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PURPOSE. To longitudinally evaluate vision-related quality of life (VRQoL) in geographic
atrophy (GA) secondary to age-related macular degeneration (AMD) and define its rela-
tion to visual function and structural biomarkers.

METHODS. Patients with GA secondary to AMD were recruited in the context of
the prospective, non-interventional, natural-history Directional Spread in Geographic-
Atrophy study (NCT02051998). Fundus autofluorescence and infrared reflectance images
were semi-automatically annotated for GA. Linear mixed-effects models were applied to
investigate the association of putative determinants with the National Eye Institute Visual
Function Questionnaire 25 (NEI VFQ-25) VRQoL.

RESULTS. A total of 87 patients with a mean age ± SD of 77.07 ± 7.49 years were
included in the analysis. At baseline, median (IQR) best-corrected visual acuity (BCVA)
was 0.3 (0.51) for the better eye and 0.89 (0.76) for the worse eye; 46% of the patients
showed binocular and 25.3% monocular non-central GA. The VRQoL composite score
was impaired: 69.96 (24.03). Sixty-six patients with a median of 2 (2) follow-up visits
after 1.08 (0.78) years were examined longitudinally.

In the multivariable cross-sectional analysis, predictors of the VRQoL composite score
were BCVA, GA size, and low-luminance visual acuity (LLVA) for the better eye and
BCVA, foveal sparing status, and LLVA for the worse eye (cross-validated R2 = 0.32).

In the longitudinal analysis, a similar prediction accuracy for VRQoL was determined
(cross-validated R2 = 0.28). Prediction accuracy for VRQoL did not improve when follow-
up time was added as an independent variable.

CONCLUSIONS. Vision-related quality of life is significantly impaired in patients with GA
secondary to AMD. The cross-sectional and longitudinal association of VRQoL with visual
functional and structural biomarkers supports the validity of the NEI VFQ-25 VRQoL.

Keywords: geographic atrophy, quality of life, vision-related quality of life, patient
reported outcomes, age-related macular degeneration

Age-related macular degeneration (AMD) is one of the
most common causes of central vision loss world-

wide, especially in industrial countries.1–3 Around 28 million
people are affected by AMD, and a drastic increase to 288
million by 2040 is expected.4 In contrast to neovascular
AMD, there is no therapy currently available for patients with
geographic atrophy (GA). Its high prevalence, the expected
increase due to demographic trends, and the lack of treat-
ment options make the dry late form of AMD an important
study subject.2 Therapeutic trials are currently emerging.

The non-exudative late-stage manifestation GA is hall-
marked by atrophy of the retinal pigment epithelium and

concurrent atrophy of the outer neuroretina.5–8 Typically,
foci of GA manifest initially in the parafovea and may spare
the fovea, a phenomenon known as foveal sparing.5,9–11

Over time, these foci tend to slowly expand in size and
coalesce with eventual involvement of the fovea.5,11 Foveal
sparing may persist for a considerable time due to the
significantly faster centrifugal compared with centripetal GA
spread.11 Although the best-corrected visual acuity (BCVA)
may be preserved in patients with foveal sparing,12–14

patients typically experience visual impairments such as
reading difficulties, as has been recently demonstrated quan-
titatively.15–17 This complex monocular relationship between
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structure and function, as well as the binocular nature of
the disease, suggests that monocular enlargement of atrophy
as detected by fundus autofluorescence (FAF), an accepted
endpoint by the U.S. Food and Drug Administration (FDA),18

may not necessarily correlate strongly with patient-reported
outcomes.

Both the FDA and the European Medicines Agency (EMA)
strongly advocate the use of patient-reported outcomes
as endpoints in clinical trials.19–21 The 25-item National
Eye Institute Visual Function Questionnaire (NEI VFQ-25)22

may constitute a feasible patient-reported outcome measure
(PROM) to quantify vision-related function in patients with
GA secondary to AMD.23 Of note, strong internal consis-
tency, reproducibility, and convergent validity with binocu-
lar reading speed were recently demonstrated for the NEI
VFQ-25 by Sivaprasad et al.23 However, in ongoing and
former clinical trials aiming to slow the progression of GA
secondary to AMD with intravitreal injection of therapeutic
agents, treatment is typically confined to the worse eye (i.e.,
monocular). Precise understanding of the monocular contri-
bution of visual function and structural biomarkers to the
overall (binocular) vision-related quality of life (VRQoL) in
patients is a prerequisite for designing clinical trials testing
for efficacy in terms of PROMs.24

