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ABSTRACT 
[bookmark: _Hlk171974099]Purpose: To characterize visual difficulties associated with geographic atrophy (GA).
Methods: A prospective study included 91 participants with bilateral GA. A visual activities questionnaire was administered at baseline and annually for 2 years along with best-corrected visual acuity (BCVA) and GA size. Baseline questionnaire responses were compared using logistic regressions, and longitudinal changes were analyzed with generalized linear mixed-effect models. A small group of 12 participants with drusen without GA served as a comparison to participants with GA and good VA. 
Results: Compared to drusen participants, bilateral GA participants with BCVA of 20/50 or better reported significantly more difficulties in 8 vision-specific tasks. The frequencies of difficulty in reading small print, trouble with face recognition, and stopping driving were positively associated with GA severity cross-sectionally, measured by either BCVA or GA size, and increased over 2 years (P < 0.05 for each). Additional significant longitudinal changes included difficulty seeing in dim light (P = 0.005) and locating a sign (P = 0.008).
Conclusion: Reading, vision in dim illumination, face recognition, locating signs, and driving worsen over 2 years in patients with GA, and may be the appropriate self-reported items to monitor in a clinical trial. These findings highlight the need for therapies addressing both GA enlargement and visual function decline.

TEXT
Geographic atrophy (GA), the advanced form of nonexudative age-related macular degeneration (AMD), affects over 5 million patients worldwide[1] and represents the most prevalent condition encountered in low vision clinics[2]. GA’s incidence increases with age, impacting 3.5% of people over 75,[3] and surging to over 20% among individuals above 90.[4] The United States Food and Drug Administration recently approved intravitreal pegcetacoplan and avacincaptad pegol for slowing GA progression, based on findings from the OAKS, DERBY, GATHER1 and GATHER2 phase 3 trials.[5, 6] These trials demonstrated the agents’ efficacy in reducing GA enlargement rate, but did not find significant improvement in the prespecified visual function endpoints over 2 years.[5, 6]

Evaluating treatment efficacy in terms of visual function in GA is inherently challenging. Most ongoing and approved therapeutic agents aim to slow GA lesion progression or prevent further vision loss,[7] contrasting with treatments for conditions like exudative AMD or diabetic macular edema, where improvements in visual acuity and anatomical biomarkers (resolution of fluid and angiographic leakage) are expected. The irreversible loss of photoreceptors inside GA lesions implies that even effective treatments can, at best, preserve existing vision instead of restoring lost vision.[8, 9] Thus, understanding the natural history of visual function loss is crucial to evaluating the potential functional benefits of slowing GA progression. The knowledge would also guide future clinical trials to select quality of life (QoL) endpoints relevant to GA progression. Despite many previous studies advancing our knowledge in the natural history of GA lesion size,[10-13] longitudinal studies of QoL in patients with GA are still sparse in the literature.[14-17]

As part of our long-term GA natural history study, participants with bilateral GA completed a baseline and an annual questionnaire on various visual tasks. The first aim of the study is to investigate the correlation between patient-reported visual function and GA severity as indicated by visual acuity and GA size using baseline cross-sectional data. We also included a small group of participants with nonexudative AMD without GA (here called drusen) as a comparison. The second aim of the study is to investigate the longitudinal changes in self-reported visual function and compares the findings in bilateral GA participants.

METHODS
Study Participants
We enrolled 158 participants with GA secondary to atrophic AMD in a National Institute of Health-funded prospective natural history study of GA, conducted between 1992 and 2000 at the Wilmer Eye Institute.[18] The Wilmer Eye Institute institutional review board approved the study and we obtained informed consent from all participants. The criteria for GA were at least 1 area of retinal pigment epithelium atrophy at least 500 microns in diameter in at least one eye, with no evidence of choroidal neovascularization (CNV) or concurrent eye disease in that eye. We followed the patients annually and obtained best-corrected visual acuity (BCVA), ophthalmic exam, color fundus photographs, and visual symptom questionnaire at baseline and annual examinations. Of these patients, 91 had bilateral GA without CNV in either eye. The present study included the first 2 years of data for these patients, and, additionally, cross-sectional data of 12 participants with nonexudative early or intermediate AMD who had no evidence of GA or exudative AMD.

