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Abstract 127 

 128 

Objective: To examine the extent to which visual function in Beckman age-related 129 

macular degeneration (AMD) disease stages differ from age similar peers with no 130 

AMD and using reference limits derived from those with no AMD, test the hypothesis 131 

that people with intermediate AMD (iAMD) have heterogenous visual function 132 

deficits. 133 

 134 

Design: Cross-sectional analyses of a range of baseline visual function measures 135 

from the MACUSTAR study; an international, multi-center (n=20), non-interventional 136 

clinical trial. 137 

 138 

Participants: 585 participants with iAMD (67% female, mean [standard deviation] 139 

age 72 [7] years) were recruited alongside 56 with no AMD (59% female, 68 [6]), 34 140 

with early AMD (79% female, 72 [6]) and 43 with late AMD (49% female, 75 [6]). 141 

 142 

Methods: Participants performed best-corrected visual acuity (BCVA), low 143 

luminance visual acuity (LLVA), Moorfields acuity test (MAT), Pelli-Robson contrast 144 

sensitivity (PR-CS), Small Print Standardized International Reading Speed Test 145 

(SPS), mesopic and scotopic Average Threshold (MesAT and ScoAT; Macular 146 

Integrity Assessment, iCare,) and Rod Intercept Time (RIT; AdaptDx, Lumithera).  147 

 148 

Main Outcome Measures: Relationship between each visual function measure and 149 

disease classification was examined by linear regression adjusted for age, sex and 150 

phakic status.  No AMD data were used to estimate normal reference limits for each 151 
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visual function test. iAMD scores were dichotomised against reference limits and 152 

proportion worse than each limit calculated. 153 

 154 

Results: Relative to no AMD, SPS was significantly worse in early AMD (p = 0.001), 155 

all measures except SPS were significantly reduced in iAMD (p<0.02) and all 156 

measures were markedly reduced in late AMD (p<0.0001).  31% of iAMD 157 

participants breached reference limits for PR-CS, 29% for RIT, 24% for LLVA, 23% 158 

for MAT, 21% for BCVA, 20% for MesAT, 18% for ScoAT and 13% for SPS.  69.6% 159 

and 42.7% of iAMD participants breached ≥1 and ≥2 reference limits respectively, 160 

whereas 33.6% and 5.7% would be expected by chance. 161 

 162 

Conclusions:  A large proportion of people with structurally defined iAMD exhibit 163 

heterogenous visual function deficits outside normal reference limits.  This 164 

observation may be relevant for the design and inclusion criteria of future 165 

interventional trials.  166 

 167 

 168 

Trial registration:  169 

Clinicaltrials.gov Reference: NCT03349801 170 

https://clinicaltrials.gov/ct2/show/NCT03349801 171 

 172 

 173 

 174 

 175 

 176 
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Age-related macular degeneration (AMD) is a major cause of severe sight 177 

impairment globally affecting 196 million people, projected to rise to 288 million by 178 

2040[1].  The progressive stages of AMD, referred to as early, intermediate and late 179 

disease are identified based on structural features present in colour fundus 180 

photography[2].  The value of incorporating optical coherence tomography (OCT) 181 

features within future classification paradigms is being explored[3-5].  Despite 182 

relevance to patients, visual function measures are not currently considered within 183 

AMD classification systems and could potentially distinguish structurally similar 184 

disease with differing functional impacts, underlying pathology, or responsiveness to 185 

therapeutics.   186 

 187 

Patient reported outcome studies suggest people with intermediate age-related 188 

macular degeneration (iAMD) experience difficulty under low luminance conditions[6, 189 

7]. Multiple measures of visual function under photopic, mesopic and scotopic 190 

conditions are also significantly worse in iAMD compared to healthy controls [8-15], 191 

however as absolute differences are small, clinical significance is unclear.  192 

Substantial functional heterogeneity within measures of low-luminance vision, 193 

contrast sensitivity, retinal sensitivity, and rod adaptation have been observed in 194 

iAMD [10, 12, 16] suggesting that comparing mean visual function measures between 195 

disease classifications may miss the presence of subgroups of people with iAMD 196 

experiencing meaningful functional impairment.  Establishing evidence of visual 197 

function heterogeneity in people with iAMD, its prevalence and the extent to which 198 

different dimensions of visual function are affected could be useful for future trial 199 

design, regulatory purposes, and studies of new therapies.   200 

 201 
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Here we interrogate data from a large multi-center study on a range of clinical visual 202 

function assessments, to examine the extent to which visual function in AMD stages 203 

differs from age similar peers with no AMD and using reference limits derived from 204 

those with no AMD, test the hypothesis that people with iAMD have heterogenous 205 

visual deficits.  206 

 207 

Methods: 208 

MACUSTAR (Registration NCT03349801; www.clinicaltrials.gov) is a non-209 

interventional 20 center clinical trial, the protocol of which has been published 210 

previously[17].  Briefly, MACUSTAR has two parts; a cross-sectional study where 211 

structural and functional candidate endpoints have been evaluated with respect to 212 

their repeatability and ability to distinguish normal aging changes from Beckman[2] 213 

classified AMD stages (No AMD, early AMD, iAMD and late AMD [includes both 214 

geographic atrophy and neovascular AMD])[18, 19] and a longitudinal study where the 215 

ability of candidate endpoints to detect change over time and predict progression of 216 

iAMD to late AMD is being evaluated over a 3-year time course in a larger cohort 217 

with iAMD, with an extension to 6 year follow up recently announced.  The present 218 

work uses the full baseline dataset across both components of the MACUSTAR 219 

study.   220 

 221 

Written informed consent was obtained from all participants.  The research was 222 

approved by individual local ethics committees (summarised in [20]) and conformed to 223 

the Declaration of Helsinki.  Inclusion and exclusion criteria have previously been 224 

published[17, 21]. Disease classification was confirmed by a central reading center 225 

based on multi-modal imaging (colour fundus photography, near-infrared reflectance 226 
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scanning laser ophthalmoscopy, fundus autofluorescence and spectral-domain 227 

optical coherence tomography) graded according to a standardized, predefined 228 

grading protocol based on Beckman AMD classification[2, 22]. 229 

 230 

All participants performed a battery of visual function assessments including best-231 

corrected visual acuity (BCVA), low luminance visual acuity (LLVA)[23], Moorfields 232 

acuity test (MAT)[24], Pelli-Robson contrast sensitivity (PR-CS) [25], Small Print 233 