Accordingly, the purpose of this study was to prospec-
tively evaluate the VRQoL as assessed by the NEI VFQ-25 in
patients with GA secondary to AMD, to assess it longitudi-
nally, and to define its relation to monocular visual func-
tion and structural biomarkers in patients with binocular
GA. We hypothesized that VRQoL is primarily dependent on
visual function and structural biomarkers of the better eye,
both in a cross-sectional and longitudinal setting. Further,
we hypothesized that the association of VRQoL is overall
stronger with visual function biomarkers as compared to
with structural biomarkers. Last, we hypothesized that some
degree of decline in VRQoL over time may occur beyond the
association with the herein evaluated structural and func-
tional biomarkers.

METHODS

Patients

Patients were recruited in the context of the non-
interventional, prospective, natural history Directional
Spread in Geographic Atrophy study (DSGA, NCT02051998)
at the Department of Ophthalmology at the University
Hospital in Bonn, Germany.11,25 This study adhered to the
tenets of the Declaration of Helsinki and was approved by
the University of Bonn institutional review board (approval
ID 197/12). The patients included in this study had GA
in both eyes and were 55 years of age or older at the
baseline visit. We excluded patients with the presence of
choroidal neovascular membrane or any other ocular disease
that could confound assessment of the retina in the study
eye, as well as patients with any systemic disease with a
limited survival prognosis or any other condition that would
make adherence to the examination schedule of once every
6 months for up to 24 months difficult.

Clinical Assessment

Age, gender, medical history, best-corrected visual acuity
(BCVA), low-luminance visual acuity (LLVA), reading acuity,

foveal involvement, and the NEI VFQ-25 visual and socioe-
motional function scales were collected for this study. BCVA,
LLVA (2.0 log neutral density filter), and reading acuity were
assessed using the Early Treatment Diabetic Retinopathy
Study (ETDRS) and Radner Reading Charts.26,27 The NEI
VFQ-25 includes visual and socioemotional function scales.
The base questionnaire consists of 25 items comprising a
composite score and 12 subscales addressing general health
and different aspects of vision-related functioning. NEI VFQ-
25 scores range from 0 to 100, with a higher score repre-
senting better visual function.22,23 Changes of four to six
points have been judged to represent a clinically meaning-
ful change, corresponding to a ≥15-letter change in BCVA
in patients with neovascular AMD.28

Imaging

Following pupil dilatation with 0.5% tropicamide and 2.5%
phenylephrine, all patients underwent 30° × 30° fundus
autofluorescence imaging (λ excitation, 488 nm; λ emis-
sion, 500–700 nm), 30° × 30° infrared reflectance (λ, 815
nm) imaging, and 30° × 25° spectral-domain optical coher-
ence tomography imaging (121 B-scans, ART 25) using a
Spectralis HRA-OCT 2 (Heidelberg Engineering, Heidelberg,
Germany).

Image Grading

Each visit, all eyes were graded for the presence of GA.
The size of GA was semi-automatically annotated using
the RegionFinder software for FAF and infrared reflectance
(Heidelberg Engineering), as previously described.29,30 The
grading task was performed by two readers and subsequent
arbitration by a third reader if the GA size deviated by more
than 0.3 mm2 between the first and second reader.

Statistical Analyses

Statistical analyses were performed using the software envi-
ronment R and the add-on packages lme4, glmnet, step-
wise, and glmmLasso. BCVA and LLVA were assessed using
the ETDRS charts, and confirmed to the base-10 logarithm
of minimal angle of resolution (logMAR) scale.27 GA size
was square root transformed. The better eye and worse eye
were defined by the respective values in each individual
determinant. Variables were assessed for normality using
the Shapiro–Wilk test. For normally distributed variables,
the mean and standard deviation are presented. For non-
normally distributed variables, the median and interquartile
range (IQR) are presented.

Univariable linear regression was applied to analyze the
associations between the individual putative determinants
and the dependent variable VRQoL.