[bookmark: OLE_LINK1][bookmark: OLE_LINK4]Study Procedures
[bookmark: _Hlk152100958]A questionnaire of daily visual activities was employed that had previously been used in evaluating QoL in an elderly population.[19, 20] The present study began in 1992, before the National Eye Institute Visual Function Questionnaire (NEI-VFQ) questionnaire[21] and other instruments came into wide use. The questionnaire included 19 questions regarding QoL as affected by reduced vision (Supplemental method). Most questions asked for the frequency of difficulty (never-sometimes-often) with vision-specific tasks. We used ‘often’ as the measure of difficulty. Questionnaires were administered by the study coordinator, who read the questionnaire to the patients if they could not read it themselves. The questionnaire was administered annually, without referring to the patient’s previous responses.

All participants underwent visual testing at each visit, including BCVA measurements using an Early Treatment Diabetic Retinopathy Study chart and a protocol refraction. The smallest line for which 3 or more letters were read was defined as the acuity level, which was refined further by adding letters seen in smaller lines and subtracting letters missed in the acuity level line. We converted the BCVA to a logMAR visual acuity for analysis and reported findings in logMAR and Snellen format. Better- and worse-seeing eyes are defined on the basis of BCVA. We grouped participants into 3 BCVA categories based on the BCVA in the better-seeing eye: (1) BCVA of 20/50 or better (logMAR ≤ 0.40), (2) BCVA worse than 20/50 but better than 20/200 (logMAR between 0.40 and 1.00), and (3) BCVA of 20/200 or worse (logMAR ≥ 1.00).

We measured the total area of GA on color fundus photographs, using a procedure described in detail in a previous publication.[22] Baseline fluorescein angiography was performed to rule out choroidal neovascularization. We grouped participants in 5 GA area categories based on the GA area in the better-seeing eye. These categories were ≤5.0, 5.1-8.9, 9-12.5, 12.6-25, and > 25 mm2.

Statistical Analysis
We performed the statistical analyses in R software version 4.0.4 (R Foundation for Statistical Computing, Vienna, Austria). Descriptive analyses were performed for patient and eye characteristics, visual acuity, and questionnaire responses in mean ± standard deviation (SD) or median and interquartile range (IQR). We dichotomized the questionnaire responses on the frequency of visual function difficulty (never-sometimes-often) to (1) never or sometimes and (2) often. We performed multivariate logistic regressions (“glm” function in R software) to compare the baseline questionnaire response frequencies among different groups after adjusting for age and sex. A P value was not calculated if the response frequency was 0 in one group because it does not add meaningful information.[23] We performed generalized linear mixed-effect regression models (“glmer” function in R software) to model the longitudinal change of questionnaire response frequencies after adjusting for age and sex and including a random effect at the participants’ level. Given the exploratory nature of the analyses, significance was set at P = 0.05.

[bookmark: _Hlk152237100]RESULTS
Participant Characteristics
[bookmark: _Hlk206325260][bookmark: _Hlk206327103]The study included 91 participants with bilateral GA and 12 participants with drusen. Among participants with GA, the mean ± SD age was 77.9 ± 5.8 years at enrollment, and the number of female participants was 56 (61.5%). At baseline, the median [IQR] BCVA was 0.45 [0.25-0.65] logMAR (20/56 [20/35-20/89]) for the better-seeing eyes of each patient. For the worse-seeing eyes, the median [IQR] baseline BCVA was 0.95 [0.69-1.21] logMAR (20/178 [20/98-20/324]). The median [IQR] baseline GA area was 3.6 [1.1-6.1] mm2 in the better-seeing eyes, and 4.2 [1.3-7.1] mm2 in the worse-seeing eyes. Two participants, each with only visit, had suboptimal color fundus images, and the GA area could not be measured. The better-seeing eye had a smaller GA area than the worse-seeing eye in 62.6% of participants. Among the 91 participants with bilateral GA, the number of participants who completed the visual symptom questionnaire was 91 at baseline, 53 at year 1, and 41 at year 2.

In the drusen group, the mean ± SD age was 73.8 ± 6.7 years and 7 participants (58.3%) were female. The median [IQR] baseline BCVA was 0.11 [-0.03-0.24] logMAR (20/26 [20/19-20/35]) in the better-seeing eyes, and 0.14 [0.01-0.26] logMAR (20/28 [20/20-20/36]) in the worse-seeing eyes.