Standardized International Reading Speed Test (SPS)[26, 27], average threshold from 234 

mesopic and scotopic fundus-controlled perimetry (MesAT and ScoAT; Macular 235 

Integrity Assessment, iCare, Finland) and rod intercept time (RIT) from dark 236 

adaptometry (AdaptDx, Lumithera, USA).  A full description of all examination 237 

procedures including their standardized operating procedures (SOPs) have been 238 

published elsewhere[18, 19].  As MACUSTAR was conceived to examine the potential 239 

of candidate endpoints within iAMD, test were selected with respect to relevance in 240 

iAMD, adequate measurement quality, compatibility with repeated standardized 241 

administration under multi center clinical trial conditions and being accepted by 242 

patients and examiners[17].  All tests were performed monocularly with the study eye 243 

(defined as that with better BCVA or selected by the investigator if BCVA was equal 244 

in both eyes).  Visual function data were subject to 6 monthly quality control 245 

procedures.  MesAT, ScoAT and RIT data were assessed for quality and reliability 246 

as per their SOPs so that only high-quality data were retained for analysis.  RIT 247 

values were capped at the maximum test duration (30 minutes).  The relationship 248 

between each visual function measure and Beckman disease classification was 249 

plotted and examined by linear regression adjusted for age, sex and phakic status 250 

with Benjamini-Hochberg adjustment for multiple comparisons.   251 
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 252 

Cross-sectional data from those with no AMD were used to define a reference limit 253 

for normal function on each visual function test against which iAMD results were 254 

dichotomised. For visual function measures where higher values equate to better 255 

function, the reference limit was defined as the 5th percentile of baseline no AMD 256 

data.  For measures where lower values equate to better function, the 95th percentile 257 

was used.  Percentiles were computed using the default quantile type of the quantile 258 

function, which corresponds to continuous sample quantile type 7 described here[28]. 259 

The proportion of participants with iAMD exhibiting function worse than each 260 

reference limit was calculated, together with the proportion falling outside, or 261 

breaching 0, 1, 2, 3, 4, 5, 6, 7 or 8 reference limits. Missing data points were 262 

classified as not exceeding the threshold.  An UpSet plot[29, 30] was used to 263 

graphically display the number and variety of reference limits breached.  A negative 264 

binomial regression model was fitted to investigate the association between the 265 

number of breached visual function limits and phakic status.  All analyses were 266 

performed in R, version 4.3.0[31].  STROBE reporting guidelines were followed[32]. 267 

 268 

Results: 269 

Five hundred and eighty five participants with iAMD (67% female, mean [± standard 270 

deviation] age 72 ± 7 years) were recruited alongside 56 with no AMD (59% female, 271 

68 ± 6 years), 34 with early AMD (79% female, 72 ± 6 years) and 43 with late AMD 272 

(49% female, 75 ± 6 years).  More than 99% of participants completed BCVA, LLVA, 273 

MAT and PR-CS measures, with 93.7% performing the SPS.  SPS was not 274 

performed at one site (n=30) where a native language (Danish) test was not 275 

available.  The proportion of participants able to return a valid MesAT, ScoAT and 276 
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RIT measurement was 90.8%, 85.2% and 69.1% respectively.  Table 1 provides the 277 

distribution of demographic and visual function measures by disease classification, 278 

presented graphically in figure 1. 279 

 280 

A linear regression model adjusted for age, sex and phakic status examined the 281 

relationship between each visual function measure and disease classification, where 282 

no AMD was the reference level.  Model results are summarised in Table 2.  Relative 283 

to no AMD, only SPS was significantly worse on average in early AMD (p=0.001), 284 

whereas all measures apart from SPS were significantly worse in iAMD (p<0.02).  285 

Though statistically significant, in each case model estimates were smaller than the 286 

limits of agreement defined during the cross-sectional part of MACUSTAR.[18, 19]  All 287 

visual function measures were significantly and markedly poorer in late AMD relative 288 

to no AMD (p<0.0001), with all estimates being between 1.6x to 5x larger than the 289 

limits of agreement defined on the MACUSTAR late AMD cohort.[18, 19]  Additionally 290 

age was associated with all visual function measures except for RIT (p<0.0003). 291 

 292 

Calculated reference limits and the proportion of iAMD participants breaching said 293 

limits for each visual function test is provided in Table 3 and shown in Figure 1 as a 294 

red dashed line.  The proportion of those with iAMD breaching individual reference 295 

limits was largest for PR-CS (31.3%), followed by RIT (29.4%), LLVA, (24.1%) and 296 