Multicollinearity (two or more explanatory variables with
high bivariate correlation) was evident (Supplementary
Fig. S1), which can lead to instability in model coefficients
and variable selection when using conventional multivari-
able least-squares regression.

To address this issue, we applied least absolute shrinkage
and selection operator (LASSO) regression with the VRQoL
as the dependent variable for the cross-sectional multivari-
able analysis at baseline. LASSO regression is designed to
handle multicollinearity and carries out variable selection
by performing regularization and shrinking coefficient esti-
mates toward zero. This usually enhances the prediction
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FIGURE 1. Data distribution. The histograms show the cross-sectional distribution of age (A), VRQoL composite score (B), near vision
subscore (C), distant vision subscore (D), binocular reading acuity (E), and BCVA of the better eye (F). The solid vertical line denotes the
median value. Please note, the Radner reading acuity (B) score exhibits a marked floor effect and that, due to the design of the questionnaire,
some values in C and D could not be attained.

accuracy and interpretability by providing a parsimonious
model (i.e., model with few predictors).31 It is specifically
designed for predictive modeling (the aim of our analy-

sis), in contrast to conventional (unregularized) least-squares
regression for explanatory modeling and statistical infer-
ence.
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TABLE 1. Cohort Characteristics

Cross-Sectional Cohort Baseline Characteristics, Longitudinal Cohort

Number of patients 87 66
Gender 40 male, 47 female 32 male, 34 female
Age (y), mean ± SD 77.07 ± 7.49 77.48 ± 7.43
Square root transformed geographic atrophy area
Better eye (mm), mean ± SD 2.73 ± 1.31 2.94 ± 1.25
Worse eye (mm), mean ± SD 3.25 ± 1.22 3.40 ± 1.20
Progression (mm/y), median (IQR) NA 0.21 (0.19)

Vision-related quality of life, median (IQR)
Composite score 69.96 (24.03) 73.96 (23.80)
Distant-vision subscore 58.33 (33.33) 50.57 (30.47)
Near-vision subscore 41.67 (37.50) 41.67 (33.33)

Best-corrected visual acuity (logMAR), median (IQR)
Better eye 0.30 (0.51) 0.30 (0.51)
Worse eye 0.89 (0.76) 0.89 (0.82)

Reading acuity (logRAD), median (IQR)
Binocular 0.60 (0.8) 0.51 (0.59)
Better eye 0.51 (0.8) 0.51 (0.62)
Worse eye 1.30 (0.54) 1.30 (0.50)

Low-luminance visual acuity (logMAR), median (IQR)
Better eye 0.79 (0.60) 0.80 (0.73)
Worse eye 1.10 (0.51) 1.10 (0.58)

Follow-up time (y), median (IQR) NA 1.08 (0.78)
Follow-up visits (n), median (IQR) NA 2 (2)

Nested cross-validation with patient-wise splits was
applied to estimate the prediction accuracy of the model
(outer leave-one-out cross-validation [LOOCV]) and to opti-
mize the tuning parameter λ of the LASSO regression (nested
inner LOOCV). For comparison, we present the results of
a conventional (least-squares) cross-sectional multivariable
regression analysis in Supplementary Table S1 and Supple-
mentary Figure S2. Variables were selected through stepwise
forward section based on Akaike information criterion.

For the longitudinal multivariable analysis, we applied
LASSO regression (with nested cross-validation) for linear
mixed-effects models with the VRQoL as the dependent vari-
able in consideration of the multicollinear and longitudi-
nal data.32 Patients were considered as random effect. For
comparison, we present the results of a conventional linear
mixed-effects model analysis in Supplementary Table S2.

RESULTS

Baseline Data

A total of 87 patients with a mean age ± SD
of 77.07 ± 7.49 years at baseline (Fig. 1A; Table 1) were
included in this study. The median (IQR) values for BCVA
(Fig. 1F) and LLVA were 0.30 (0.51) logMAR and 0.79 (0.60)
logMAR in the better eye and 0.89 (0.76) logMAR and
1.1 (0.51) logMAR in the worse eye, respectively. The mean
square-root-transformed GA size was 2.73 ± 1.31 mm in the
better eye and 3.25 ± 1.22 mm in the worse eye at baseline.
Both, BCVA (P < 0.05) and GA size (P < 0.05) were corre-
lated between the better and worse eye, with correlation
coefficients of 0.70 and 0.93, respectively (Supplementary
Fig. S1).