Visual Function Impairments Are Associated with GA Severity in BCVA and Lesion Size
For each analysis, the supplemental table includes all 19 vision-specific tasks, and Tables 1-3 includes the significant measures and the difficulty seeing in dim light (since it is so prevalent even early in the disease). Compared to drusen-only participants, participants with bilateral GA and good BCVA in the better-seeing eyes (≥ 20/50) had an increased frequency of trouble reading small print (P = 0.04), trouble seeing in dim light (P = 0.002), trouble adapting light to dark (P = 0.01), trouble identifying faces (P = 0.03), seeing better when looking off to the side (P = 0.01), trouble reading television credits (P = 0.004), trouble locating a sign (P = 0.03), and having stopped night driving (P = 0.003) (Table S1).

Among participants with bilateral GA, worse visual acuity was associated with increased frequency of trouble reading small print (P = 0.01), trouble identifying faces (P = 0.009), seeing better when looking off to the side (P = 0.0498), trouble locating a sign (P = 0.02), and having stopped all driving (P < 0.001) (Figure 1 and Table 1). Eighty five percent of patients with GA and good VA already had difficulty in dim illumination, and there was no significant further worsening in the worse visual acuity groups (P = 0.13).
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Figure 1. The percentage of frequent symptoms in 5 vision-specific tasks was significantly associated with best-corrected visual acuity in the better-seeing eyes of participants with bilateral geographic atrophy.

Table S2 shows the baseline percentage of participants reporting frequent difficulties for each vision-specific task among GA participants in different GA size groups. Among participants with bilateral GA, an increased GA area was associated with an increased frequency of trouble reading small print (P = 0.01), trouble judging the distance from the curb (P = 0.049), trouble seeing due to hazy appearance (P = 0.002), trouble identifying faces (P = 0.01), and having stopped all driving (P = 0.004) (Figure 2 and Table 2). After adjusting for baseline BCVA in the better-seeing eyes, GA area remained significantly associated with trouble reading small print (P = 0.049), trouble seeing due to hazy appearance (P = 0.01), and having stopped all driving (P = 0.04). Notably, 76.2% of patients with the smallest areas of GA (≤ 5 mm2) already had difficulty seeing in dim illumination, and there was no significant further worsening in the larger GA area groups (P = 0.053).
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Figure 2. The percentage of frequent symptoms in 5 vision-specific tasks was significantly associated with geographic atrophy area in the better-seeing eyes of participants with bilateral geographic atrophy.

Visual Function Impairments Worsen Significantly over 2 Years
Table S3 presents the longitudinal data for the frequency of difficulty for each vision-specific task. Here, the percentage reporting frequent symptoms in trouble reading small print (P = 0.01), trouble seeing in dim light (P = 0.005), trouble identifying faces (P = 0.03), trouble locating a sign (P = 0.008), and having stopped all driving (P = 0.02) significantly increased over 2 years (Figure 3 and Table 3). The percentage of patients with difficulty seeing in dim light was already 85.2% at baseline, and increased to 100% at 2 years (P = 0.005).
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Figure 3. The percentage of frequent symptoms in 5 vision-specific tasks increased significantly over 2 years. P value was calculated from generalized linear mixed-effect regression models after adjusting for the age and sex.

DISCUSSION
Key Findings and Comparison with Previous Literature
Although multiple natural history studies of GA have examined the relationship between GA progression, BCVA, and QoL, few studies have correlated QoL with both GA lesion area and BCVA in a longitudinal manner.[14-17] Moreover, in the handful of published studies that did evaluate QoL over time, the NEI-VFQ was predominantly used, generally yielding composite or broad domain scores. In contrast, few studies have examined individual visual functions—such as reading small print, locating a sign, or seeing in dim light—and their trajectories in relation to GA severity. Our work thus extends the existing literature by highlighting which specific vision-related tasks significantly worsen over two years and underscores that GA-related QoL loss can begin before substantial visual acuity loss.

Our prospective natural history study of 91 bilateral GA participants showed that increased GA severity measured by either BCVA or GA size was associated with increased frequency of difficulty in 7 vision-specific tasks (Figure 1 and 2). Among them, increased frequency of trouble reading small print, trouble identifying faces, and having stopped all driving were significantly associated with GA severity in both BCVA and GA size. After adjusting for BCVA, an increased GA area was significantly associated with an increased frequency of trouble reading small print, trouble seeing due to hazy appearance, and having stopped all driving. In the longitudinal data analysis, we found that the frequency in trouble reading small print, trouble seeing in dim light, trouble identifying faces, trouble locating a sign, and having stopped all driving significantly increased over 2 years.