MAT (23.2%).  Roughly one fifth breached BCVA (20.5%), MesAT (19.8%) and 297 

ScoAT (17.9%) reference limits, dropping to an eighth for SPS (12.6%). Average 298 

differences between each impaired subgroup and the no AMD group were calculated 299 

and are shown in Table 3.  The impaired subgroup for BCVA, LLVA and MAT were 300 

between 0.22 LogMAR (11 letters) - 0.32 LogMAR (16 letters) poorer than the no 301 
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AMD group.  PR-CS was 0.35 LogCS (7 letters) poorer, SPS reading speed was 82 302 

wpm slower, MesAT and ScoAT were 7.2dB and 8.4dB lower respectively and RIT 303 

was 7.89 minutes slower. 304 

 305 

407 (69.6%) iAMD participants breached the no AMD reference limits on at least one 306 

visual function test, with 250 (42.7%) breaching at least 2.  Binomial probability 307 

calculations were used to determine how many participants would be expected to 308 

exceed at least one ([1 – 1*(1-0.05)^8] = 33.6%) and at least 2 ([1 – 1*(1-0.05)^8 – 8! 309 

/ 7!*0.05*(1-0.05)^7] = 5.7%) limit by chance under the null hypothesis that people 310 

exhibiting function worse than the reference limit have equivalent visual function to 311 

peers with no AMD.  The number and proportion of those with iAMD who breached 0 312 

– 8 reference limits are provided in Table 4 (available at https://www.aaojournal.org).  313 

 314 

The Upset plot in Figure 2 graphically displays the quantity of iAMD participants who 315 

breached the reference limit for each visual function test and the extent to which 316 

iAMD participants breached reference limits on single and / or multiple visual 317 

function tests. Though the PR-CS reference limit was breached most commonly 318 

overall, RIT was the most common reference limit breached in isolation, whereas 319 

individuals who breached the PR-CS limits, more often breached one or more 320 

additional limit in combination.  The most common combination of 2 reference limits 321 

breached was PR-CS and MAT (n = 134, [22.9%]), with RIT and SPS being the least 322 

common (n = 47, [8.0%]).  Four individuals exceeded all 8 limits. No association was 323 

found between the number of breached visual function limits and phakic status 324 

(p>0.16). 325 

 326 
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Since reference limits calculated for these analyses account for measurement 327 

variability between those with no AMD but not within individuals, a sensitivity 328 

analysis was performed exploiting no AMD data obtained at both baseline (Day 0) 329 

and validation (Day 14 ± 7) study visits.  Results are provided in Table 5 and 6 330 

(available at https://www.aaojournal.org).  Applying secondary reference limits 331 

revealed 360 (61.5%) iAMD participants breached at least one limit and 209 (35.7%) 332 

breached at least 2. 333 

 334 

Discussion 335 

In this large, multi-center dataset, a range of visual function tests did not show 336 

clinically meaningful average differences in functional performance between normal 337 

aging and both early AMD and iAMD.  Conversely visual function in those with late 338 

AMD was markedly and significantly reduced, exceeding limits of agreement defined 339 

for the MACUSTAR visual function test battery by between 1.6 and 5 times.  Despite 340 

average visual function in iAMD being clinically comparable to no AMD on a 341 

population level, 69.6% of iAMD participants had deficits in at least 1 visual function 342 

test falling outside reference limits established in visually healthy peers; more than 343 

two-fold greater than that expected by chance.  Additionally, 42.7% of participants 344 

with iAMD had deficits in two or more visual function tests; seven times more than 345 

that expected by chance. Estimates of the proportion affected by chance assume 346 

tests are unrelated.  Correlation coefficients between the visual function measures in 347 

this cohort are in the weak to moderate range (Under review with Ophthalmologica: 348 

Terheyden, 2024: The Heterogeneous Spectrum of Functional, Structural and 349 

Patient-Reported Outcomes in Intermediate Age-Related Macular Degeneration – A 350 

MACUSTAR Study Report).  Taken together, this supports the notion that functional 351 
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heterogeneity in the baseline iAMD population of MACUSTAR cannot be explained 352 

as a chance finding.  That said, the observed proportions depend on the veracity of 353 

the reference limits used.  354 

There are no universally accepted thresholds for normal function in older eyes.  355 

Therefore, we defined reference limits on data from 56 visually healthy peers in the 356 

same study.  This dataset has the unique advantage of being obtained under the 357 

same multi-center, multi-technician conditions, using the same publicly available 358 

SOPs[18, 19].  We additionally exploited the availability of repeat no AMD visual 359 

function data to assess the impact of intra-observer variability on our calculated 360 

reference limits.  This sensitivity analysis adopted the cautious approach of basing a 361 

set of secondary reference limits on the worst of 2 visual function measurements.  362 

Comparing these to our initial limits showed that for letter scored tests (BCVA, LLVA, 363 

MAT and PR-CS) reference limits differed by between 0 and 1.5 letters.  SPS limits 364 

differed by 3 wpm, microperimetry average threshold measures by between 0.8 – 365 

1dB and RIT by 0.27 minutes.  Logically, applying these adjusted thresholds resulted 366 

in a smaller proportion of iAMD participants outside reference limits, however the 367 

proportion outside at least one (61.5%) and 2 (35.7%) limits were roughly 1.8x and 368 

6x that expected by chance respectively, corroborating our primary finding that a 369 

large proportion of participants with iAMD have deficits in visual function falling 370 

outside reference limits established in visually healthy peers. 371 

A comparative study of visual function in normal controls and iAMD assessed BCVA, 372 

LLVA, MAT, PR-CS, SPS, MesAT and ScoAT in 24 control eyes in a single center 373 

(61.7 ± 6.1 years) using equivalent equipment and testing protocols.[9]  Using their 374 

published no AMD data to calculate the mean ± 2 x standard deviation for each 375 
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visual function measure as a proxy for the 5th/95th percentile revealed roughly 376 

equivalent values to our reference limits (BCVA: 0.12 LogMAR; LLVA: 0.38 LogMAR; 377 

