [1.33–3.91] 2.43 [0.87–3.99] −1.4 0.2

Metrics deduced from qCSF method
CA (logCPD) 1.76 [1.33–2.20] 1.71 [1.20–2.24] −1.1 0.3
AULCSF (logCS•logCPD) 2.15 [1.35–2.94] 2.05 [1.09–3.0] −1.3 0.2

CS at specific spatial frequencies
1 cpd (logCS) 1.91 [1.46–2.36] 1.78 [1.24–2.32] −2.9 0.006
1.5 cpd (logCS) 2.11 [1.65–2.58] 1.99 [1.44–2.55] −2.7 0.01
3 cpd (logCS) 2.32 [1.66–2.98] 2.22 [1.43–3.01] −1.5 0.1
6 cpd (logCS) 2.10 [1.18–3.01] 2.01 [0.91–3.10] −1.0 0.3
12 cpd (logCS) 1.61 [0.56–2.66] 1.53 [0.27–2.78] −0.8 0.4
18 cpd (logCS) 0.90 [0.12–1.67] 0.85 [−0.08 to −1.78] −0.6 0.5

and age as fixed effects only showed significant differences
between the eAMD and the iAMD model estimates for CS at
1 CPD (t value = −2.9, P value = 0.006) and CS at 1.5 CPD
(−2.7, 0.01; Table 2). Other qCSF-derived metrics, Gabor CS,
and visual acuity metrics did not show a significant differ-
ence between eAMD and iAMD. Comparing the control and
eAMD model estimates no tested metric exhibited signifi-
cant differences (Supplementary Table S1). All qCSF-derived
metrics and the Gabor CS showed significant differences
between the control and iAMD model estimates, whereas
the BCVA and LLVA model estimates were not significantly
different (Supplementary Table S2). Over all tested groups,
CA was significantly associated with BCVA and LLVA (P <

0.001). For reference the results from non-age-controlled
models are included in the supplementary materials (Tables
S4–S6).

Contrast Sensitivity Functions in eAMD, iAMD,
and Controls

The median CSF (Fig. 1) for iAMD showed lower contrast
sensitivities than the eAMD and the control group at lower
spatial frequencies (1 CPD and 1.5 CPD) with a limited over-
lap of the IQRs. At these lower spatial frequencies, the eAMD
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FIGURE 1. Median contrast sensitivity functions. IQRs are plotted
as whiskers for eAMD and iAMD and as dashed lines for control.
Spatial frequency is plotted on a log10 scale.

median CSF was similar to the control CSF with overlying
IQRs. Starting from 3 CPD, the IQRs of the AMD groups
predominantly overlap, and at 6 CPD the eAMD CSF was
closest to the iAMD CSF. At 6 CPD and 12 CPD the eAMD
median CSF showed the greatest negative deviation from the
control group.

Association of qCSF Metrics With Contrast
Thresholds Measured With Gabor Patches

Multivariate linear regression analysis provided significant
associations (P < 0.001) of all measured qCSF metrics with
CTs assessed by Gabor patches. In addition, LLVA (P< 0.001)
and BCVA (P = 0.02) were significantly associated with
Gabor CTs. Best model fitting as evaluated by coefficients
of determination was achieved in the model including
CS at 3 CPD as the dependent variable (R2/adjusted R2:
0.689/0.682). The CS at 1 CPD yielded the lowest coef-
ficients of determination among the qCSF-derived metrics
(0.296/0.279). Models with LLVA (0.342/0.326) and BCVA
(0.208/0.189) as the dependent variables also showed lower
coefficients of determination. See Supplementary Table S3
for a full list of model intercept, slope, R2, and adjusted R2.

Association of Contrast Sensitivity With Smoking

Multivariate linear regression analysis with smoking years
as a fixed effect did not show a significant correlation with
any CS metric in the control group. However, in patients with
AMD (eAMD and iAMD groups combined; see Table 3, Fig. 2)
there was a significant association for CS at 1 CPD (P =
0.02) and CS at 1.5 CPD (P = 0.03) with smoking years. In
contrast, other qCSF-derived metrics like AULCSF (P = 0.6)
or VA metrics like BCVA (P = 0.7) did not show a significant
correlation with smoking years.