[bookmark: _Hlk185785944]Our findings are consistent with findings in the literature. A recent review by Nielsen et al reports that patients with GA had the lowest score in near activities compared to other measures on NEI-VFQ among 11 studies,[14] consistent with our finding that 75.6% of bilateral GA participants had frequent trouble reading small print. The data on the relationship between GA severity and QoL is sparse in the literature but was found to be significant in a few studies. Kunzel et al. reported that the NEI-VFQ composite score was significantly associated with BCVA and GA size in the better eye.[16] Heier er al. found that the NEI-VFQ composite, near activity, and distance activity scores were weakly associated with GA area.[15] Other groups showed that greater area of atrophy in the central 1-mm-diameter zone of the better eye was independently associated with BCVA and lower QoL score on NEI-VFQ.[24, 25] Lastly, the QoL scores were found to decrease over time in a few studies.[15, 17]

Role of GA Progression on Functional Decline Beyond BCVA
Our study offers several insights. The self-reported performance of visual tasks is already significantly impacted at the early stages of GA. Among participants with bilateral GA who maintained a BCVA of 20/50 or better, the frequency of reporting difficulties in tasks such as reading small print (60.5%), seeing in dim light (81.0%), identifying faces (48.8%), and night driving (67.6%) was significantly higher compared to participants with drusen alone (Table 1 and S1, available at www.aaojournal.org). This finding suggests that GA's impact on QoL can begin before substantial visual acuity loss occurs, emphasizing the importance of early detection and intervention.
The size of the GA lesion, independent of BCVA, emerges as an important factor influencing functional visual impairments, including difficulties in reading small print, experiencing hazy vision, and challenges in driving. In this study, among participants with bilateral GA who maintained a BCVA of 20/50 or better, 25.6% ceased driving entirely, while 67.6% refrained from driving at night. These observations underscore the impact of GA progression on patients' QoL, extending beyond mere reduction of visual acuity. Consequently, therapeutic agents aimed at decelerating the expansion of GA lesions could potentially benefit patients' QoL even without significant impact on short-term visual acuity.

Implications for Clinical Trial Endpoints
When viewed longitudinally, we found a significant worsening in reading, seeing in dim light, face recognition, locating signs, and driving (Figure 3). These findings can be interpreted in two distinct ways with respect to clinical trial design. The first is to consider which measures worsen significantly with worsening of GA, and employ these to detect stabilization of symptoms (i.e., treatment efficacy) compared to the expected natural course of worsening. For example, a measure such as the Functional Reading Index[26] - a patient-reported outcome measure assessing reading activities - may be useful for tracking longitudinal changes in reading ability. Although visual function in dim illumination is already substantially impacted during the early stages of GA, it continued to worsen over time.[18] Low luminance visual acuity or patient-reported visual difficulties under low luminance might be considered as secondary functional endpoints in GA clinical trials, although since such a large percentage of patients at baseline already had frequent difficulty with seeing in dim illumination, it might be difficult to detect a change.[5, 6, 15, 27]

[bookmark: _Hlk206327249]A second is to consider that the self-reported measures are picking up aspects of the disease that are not captured by GA area and VA alone. In particular, reduced function under dim illumination may reflect the fact that the surviving photoreceptors are dysfunctional. Clinically, low luminance visual acuity and contrast sensitivity may capture impaired photoreceptor function.[18] Because BCVA under photopic conditions may remain relatively preserved despite photoreceptor dysfunction, treatments that improve photoreceptor health may be more likely to improve threshold visual functions—low-luminance acuity, contrast sensitivity, and scotopic sensitivity.[28-30] From this perspective, an intervention that targets photoreceptors may not change the rate of GA enlargement, but it may enhance functional performance under suboptimal lighting conditions. This could be reflected by an improvement in self-reported outcomes,[27, 31] and also by improvement in the low luminance visual acuity[18] or other dark adaptation measures,[32] and in contrast sensitivity. Given the evidence of preservation of foveal function for many years in many patients with GA,[33-36] improving photoreceptor function would improve quality of life for a number of years in these patients. This would represent a clinically meaningful outcome even in the absence of measured slowing of GA progression.

Study Limitations
The study is not without its limitations. First, we measured GA area on color fundus photography, because fundus autofluorescence and OCT imaging were not generally available in the 1990s. Color fundus photographs may be considered less sensitive to detect small GA lesions than fundus autofluorescence. However, several previous studies have demonstrated a high correlation between GA area measured on color fundus photography and fundus autofluorescence.[13, 37, 38] In addition, at the time of the study, since OCT imaging was not in common use, patients with macular neovascularization without exudation would not be distinguishable from patients with pure GA. Second, our natural history study was conducted between 1992 and 2000, prior to the introduction of the NEI-VFQ or other validated current questionnaires so we do not have data on these questionnaires. Third, though 91 patients were included in the baseline analyses, only 41 completed two years of follow-up. Fourth, although questionnaires were administered at the three year follow-up as well, the number of eyes with this length of follow-up was very small and three year data were therefore not included in the analysis. Extending the follow-up period beyond 2 years and including a larger cohort would provide a more comprehensive understanding of the natural history of GA and its long-term impact on QoL.