MAT: 0.50 LogMAR; PR-CS: 1.50 LogCS; SPS: 116wpm; MesAT: 22.7dB; ScoAT: 378 

19.5dB).  The single center ALSTAR2 study has also assessed a range of visual 379 

function parameters in 239 people (70.8 ± 5.6 years) in normal macular health (Age-380 

Related Eye Disease Study[33] [AREDS] grade 1).[13, 34]  Though defining reference 381 

limits was not the primary aim of ALSTAR2, as one of the largest published studies 382 

of normal macular health it serves as a very useful comparator.  Further there is 383 

some overlap between the visual function test batteries of ALSTAR2 and 384 

MACUSTAR (both assess BCVA, LLVA, contrast sensitivity, MesAT, ScoAT and 385 

RIT), though testing equipment and protocols differ.  These factors limit a true, direct 386 

comparison.  Nevertheless, proxy reference limits calculated using baseline 387 

ALSTAR2 control data (using the method described above) reveal slightly more 388 

conservative values than our reference limits for all tests except RIT (BCVA: 0.15 389 

LogMAR; LLVA: 0.42 LogMAR; MARS contrast sensitivity[35]: 1.39 LogCS; MesAT: 390 

19.1dB; ScoAT: 16.0dB).  A direct comparison for RIT is more challenging as test 391 

parameters differ.  Based on data from the same 12° retinal location used in 392 

MACUSTAR, though using a higher bleach and longer maximum test duration[34], the 393 

proxy RIT limit is 16.2mins.  Recent evidence suggests dark adaptation deficits in 394 

early AMD are likely greatest when assessed at 5° eccentricity)[34]. In MACUSTAR, 395 

the 12° test location was chosen based on pilot data showing that a deficit is present 396 

in people with iAMD at 12°, and that a smaller proportion of participants would 397 

demonstrate a ceiling effect within a clinically practical test duration.[36-38] In line with 398 

this pilot data, our results support the existence of an RIT deficit at 12°, as a higher 399 

proportion of participants fell outside the RIT reference limit than any other functional 400 
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parameter except for PR-CS. However, we note that a more centrally located target 401 

may have identified an even higher proportion of individuals with abnormal RIT, had 402 

the test duration been extended to 45 or 60 minutes.  In addition to test parameter 403 

differences and the different method of reference limit calculation, the slightly older 404 

age of the ALSTAR2 cohort ([70.8 ± 5.6] versus [68 ± 6] years) may also contribute 405 

to the difference in reference limits between studies.  406 

MACUSTAR reference limits presented here cannot be considered true normative 407 

cut off values given the small dataset on which they are based; this is a limitation. 408 

Nevertheless, we suggest this method of defining reference limits for exposing 409 

functional heterogeneity is justified by its statistical underpinning, consensus with 410 

previous work and cautious nature. However, future work characterizing normative 411 

visual function on the MACUSTAR test battery in a larger cohort with a wider and 412 

balanced age-range is warranted to fully explore the concept of functional 413 

heterogeneity in iAMD and other ocular disease cohorts.   414 

Functional heterogeneity in AREDS defined iAMD  has been previously observed 415 

based on mesopic microperimetry, low luminance deficit and dark adaptation 416 

measures in single center studies.[36, 38, 39]  Here we add further evidence that this 417 

heterogeneity extends to a wider range of clinical visual function tests and is 418 

observable in a large, multi-center population of people with Beckman classified 419 

iAMD examined under clinical trial conditions.  Recent work using qualitative 420 

autofluorescence to assess early changes in AMD suggests some eyes classified as 421 

Beckman iAMD may be at an earlier stage disease stage[40].  This suggests 422 

functional heterogeneity may not only be the preserve of iAMD but may extent to 423 

those with earlier disease.   424 
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Though a certain degree of heterogeneity could be introduced by technical variability 425 

or execution, especially in a multi center setting, efforts were employed to minimise 426 

this.  Technician were certified, 6 monthly quality control assessments were 427 

performed to recognise any  additional training needs and to identify and exclude 428 

invalid data, test-retest variability was determined for all tests[18, 19] and pilot testing 429 

performed to optimise test parameters[37, 41].  Thus, we consider our data to have 430 

high quality and conclusions valid. 431 

The average differences between the iAMD subgroup with impaired function and 432 

normal peers exceed the test-retest limits for each visual function test[18, 19], 433 

supporting the clinical relevance of functional heterogeneity in iAMD.  Furthermore, 434 

differences approximate changes proposed to represent clinical relevance (15-letters 435 

on acuity tests [42], 6-letters on PR-CS[43, 44], 80 wpm on SPS[45, 46], 7dB in retinal 436 

sensitivity[47], and 6.5 minutes on RIT albeit at a different retinal location[48]) based on 437 

methods including expert consensus, association of functional measures with task 438 

performance or self-report and diagnostic sensitivity and specificity.   439 

Deficits were most commonly found in PR-CS and RIT, however PR-CS deficits 440 

occurred more often in combination with other deficits whilst RIT deficits were more 441 

frequently seen in isolation suggesting the possibility of distinct functional profiles 442 

within the structural classification of iAMD.  For example, given delayed RIT in 443 

normal macular health is associated with development of incident AMD after 3 444 

years,[49] those with RIT deficits may be at an earlier stage of progression than those 445 

who have accumulated multiple visual function deficits.  It is also accepted that 446 

functional performance in iAMD varies with and without reticular pseudodrusen 447 
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(RPD)[34, 50-54]. As such, differing functional outcomes may be associated with distinct 448 