The patients had impaired vision-related functioning and
quality-of-life scores, as evidenced by a median NEI VFQ-25
composite score of 69.96 (24.03) at baseline (Fig. 1B), with a
near vision subscale score of 41.67 (37.50) (Fig. 1C) and with
a distant vision subscale score of 58.33 (33.33) (Fig. 1D),

representing the worst affected subscores. Patients had a
median reading acuity of 0.60 (0.80) logarithm of the read-
ing acuity determination (logRAD) binocular (Fig. 1E), with
monocular 0.51 (0.80) logRAD in the better eye and 1.30
(0.54) logRAD in the worse eye, respectively. In this study,
25.3% of the patients had a monocularly and 46% a binocu-
larly non-center-involving GA (foveal sparing or non-central
GA). Spearman correlation analysis revealed strong multi-
collinearity among the features (Supplementary Fig. S1).

Cross-Sectional Univariable Analysis of
Determinants of Vision-Related Quality-of-Life at
Baseline

In the univariable analysis (Fig. 2; Table 2), binocular
and monocular reading acuity, visual acuity, low lumi-
nance visual acuity, and GA size for both eyes exhibited
a significant association with the VRQoL composite score
(all P < 0.0001). The same holds for the near and distant
vision subscores (all P < 0.0001). The presence of a
preserved central visual field (foveal sparing or non-central
GA) in at least one eye was significant for the near vision
subscore (P = 0.0002) but not for the composite or distant
vision scores.

The distribution of reading acuity (Figs. 1E, 2) revealed a
negative skew due to frequent recordings of the worst possi-
ble reading acuity of 1.3 logRAD, indicating a marked floor
effect of the Radner Reading Charts in the setting of GA.

Cross-Sectional Multivariable Analysis of
Determinants of Vision-Related Quality-of-Life at
Baseline

In Figure 3, we present the coefficient estimates for cross-
validation (Figs. 3A, 3C, 3E), as well as the magnitude of the
coefficient estimates dependent on the regularization param-
eter (Figs. 3B, 3D, 3F). With regard to the composite score, in
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FIGURE 2. Cross-sectional determinates of vision-related quality of life. All plots show VRQoL composite scores on the y-axis and the
corresponding determinants on the x-axis. The dashed green lines show the univariable linear regression lines. The shown R2 estimates
were obtained from models fit to the complete data (cross-validated R2 estimates are provided in Table 2).

Figure 3B, moving from left to right (i.e., increasing values
for the regularization parameter), age and foveal sparing of
the better eye were the first variables eliminated from the
model. Functional characteristics of the worse eye including
BCVA, LLVA, and reading acuity were among the next vari-
ables to be eliminated. In contrast, LLVA, BCVA, and GA size
of the better eye were the last variables to be eliminated.
This ranking of the features is also reflected in in the coeffi-
cient estimates in the cross-validation provided in Figure 3A
and Table 3.

The final cross-sectional multivariable model was
obtained by fitting a linear model to the complete dataset
at baseline using LASSO regression with the optimal regu-
larization parameter determined by cross-validation. With
composite score as the dependent variable, the most impor-
tant predictors were BCVA of the better eye (regularized
effect estimate on the composite score, –11 units/logMAR),

LLVA of the better eye (–10 units/logMAR), and BCVA of
the worse eye (–10 units/logMAR), yielding a cross-validated
R2 = 0.32 (Table 3). Similar coefficients were obtained with
conventional (least-squares) multivariable analysis (Supple-
mentary Table S1); however, cross-validation revealed more
instability in model coefficients and variable selection for the
least-squares multivariable analysis (Supplementary Fig. S2).

In Figure 3D, for the near vision subscore, the age as
well as the LLVA of the worse eye were the first variables
eliminated from the model (when increasing regularization
parameter). In contrast, BCVA, LLVA, reading acuity, and GA
size of the better eye and the BCVA of the worse eye were
the last variables to be eliminated.