DISCUSSION

This cross-sectional analysis of MUMOVI baseline data
explored the evaluation of CS in eAMD, iAMD, and healthy
controls with the qCSF method.22 The study showed no
significant differences for all tested functional metrics (visual
acuity and CS) between the control and eAMD groups.
Comparing the control and iAMD groups all CS metrics,
but no visual acuity metric, showed a significant difference
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TABLE 3. Association of Visual Function Metrics With Smoking Years in Patients With AMD

Association With Smoking Years (Y)

Variable Model Intercept [95% CI] Slope [95% CI] T Value P Value

BCVA (logMAR) −0.36 [−0.69 to −0.02] −0.0004 logMAR/y [−0.002 to 0.002] −0.2 0.7
LLVA (logMAR) −0.13 [−0.53 to 0.27] −0.001 logMAR/y [−0.003 to 0.001] −1.0 0.3
CS Gabor 3 cpd (logCS) 2.69 [1.34 – 4.04] −0.004 logCS/y [−0.01 to 0.004] −1.0 0.3

Metrics deduced from qCSF method
CA (logCPD) 1.79 [1.34 – 2.24] −0.001 logCPD/y [−0.004 to 0.001] −1.0 0.3
AULCSF (logCS•logCPD) 2.14 [1.31 – 2.97] −0.001 logCS•logCPD/y [−0.006 to 0.004] −0.5 0.6

CS at specific spatial frequencies
1 cpd (logCS) 1.99 [1.51 – 2.46] −0.003 logCS/y [−0.006 to −0.0006] −2.4 0.02
1.5 cpd (logCS) 2.19 [1.70 – 2.67] −0.003 logCS/y [−0.006 to −0.0004] −2.3 0.03
3 cpd (logCS) 2.37 [1.68 – 3.05] −0.002 logCS/y [−0.006 to 0.002] −1.2 0.3
6 cpd (logCS) 2.05 [1.09 – 3.0] −0.00002 logCS/y [−0.005 to 0.005] −0.01 1.0
12 cpd (logCS) 1.55 [0.47 – 2.64] 0.00018 logCS/y [−0.006 to 0.006] 0.06 1.0
18 cpd (logCS) 0.95 [0.16 – 1.74] −0.002 logCS/y [−0.006 to 0.003] −0.8 0.4
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FIGURE 2. Relationship of CS at 1 CPD and smoking years.Linear
model analysis reveals a significant association of CS at 1 CPD and
smoking years. The Regression-line is plotted. Clear phakic eyes are
represented by circles, pseudophakic eyes by rhombs, and eyes with
mild cataract by triangles.

between the two groups. Only CS at 1 CPD and CS at 1.5
CPD revealed a significant difference between the eAMD
and iAMD groups under mesopic lighting conditions. These
findings suggest, that in trajectory from eAMD to iAMD CS
decreases for stimuli, which only feature contrast changes
at 1 to 1.5 cycles per degree. Considering the foveal diam-
eter of about 0.8 mm and that 1 mm of retinal diameter
accounts for 3.5 degrees of visual angle,8 morphological
correlates to these early functional deficits would include
the foveal periphery up into the parafovea. These functional
findings correspond to morphological data of Curcio and
colleagues, who reported that age-related rod loss starts in
the inferior parafovea31 and that cones are more resilient
than rods in the AMD disease trajectory.32 With regard to
drusen location, longitudinal studies with large study popu-
lations have described a concentration of drusen in the
central ETDRS subfield in iAMD.33,34 The drusen prevalence
decreases by two thirds in the inner ring compared to the
central subfield. Thus, the prevalence of drusen parallels the
numerical distribution of cones in the retina. These findings
at first sight contradict the described resilience of cones and
vulnerability of rods in the AMD disease trajectory. However,
xanthophyll-rich Müller glia cells have been proposed

to exert an exclusively cone-protective effect.8,35,36 Both
xanthophyll content in the retina and Müller glia cells colo-
calize with cones and are concentrated in the central ETDRS
subfield.37–39 Rods do not benefit from this protection and
hence perifoveal rods are more exposed to the harm-
ful effects of high central drusen prevalence than cones.
This proposed disease mechanism is compliant with the
parafovea as the region of initial function loss, whereas
the cone-rich fovea, even though exposed to higher drusen-
prevalence, maintains functional capacities due to its protec-
tion. Further, the described mechanism would also explain
the decrease of CS at lower spatial frequencies (CS at 1 CPD
and CS at 1.5 CPD) in iAMD as follows. In the trajectory
from eAMD to iAMD, there is no change in drusen local-
ization. Rather, parafoveal rods, which contribute to CS at
lower spatial frequencies, are subject to a drusen-associated
functional decline, whereas the protected central cones,
contributing to CS at higher spatial frequencies, persist. In
addition to the considerations above, this cross-sectional
analysis indicates that CS at low spatial frequencies (1 CPD
and 1.5 CPD) is significantly associated with smoking years
in patients with AMD. All other CS and VA metrics did not
show noticeable associations with smoking years. Smok-
ing has been reported to be associated with progression to
advanced AMD.23 However, to our knowledge, an associa-
tion of smoking years to CS at specific spatial frequencies in
AMD has yet not been described.