structural phenotypes.   449 

 450 

Given the functional impact of cataract, we were reassured phakic status was not 451 

related to the number breached visual function limits.  Age however was associated 452 

with all visual function measures apart from RIT.  If age deputises for disease 453 

duration, functional heterogeneity may in part be explained by various stages of 454 

progression within the baseline iAMD cohort, rather than visual deficits indicating 455 

faster progression toward late disease.  That said, 549/585 (94%) of the iAMD cohort 456 

had bilateral iAMD, with the remainder having iAMD in the study eye and late AMD in 457 

the fellow eye 46/585 (8%).  With late AMD in the fellow eye associated with higher 458 

rates of progression to late disease[55], symmetrical disease in the vast majority of 459 

the iAMD population may reduce the likelihood that the heterogeneity observed is 460 

the result of differing stages of progression.  We acknowledge that chronological, not 461 

biological age was adjusted for. It has been shown that those with a higher biological 462 

than chronological age are at higher risk of poorer health outcomes, which may be 463 

influencing the heterogeneity observed[56].   We will shortly investigate whether iAMD 464 

associated with functional deficits increases the risk of progression to late AMD with 465 

longitudinal MACUSTAR data.  If so, this may go toward supporting the clinical 466 

relevance of functional impairment in iAMD and its potential to be a treatment 467 

indication in itself. 468 

 469 

Functional heterogeneity may also have a substantial bearing on inclusion criteria for 470 

future interventional trials.  If criteria are based solely on structural classification, this 471 

risks recruiting a cohort with an assorted or variable profile of visual function deficits.  472 
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If, as regulators prefer, visual function endpoints are employed, baseline variation 473 

within the assessed visual domain may obscure any potential intervention related 474 

signal.   475 

 476 

There are further limitations in this work that should be considered.  As described 477 

above, the calculation of references limits is based on a limited sample of 56 no 478 

AMD participants.  Furthermore, the small size of the early (n = 34) and late AMD (n 479 

= 43) groups are also a limitation.  The rationale for our sample sizes has been 480 

explained previously[18]. That visual function tests were not chosen based on AMD 481 

pathogenesis could be considered a limitation, however this was not customary at 482 

the time of study design.  Rather as described in the methods section, clinical data 483 

informed test selection with an emphasis on tests that could potentially be adopted in 484 

multi center clinical trial settings. 485 

We conclude that when multiple domains of visual function in normal aging are 486 

compared to early AMD and iAMD on population level, average differences across 487 

groups are not clinically meaningful, being considerably less than limits of 488 

agreement.  However, population level change may obscure person level functional 489 

decline in iAMD.  Using reference limits established in visually healthy peers, 69.6% 490 

of those with structurally defined iAMD have at least one functional deficit, more than 491 

two fold that expected by chance.  42.7% have at least two deficits, seven times 492 

greater than chance.  Average differences between those with iAMD who display 493 

functional impairment and those with no AMD approximate clinically meaningful 494 

change across visual function assessments.  This evidence of visual function 495 

heterogeneity in iAMD in our large, multi-center cohort may be relevant to the design 496 

and participant inclusion criteria of future intervention iAMD trials, especially those 497 
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aiming to halt or slow photoreceptor degeneration and loss.  It remains to be seen 498 

whether people with iAMD who have specific visual function deficits are more likely 499 

to progress to late AMD, or whether these findings are a reflection of various stages 500 

of progression within the MACUSTAR iAMD cohort.   501 

 502 

Tables titles, descriptions and footnotes 503 

 504 

Table 1: Summary of demographic and visual function measures.   505 

 506 

Summary of demographic and visual function measures segregated by Beckman 507 

disease classification.   508 

 509 

AMD: age-related macular degeneration; SD: standard deviation; Min: minimum; 510 

Max: maximum; LogMAR: logarithm of the minimum angle of resolution; LogCS: 511 

logarithm of contrast sensitivity; ~20/XX approximate Snellen equivalent; wpm: 512 

words per minute; IReST: International Reading Speed Test; dB: decibels. *30 513 

participants without access to Danish language IReST included in missing data rate.   514 

 515 

Table 2: Relationship between visual function measures and disease 516 

classification 517 

 518 

Linear regression model examining the relationship between each visual function 519 

measure (as dependent variable) and disease classification, adjusted for age, sex 520 

and phakic status.   521 
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 522 

AMD: age-related macular degeneration; i: intermediate; BCVA: best corrected 523 

visual acuity; LLVA: low luminance visual acuity; MAT: Moorfields acuity test; PR-524 

CS: Pelli-Robson contrast sensitivity; SPS: Small print standardised International 525 

Reading Speed Test; MesAT: Mesopic average threshold; ScoAT: Scotopic average 526 

threshold; RIT: Rod Intercept Time; LogMAR: logarithm of the minimum angle of 527 

resolution; LogCS: logarithm of contrast sensitivity; wpm: words per minute; dB: 528 

decibel, mins: minutes. Bold indicates significant result. 529 

 530 

Table 3: Summary of iAMD participants breaching visual function reference 531 

limits 532 

 533 

Number and proportion iAMD participants breaching the reference limit for each 534 

visual function test calculated as a proportion of the complete iAMD cohort (585).  535 

Mean ± standard deviation of those breaching the reference limited (functionally 536 

impaired) and not breaching the reference limit (function not impaired) for each 537 

variable.  No AMD data provided for comparison between iAMD function impaired 538 

and no AMD.  539 

 540 

BCVA: best corrected visual acuity; LLVA: low luminance visual acuity; MAT: 541 

Moorfields acuity test; PR-CS: Pelli-Robson contrast sensitivity; SPS: Small Print 542 