With the near vision subscore as the dependent vari-
able, the most important determinants in the resulting
cross-sectional multivariable model were BCVA of the
worse eye (–15 units/logMAR), LLVA of the better eye
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TABLE 2. Determinants of VRQoL Composite Score (Univariable Cross-Sectional Analysis)

Coefficient LOOCV R2

Reading acuity (logRAD)
Binocular –19.41 0.17
Better eye –20.43 0.21
Worse eye –17.35 0.12

Best-corrected visual acuity (logMAR)
Better eye –24.55 0.28
Worse eye –18.70 0.19

Square root transformed geographic atrophy area (mm)
Better eye –6.87 0.22
Worse eye –6.39 0.15

Low-luminance visual acuity (logMAR)
Better eye –22.90 0.26
Worse eye –21.44 0.19

Foveal sparing
Better eye 8.49 0.01
Worse eye 2.40 –0.05

The different biomarkers are listed with their coefficient obtained from linear least-squares regression, and coefficient of determination
(R2) determined by LOOCV of the univariable cross-sectional analysis.

(–13 units/logMAR), and reading acuity of the better eye
(–11 units/logMAR), resulting in a cross-validated R2 = 0.58.

In Figure 3F, for the distant vision subscore, the reading
acuity of the better eye, foveal sparing of the better eye, and
binocular reading acuity were the first variables eliminated
from the model (when increasing the regularization param-
eter). In contrast, LLVA and BCVA of the better and worse
eyes were the last variables to be eliminated.With the distant
vision subscore as the dependent variable, the most impor-
tant determinants in the resulting cross-sectional multivari-
able model were BCVA of the worse eye (–17 units/logMAR),
foveal sparing of the worse eye (–11 units/eye), and LLVA
of the worse eye (–9 units/logMAR), resulting in a cross-
validated R2 = 0.27.

Longitudinal Determinants of Vision-Related
Quality-of-Life

The longitudinal data contained 66 patients with a median
(IQR) of 2 (2) follow-up visits spanning a median of 1.08
(0.78) years. The patients in our study had an average
square-root GA progression rate (mean change ± SD) of
0.21 ± 0.19 mm/year per eye. There was no significant
change in VRQoL composite (–3.07 ± 9.55/year) or near (–
3.44 ± 16.13/year) and distant (–3.56 ± 20.97/year) vision
subscores over time (Fig. 4). BCVA (better eye, 0.07 ± 0.39;
worse eye, 0.07 ± 0.27 logMAR/year), LLVA (better eye,
0.12 ± 0.38; worse eye, 0.12 ± 0.35 logMAR/year),
and binocular and monocular reading acuity (binocular,
0.07 ± 0.39; better eye, 0.06 ± 0.29; worse eye, 0.04 ± 0.22
logRAD/year) also did not change significantly.

Longitudinal Multivariable Analysis of
Determinants of Vision-Related Quality-of-Life

To determine whether longitudinal assessments in VRQoL
are paralleled in the above-mentioned structural and func-
tional biomarkers or whether decline in VRQoL may be
observed independently of these associations, we repeated
the analysis on the longitudinal data, including the follow-
up time as a new covariate. The longitudinal multivariable
model was obtained by fitting the linear mixed-effects model

to the complete dataset using LASSO regression with the
optimal regularization parameter determined in the cross-
validation.

The multivariable longitudinal analysis revealed that the
LLVA of both eyes, the reading acuity of both eyes, and the
BCVA, GA size, and foveal sparing status of the better eye
constituted important predictors of the VRQoL composite
score, explaining 27.8% of the variability in VRQoL (cross-
validated R2). Importantly, age and follow-up time were
eliminated by the LASSO regression as prognostic features.
Again, the variable selection was similar for the LASSO
regression and conventional mixed-effects model analysis
(Supplementary Table S2).

Similar results were obtained for the near and distant
vision subscores. For near vision, the binocular reading
acuity and reading acuity of the better eye and the worse eye,
the BCVA and GA size of both the better eye and the worse
eye, and the LLVA and foveal sparing status of the better
eye constituted important predictors of VRQoL, explaining
52.4% of the variability in the near vision subscore (cross-
validated R2). Again, age and follow-up time were eliminated
by the LASSO regression as prognostic features.