In conclusion, CS at 1 CPD and at 1.5 CPD are appealing
candidates for the functional evaluation of AMD. Subsequent
analysis of MUMOVI longitudinal data will further elicit their
ability to detect a change in the trajectory toward advanced
AMD, which is a prerequisite in establishing these metrics
for therapeutic trials. Yet, measuring the whole CSF in this
cross-sectional analysis is already of value, because it shows
the diversity of functional candidate markers depending on
the AMD stage. For interventional trials, it will be critical
to select and predetermine specific qCSF-derived metrics to
avoid type 2 errors resulting from compensation for multiple
testing.

As the qCSF method has only been introduced recently,
few comparable studies in AMD exist. Wai et al.40 reported
significant reductions of CS from 1 CPD to 6 CPD and for
AULCSF in a dry AMD group without further subclassifi-
cation compared to healthy controls. Ou et al.16 described
significant differences between control and respective AMD
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groups (iAMD, AMD with subretinal drusenoid deposits, and
geographic atrophy [GA]) for AULCSF and CS at 3 CPD
in standard and low luminance qCSF. In addition, recently,
Csaky41 examined the qCSF method in the context of inter-
mediate AMD, not detecting differences in AULCSF between
“drusen-only” and “nascent GA.” Our analysis is in line with
these findings, even though the study designs do not match.
With reference to the existing literature, our study adds new
knowledge on CS in eAMD and iAMD.

In addition, we validated the qCSF measurements by
also showing that contrast thresholds measured with Gabor
patches, are significantly associated with all qCSF metrics.
A model featuring CS at 3 CPD as the dependent variable
and Gabor contrast threshold and age as fixed effects led to
the best model fitting, which is intuitive, because contrast
thresholds in Gabor patches are tested at a grating of 3
CPD. Spatial frequencies between 3 CPD and 5 CPD have
become a standard for CS testing based on observations by
Pelli et al.17 and Legge et al.,42 who proposed a preferential
spatial frequency range to minimize the patient burden of
time consuming chart-based testing. The above range was
chosen, because it was found to be the optimum CS range
in normal subjects and because it was shown to be essen-
tial for reading. At the same time, Pelli et al.17 stated that
it would be advantageous to conduct a detailed assessment
of the whole CSF, if feasible. With the advent of the qCSF
technology, researchers and clinicians now have an instru-
ment at hand to reliably measure the full CSF in a reason-
able time frame. This detailed CS testing method can provide
functional markers, which classic CS testing methods would
miss.

Several limitations to this study need to be considered.
First, there is a significant difference in age between the
control group and the AMD groups, respectively. As CS is
significantly associated with age, this variable needed to be
taken into account for analysis and was hence included as a
fixed effect in linear models. In the MUMOVI data set, CS was
also significantly associated with age. In contrast, the data
did not provide an association between CS and lens status
in the MUMOVI study cohort, which is likely due to the
limitation of lenticular opacification in the inclusion crite-
ria. Second, the study population comprises almost entirely
white Europeans. Finally, this is a cross-sectional analysis.
Longitudinal analyses are needed to describe the ability-to-
detect change in CS metrics.

The qCSF method allows the detection of slight functional
deficits in the AMD disease trajectory, which testing by Pelli-
Robson charts would not identify. For example, we could
describe a significant difference between AMD stages and
a significant association between smoking years and CS at
low spatial frequencies, which Pelli-Robson testing would
have missed. Analyses like ours, which precisely measure
the entire CSF, serve to describe candidate functional mark-
ers. This resource can be utilized in planning therapeutic
trials, where a precise selection of markers is essential to
avoid type 2 errors resulting from compensation for multi-
ple testing.
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