Standardised International Reading Speed Test; MesAT: Mesopic average 543 

threshold; ScoAT: Scotopic average threshold; RIT: Rod Intercept Time; LogMAR: 544 

logarithm of the minimum angle of resolution; LogCS: logarithm of contrast 545 

sensitivity; wpm: words per minute; dB: decibel, mins: minutes. 546 
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 547 

Table 4: Summary of iAMD participants breaching 0 – 8 reference limits 548 

 549 

Number and proportion of iAMD participants breaching 0 through 8 worse than 550 

reference limits.  551 

 552 

AMD: age-related macular degeneration; i: intermediate. 553 

 554 

Table 5: Summary of secondary reference limits and proportion of iAMD 555 

participants breaching secondary reference limits. 556 

 557 

Number and proportion iAMD participants breaching secondary worse than 558 

reference limits for each visual function test calculated as a proportion of the 559 

complete iAMD cohort (585).   560 

 561 

BCVA: best corrected visual acuity; LLVA: low luminance visual acuity; MAT: 562 

Moorfields acuity test; PR-CS: Pelli-Robson contrast sensitivity; SPS: Small Print 563 

Standardised International Reading Speed Test; MesAT: Mesopic average 564 

threshold; ScoAT: Scotopic average threshold; RIT: Rod Intercept Time; LogMAR: 565 

logarithm of the minimum angle of resolution; LogCS: logarithm of contrast 566 

sensitivity; wpm: words per minute; dB: decibel, mins: minutes. 567 

 568 

Table 6: Summary of iAMD participants breaching 0 – 8 secondary reference 569 

limits 570 

 571 
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Number and proportion iAMD participants breaching 0 through 8 secondary worse 572 

than reference limits.  573 

 574 

AMD: age-related macular degeneration; i: intermediate. 575 

 576 

 577 

 578 

Figures Legends 579 

 580 

Figure 1: Distribution of the visual function measures by disease 581 

classification.  582 

 583 

Red dashed line indicates reference limit for each test based on no AMD data. AMD: 584 

age-related macular degeneration; i: intermediate; BCVA: best corrected visual 585 

acuity; LLVA: low luminance visual acuity; MAT: Moorfields acuity test; PR-CS: Pelli-586 

Robson contrast sensitivity; SPS: Small print standardised International Reading 587 

Speed Test; MesAT: Mesopic average threshold; ScoAT: Scotopic average 588 

threshold; RIT: Rod Intercept Time; LogMAR: logarithm of the minimum angle of 589 

resolution; LogCS: logarithm of contrast sensitivity; wpm: words per minute; dB: 590 

decibel, mins: minutes. 591 

 592 

Figure 2: Upset plot describing number and extent of reference limits breached 593 

in participants with iAMD.   594 

 595 

Horizontal black bars indicate the set size or number of iAMD participants who 596 

breached the reference limit for each visual function (VF) test shown by the adjacent 597 
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label.  Vertical black bars indicate the intersection size or number of iAMD 598 

participants who breached the reference limit of the visual function test(s) indicated 599 

by the filled black circles beneath.  For example, the left most vertical black bar 600 

indicates that 59 iAMD participants breached the RIT reference limit only, whilst the 601 

right most vertical black bar indicates that 4 iAMD participants breached the 602 

reference limit on all 8 visual function tests. BCVA: best corrected visual acuity; 603 

LLVA: low luminance visual acuity; MAT: Moorfields acuity test; PR-CS: Pelli-Robson 604 

contrast sensitivity; SPS: Small Print Standardised International Reading Speed 605 

Test; MesAT: Mesopic average threshold; ScoAT: Scotopic average threshold; RIT: 606 

Rod Intercept Time. 607 

 608 
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  No  
AMD 

Early  
AMD 

Intermediate 
AMD 

Late  
AMD 

  (n = 56) (n = 34) (n = 585) (n = 43) 

Age, years Mean (SD) 68 (6) 72 (6) 72 (7) 75 (6) 

Median [Min, 
Max] 

68 [55, 88] 72 [57, 82] 72 [55, 88] 75 [64, 84] 

Sex Female 33 (58.9%) 27 (79.4%) 389 (67%) 21 (48.8%) 
 Male 23 (41.1%) 7 (20.6%) 196 (33%) 22 (51.2%) 

Best Corrected 
Visual Acuity 
(BCVA), LogMAR 

Mean  
(SD) 

-0.04 (~20/20) 
(0.08) 

0.01 (~20/20) 
(0.08) 

0.03 (~20/20) 
(0.10) 

0.77 (~20/125) 
(0.25) 

Median [Min, 
Max] 

-0.06 (~20/16) 
[-0.24,0.14] 

0.02 (~20/20) 
[-0.18, 0.20] 

0.02 (~20/20) 
[-0.24, 0.28] 

0.84 (~20/125) 
[0.20,1.24] 

Missing 0 0 1 (0.2%) 0 

Low Luminance 
Visual Acuity (LLVA), 
LogMAR 

Mean  
(SD) 

0.14 (~20/25) 
 (0.09) 

0.19 (~20/32) 
(0.14) 

0.24 (~20/32) 
(0.16) 

0.95 (~20/200) 
(0.24) 

Median [Min, 
Max] 

0.13 (~20/25) 
[-0.02, 0.38] 

0.17 (~20/32) 
[-0.04, 0.50] 

0.22 (~20/32) 
[-0.14, 1.08] 

0.96 (~20/200) 
[0.52, 1.52] 