For the distant vision subscore, BCVA and LLVA of both
eyes, as well as binocular reading acuity, reading acuity, GA
size, and foveal sparing status of the better eye, were signifi-
cant predictors of VRQoL, explaining 20.2% of the variability
in the near vision subscore (cross-validated R2). Again, age
and follow-up time were eliminated by the LASSO regression
as prognostic features.

DISCUSSION

In this study, we demonstrated that VRQoL and near and
distant vision subscores are associated with conventional
structural and functional biomarkers in patients with GA
secondary to AMD. The LLVA of the better eye and the
BCVA of both eyes were the most important determinants of
VRQoL. Moreover, the longitudinal analysis further under-
scored these results. The significant effect of presence of
foveal sparing in at least one eye on the near vision subscore
but not on the composite score or distant vision subscore
suggests that the presence of GA in the fovea does not affect
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FIGURE 3. Cross-sectional multivariable analysis of determinants of VRQoL. Dot plots of regression coefficients derived from the training
splits for each of the outer cross-validation folds are shown for the composite score (A), near vision subscore (C), and distant vision
subscore (E). Cross-validation within these training splits (inner resampling) was used to determine the optimal tuning parameter λ of the
LASSO regression model. Note that the points were plotted semitransparently to avoid overplotting. The green vertical lines indicate the
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mean coefficient. A zero coefficient estimate effectively implies exclusion of the respective variable from the LASSO regression model. The
coefficients dependent on tuning parameter λ for the complete dataset are shown for the composite score (B), near vision subscore (D),
and distant vision subscore (F). The dashed gray line indicates the optimal value of tuning parameter λ derived from the inner resampling.
Biomarkers of the better eye are highlighted in blue and biomarkers of the worse eye in red.

FIGURE 4. Longitudinal change of VRQoL. All plots show changes in VRQoL composite scores on the y-axis and changes in the corre-
sponding determinants on the x-axis. The dashed green lines show the fitted linear regression lines derived from mixed-effects models with
consideration of patients as a random factor. None of the features exhibited a significant change over the given follow-up time.

TABLE 3. Cross-Sectional Multivariable Analysis of Determinants of VRQoL

Coefficient 95% Confidence Interval

Best-corrected visual acuity (better eye) –10.72 –15.24 to 91.95
Best-corrected visual acuity (worse eye) –9.63 –169.56 to –6.20
Square root transformed geographic atrophy area (better eye) –3.50 –7.76 to –1.35
Low-luminance visual acuity (better eye) –9.71 –312.18 to –9.37
Low-luminance visual acuity (worse eye) –0.34 2.91 to 443.50
Foveal sparing (worse eye) –8.13 –18.96 to –1.32

LASSO regression was applied for variable selection and shrinkage of coefficient estimates. The selected biomarkers are listed with their
coefficient obtained from the LASSO and the corresponding 95% confidence interval.



Quality of Life in Geographic Atrophy IOVS | May 2020 | Vol. 61 | No. 5 | Article 63 | 9

FIGURE 5. Example patients. The figure shows the FAF and semiautomatically graded GA (blue areas) of three patients. The BCVA and LLVA
(logMAR) and the reading acuity (logRAD) are shown. Patient A had high VRQoL scores and good visual function in both eyes. Patient B
had low VRQoL scores and poor visual function in both eyes. Patient C had high VRQoL scores but only one eye with good function.

independently domains other than near vision in terms of
VRQoL. No evidence for a decline in VRQoL or subscores
over time beyond the aforementioned associations was iden-
tified. (Fig. 4) These results have important implications for
the application of the VRQoL for PROMs in clinical trials for
GA secondary to AMD as outlined below.

In view of the call for PROMs in clinical trials by regu-
latory agencies, including the FDA and EMA,19–21 PROMs
such as the NEI VFQ-25 have been previously applied
in GA secondary to AMD.23 In addition to the robust
psychometric properties of PROMs, their validity in a
disease-specific context is a prerequisite to their applica-
tion. Sivaprasad et al.23 demonstrated strong internal consis-
tency and reproducibility for the NEI VFQ-25 with regard to
GA secondary to AMD. Moreover, they validated the binocu-
lar MNREAD Acuity Charts and patient-reported Functional
Reading Independence Index.23,33 However, to the best of
our knowledge, there are no published data regarding the
monocular influence on VRQoL, a highly important aspect
considering that the study eyes in clinical trials regard-
ing GA are typically the structurally and functionally worse
eyes.34