Conclusions
[bookmark: _Hlk206327293]Patient-reported difficulties with reading small print, low-luminance vision, face recognition, locating signs, and driving are common in patients with bilateral GA and significantly worsen over two years. These findings identify pragmatic patient-reported items for monitoring functional impact, and support evaluating threshold-based visual functional measures (e.g., low-luminance tasks) as potential clinical trial endpoints. Future studies should consider to investigate therapies that not only slow GA progression but also address the multifaceted visual function decline in this patient population.
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	Table 1. Baseline Percentage of Patients Reporting Frequent Symptoms Among BCVA Groups

	
	GA patients in different BCVA groups
	Drusen only

	
	All (%)
(n = 91)
	Group 1 (≥20/50) (%)
(n = 43)
	Group 2 (20/51-20/199) (%)
(n = 37)
	Group 3 (≤20/200) (%)
(n = 11)
	P*
	Drusen only (%)
(n = 12)
	P* for drusen vs. GA BCVA group 1

	Trouble reading small print
	75.6
	60.5
	86.1
	100.0
	0.01
	25.0
	0.04

	Trouble seeing in dim light
	85.2
	81.0
	85.7
	100.0
	0.13
	27.3
	0.002

	Trouble identifying faces
	62.2
	48.8
	66.7
	100.0
	0.009
	8.3
	0.03

	Seeing better when looking off to the side
	67.9
	57.5
	77.4
	80.0
	0.0498
	9.1
	0.01

	Trouble locating a sign
	57.6
	46.2
	60.0
	90.9
	0.02
	9.1
	0.03

	Having stopped all driving
	48.2
	25.6
	60.0
	100.0
	<0.001
	0.0
	-†

	
	
	
	
	
	
	
	

	BCVA = best-corrected visual acuity; GA = geographic atrophy.
* Adjusted for the age and sex in each analysis.
† P value was not calculated when the frequency was 0 in the drusen group.




	Table 2. Baseline Percentage of Patients Reporting Frequent Symptoms Among GA Size Groups*

	
	GA size group 1 (<=5 mm2) (%)
(n = 23)
	GA size group 2 (5.1-8.9 mm2) (%)
(n = 21)
	GA size group 3 (9-12.5 mm2) (%)
(n = 14)
	GA size group 4 (12.6-25 mm2) (%)
(n = 18)
	GA size group 5 (>25 mm2) (%)
(n = 13)
	P†
	P† for drusen vs. GA size group 1

	Trouble reading small print
	50.0
	81.0
	71.4
	83.3
	100.0
	0.01
	0.18

	Trouble seeing in dim light
	76.2
	80.0
	85.7
	88.9
	100.0
	0.053
	0.02

	Trouble judging the distance from curb
	13.6
	10.5
	14.3
	16.7
	46.2
	0.049
	-‡

	Trouble seeing due to hazy appearance
	13.6
	23.8
	42.9
	38.9
	69.2
	0.002
	-‡

	Trouble identifying faces
	45.5
	52.4
	64.3
	61.1
	100.0
	0.01
	0.07

	Having stopped all driving
	25.0
	30.0
	69.2
	56.3
	76.9
	0.004
	-‡

	GA = geographic atrophy.

*Two participants did not have GA area measurements
†Adjusted for the age and sex in each analysis.
‡ P value was not calculated when the frequency was 0 in the drusen group.





	Table 3. Longitudinal Change of Visual Symptoms

	
	Baseline (%)
(n = 91)
	Year 1 (%)
(n = 53)
	Year 2 (%)
(n = 41)
	P*

	Trouble reading small print
	75.6
	88.2
	93.9
	0.01

	Trouble seeing in dim light
	85.2
	90.2
	100.0
	0.005

	Trouble identifying faces
	62.2
	80.4
	84.4
	0.03

	Trouble locating a sign
	57.6
	66.7
	86.7
	0.008

	Having stopped all driving
	48.2
	55.3
	62.1
	0.02

	
*P value was calculated from generalized linear mixed-effect regression models after adjusting for the age and sex in each analysis.
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