Missing 0 0 2 (0.3%) 0 

Moorfields Acuity 
Test (MAT), LogMAR 

Mean  
(SD) 

0.36 (~20/50) 
(0.11) 

0.42 (~20/50) 
(0.12)  

0.44 (~20/50) 
(0.16)  

1.03 (~20/200) 
(0.20)  

Median [Min, 
Max] 

 0.35 (~20/50) 
[0.16, 0.62] 

 0.41 (~20/50) 
[0.20, 0.72] 

 0.42 (~20/50) 
[-0.10, 1.10] 

 1.00 (~20/200) 
[0.66, 1.48] 

Missing 0 0 1 (0.2%) 0 

Pelli Robson 
Contrast  
Sensitivity (PR-CS), 
LogCS 

Mean (SD) 1.71 (0.16) 1.63 (0.16) 1.55 (0.18) 1.07 (0.34) 

Median [Min, 
Max] 

1.75 [1.05, 
1.95] 

1.65 [1.25, 
1.90] 

1.55 [0.75, 
1.95] 

1.15 [0.20, 1.55] 

Missing 0 0 2 (0.3%) 0 
Small Print 
Standardsed (SPS) 
IReST, wpm 

Mean (SD) 156 (38) 123 (44) 144 (40) 25(36) 

Median [Min, 
Max] 

154 [77, 293] 129 [51, 215] 147 [0, 285] 1 [0, 132] 

Missing* 1 (1.8%) 0 (0%) 37 (6.3%) 4 (9.3%) 

Mesopic Average  
Threshold (MesAT), 
dB 

Mean (SD) 25.4 (2.06) 23.9 (2.61) 23.3 (3.65) 7.92 (6.85) 

Median [Min, 
Max] 

25.6 [19.4, 
29.2] 

24.6 [17.1, 
27.6] 

24.2 [0.50, 
29.4] 

7.20 [0, 21.1] 

Missing 2 (3.6%) 0 (0%) 58 (9.9%) 6 (14.0%) 

Scotopic Average  
Threshold (ScoAT), 
dB 

Mean (SD) 21.30 (2.44) 19.60 (3.27) 18.70 (3.78) 6.0 (6.0) 

Median [Min, 
Max] 

21.5 [16.1, 
29.2] 

20.3 [12.4, 
24.2] 

19.6 [0.20, 
25.6] 

3.20 [0, 20.6] 

Missing 3 (5.4%) 0 (0%) 89 (15.2%) 14 (32.6%) 

Rod Intercept Time,  
(RIT) at 12° inferiorly, 
minutes 

Mean (SD) 4.24 (1.36) 6.15 (4.81) 7.21 (5.07) 13.4 (11.8) 

Median [Min, 
Max] 

4.20 [1.58, 
9.02] 

5.21 [2.68, 
30.0] 

5.62 [1.59, 
30.0] 

7.25 [1.87, 30.0] 

Missing 13 [23.2%] 5 (14.7%) 177 (30.3%) 27 (62.8%) 

Table 1: Summary of demographic and visual function measures.   
 
Summary of demographic and visual function measures segregated by Beckman 
disease classification.   
 
AMD: age-related macular degeneration; SD: standard deviation; Min: minimum; 
Max: maximum; LogMAR: logarithm of the minimum angle of resolution; LogCS: 
logarithm of contrast sensitivity; ~20/XX approximate Snellen equivalent; wpm: 
words per minute; IReST: International Reading Speed Test; dB: decibels. *30 
participants without access to Danish language IReST included in missing data rate.   
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Visual function 
measure 

No AMD versus Early 
AMD 

No AMD versus iAMD No AMD versus Late AMD 

Estimate  
(CI) 

Adjusted 
p value 

Estimate  
(CI) 

Adjusted 
p value 

Estimate  
(CI) 

Adjusted 
p value 

BCVA 
(LogMAR) 
 

0.04 
(-0.10, 0.08) 

0.22 0.05  
(0.02, 0.09) 

0.0017 0.79 
(0.74, 0.83) 

<0.0001 

No AMD n = 56 
Early AMD n = 34 

No AMD n = 56 
i AMD n = 584 

No AMD n = 56 
Late AMD n = 43 

LLVA 
(LogMAR) 

0.03 
(-0.03, 0.09) 

0.47 0.08  
(0.04, 0.12) 

0.0004 0.77 
(0.71, 0.83) 

<0.0001 

No AMD n = 56 
Early AMD n = 34 

No AMD n = 56 
i AMD n = 583 

No AMD n = 56 
Late AMD n = 43 

MAT 
(LogMAR) 

0.03 
(-0.03, 0.09) 

0.47 0.06  
(0.01, 0.10) 

0.02 0.63 
(0.57, 0.69) 

<0.0001 

No AMD n = 56 
Early AMD n = 34 

No AMD n = 56 
i AMD n = 584 

No AMD n = 56 
Late AMD n = 43 

PR-CS 
(LogCS) 

-0.06 
(-0.14, 0.02) 

0.21 -0.14  
(-0.19, -0.08) 

<0.0001 -0.59  
(-0.67, -0.52) 

<0.0001 

No AMD n = 56 
Early AMD n = 34 

No AMD n = 56 
i AMD n = 583 

No AMD n = 56 
Late AMD n = 43 

SPS 
(wpm) 
 

-31 
(-48, -14) 

0.001 -10  
(-21, 2)  

0.17 -125 
(-141, -109)  

<0.0001 

No AMD n = 55 
Early AMD n = 34 

No AMD n = 55 
i AMD n = 548 

No AMD n = 55 
Late AMD n = 39 

MesAT 
(dB) 
 

-1.13 
(-2.72, 0.46) 