This motivated us to develop our first hypothesis, and this
study indeed confirmed that VRQoL was primarily depen-
dent on the better eye (Fig. 5), in both cross-sectional and
longitudinal settings. Interestingly, LLVA exhibited the most
stable coefficient in the model across a variety of values of
the LASSO regularization parameter λ, highlighting its rele-
vance for VRQoL. Although previous studies demonstrated
that LLVA is significantly reduced and also prognostic for
subsequent BCVA loss in eyes with GA secondary to AMD, its
precise cellular correlate is not well understood.9,35 BCVA is
primarily limited by the retinal peak cone density, but LLVA
may be indicative of decreased cone dark-adaptation and
postreceptoral cell dysfunction.36,37 For the near and distant
vision subscores, the results were very similar.

In terms of the second hypothesis, we observed that func-
tional biomarkers were indeed more prognostic for VRQoL
and the subscores, as compared with structural biomarkers
(GA size and status of foveal sparing). In the univariable
analysis, structural variables (i.e., GA area of the better eye)
could only explain up to 22% of the variability in VRQoL,
highlighting the fact that these variables are rather unsuit-
able for demonstrating drug efficiency in patient-relevant
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terms, despite the obvious suitability to measuring biolog-
ical effectiveness.

Finally, we expected that some degree of decline in
VRQoL over time might be observable beyond the above-
mentioned associations; however, based on the longitudinal
analysis, we found that neither age nor follow-up time was
able to improve predictions of VRQoL when added to the
multivariable LASSO models. This finding highlights the
close association between the evaluated functional and
structural biomarkers and VRQoL, as well as the near and
distant vision subscores. Further, this suggests that the
residual unexplained variability in VRQoL among patients
may be representative of rather unspecific factors such
as retest variability and general patient attitudes rather
than disease-specific factors, which would be correlated to
follow-up time.

Multiple important implications can be drawn from these
results. First, the results highlight the relevance of LLVA as
a functional outcome measure in GA secondary to AMD.
Second, for clinical trials designed to prove efficiency in
terms of patients’ VRQoL rather than safety and biological
efficiency, treatment should be allocated to the better eye.
This is very much in contrast to previous clinical trials, in
which the eyes with the worse BCVA were typically allo-
cated to treatment.34 To address this matter, one could use a
model to indirectly infer the expected effect on VRQoL of a
given treatment. For this purpose, a model would be trained
only on the data of the better eyes from a natural-history
study to infer VRQoL. This model could then be applied
to infer the expected effect of a given treatment on VRQoL
with the assumption that the treated (worse) eye would have
been the better eye. Third, in clinical practice, the decision to
refer patients to low-vision clinics or counseling via patient-
led groups should be based primarily on the function of the
better eye.

Strengths of this study include the large number of func-
tional and structural biomarkers that were assessed in a
monocular setting to evaluate the validity of the NEI VFQ-
25 as a PROM. Moreover, the stringent analysis with nested
resampling (inner resampling for model optimization and
outer resampling for the evaluation of model performance)
provided a rather unbiased estimate of the prognostic model
accuracy. Limitations of the study include the limited sample
size for the longitudinal cohort and limited follow-up time,
as well as inherent test characteristics of some of the func-
tional tests. Longer follow-up times may be advantageous
to detect significant changes in VRQoL over time; however,
current interventional trials feature similar follow-up times.34

For the Radner reading acuity distribution, an excess of the
value of 1.3 logRAD (floor of the test) was observed. Accord-
ingly, a revised version of the test allowing for larger opto-
types or a longer maximal time per line may be warranted
in the setting of GA. As highlighted by Owsley et al.,38 a
target questionnaire such as the Low Luminance Question-
naire may have revealed further facets of loss of visual func-
tion in association with AMD.

In conclusion, this study underscores the validity of the
NEI VFQ-25 for measuring the impact on patients’ VRQoL
of GA secondary to AMD. The markedly higher association
of VRQoL with visual function and structural biomarkers
of the better eye compared to the worse eye has impor-
tant implications for the design of future clinical trials.
Specifically, treatment should be allocated to the better eye
in trials aiming to evaluate efficiency in terms of patient
VRQoL.
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