0.27 -1.69  
(-2.73, -0.65) 

0.004 -16.61  
(-18.17, -15.05) 

<0.0001 

No AMD n = 54 
Early AMD n = 34 

No AMD n = 54 
i AMD n = 527 

No AMD n = 54 
Late AMD n = 37 

ScoAT 
(dB) 

-1.41 
(-3.04, 0.22) 

0.17 -2.29  
(-3.37, -1.21) 

0.0001 -14.56  
(-16.27, -12.84) 

<0.0001 

No AMD n = 53 
Early AMD n = 34 

No AMD n = 53 
i AMD n = 496 

No AMD n = 53 
Late AMD n = 29 

RIT 
(mins) 

1.41 
(-1.00, 3.82) 

0.37 2.35  
(0.72, 3.98) 

0.01 8.32 
(5.36, 11.28) 

<0.0001 

No AMD n = 43 
Early AMD n = 29 

No AMD n = 43 
i AMD n = 408 

No AMD n = 43 
Late AMD n = 16 

Table 2: Relationship between visual function measures and disease classification 
 
Linear regression model examining the relationship between each visual function 
measure (as dependent variable) and disease classification, adjusted for age, sex 
and phakic status.    
 
AMD: age-related macular degeneration; i: intermediate; BCVA: best corrected 
visual acuity; LLVA: low luminance visual acuity; MAT: Moorfields acuity test; PR-
CS: Pelli-Robson contrast sensitivity; SPS: Small print standardised International 
Reading Speed Test; MesAT: Mesopic average threshold; ScoAT: Scotopic average 
threshold; RIT: Rod Intercept Time; LogMAR: logarithm of the minimum angle of 
resolution; LogCS: logarithm of contrast sensitivity; wpm: words per minute; dB: 
decibel, mins: minutes. Bold indicates significant result. 
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Visual 
function 
measure 

Reference  
limit 

n (%) of iAMD 
participants 
breaching 
reference 

limit 

 
iAMD 

(mean ± SD) 

 
No AMD 
(mean  
± SD) 

 
 

 
Δ |iAMD 
(function 

impaired – 
no AMD) 

Function 
impaired 

 

Function 
not 

impaired 

BCVA 
(LogMAR) 

> 0.10  120  
(20.5%) 

0.18 
(0.05) 

-0.01 
(0.08) 

-0.04 
(0.08) 

0.22 
(11 letters) 

LLVA 
(LogMAR) 

> 0.32  141  
(24.1%) 

0.46 
(0.12) 

0.18 
(0.09) 

0.14 
(0.09)  

0.32 
(16 letters) 

MAT 
(LogMAR) 

> 0.55  136  
(23.2%) 

0.65 
(0.09) 

0.38 
(0.12) 

0.36  
(0.11) 

0.29 
(14.5 letters) 

PR-CS 
(LogCS) 

< 1.49  183  
(31.3%)   

1.36 
(0.12) 

1.64 
(0.12) 

1.71  
(0.16) 

-0.35 
(7 letters) 

SPS 
(wpm) 

< 100  
 

74  
(12.6%)  

74 
(23) 

155  
(29) 

156  
(38) 

-82 

MesAT 
(dB) 

< 21.7  
 

116  
(19.8%)  

18.2  
(4.2) 

24.8  
(1.6) 

25.4  
(2.1) 

-7.2 

ScoAT 
(dB) 

< 17.0  
 

105  
(17.9%)  

12.9  
(3.7) 

20.3  
(1.7) 

21.3 
(2.4) 

-8.4 

RIT 
(mins) 

> 6.21  
 

172  
(29.4%)  

12.10 
(11.6) 

4.39 
(1.07) 

4.24  
(1.36) 

-7.86 

Table 3: Summary of iAMD participants breaching visual function reference limits 
 
Number and proportion iAMD participants breaching the reference limit for each 
visual function test calculated as a proportion of the complete iAMD cohort (585).  
Mean ± standard deviation of those breaching the reference limited (functionally 
impaired) and not breaching the reference limit (function not impaired) for each 
variable.  No AMD data provided for comparison between iAMD function impaired 
and no AMD.  
 
BCVA: best corrected visual acuity; LLVA: low luminance visual acuity; MAT: 
Moorfields acuity test; PR-CS: Pelli-Robson contrast sensitivity; SPS: Small Print 
Standardised International Reading Speed Test; MesAT: Mesopic average 
threshold; ScoAT: Scotopic average threshold; RIT: Rod Intercept Time; LogMAR: 
logarithm of the minimum angle of resolution; LogCS: logarithm of contrast 
sensitivity; wpm: words per minute; dB: decibel, mins: minutes. 
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Table 4: Summary of iAMD participants breaching 0 – 8 reference limits 
 
Number and proportion of iAMD participants breaching 0 through 8 worse than 
reference limits.  
 
AMD: age-related macular degeneration; i: intermediate. 
 

Number of 
reference limits 

breached 

iAMD 
n (%) 

0 178 (30.4%) 

1 157 (26.8%) 

2 92 (15.7%) 

3 51 (8.7%) 

4 37 (6.3%) 

5 35 (6.0.%) 

6 19 (3.2%) 

7 12 (2.1%) 

8 4 (0.7%) 
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Visual 
function 
measure 

n (%) with valid 
data 

Reference  
Limit based on worse 

of V2 and V3 

n (%) of iAMD participants 
breaching worse reference 

limit 

BCVA 584 (99.8%) > 0.11 LogMAR 120 (20.5%) 

LLVA 583 (99.6%) > 0.32 LogMAR 141 (24.1%) 

MAT 584 (99.8%) > 0.58 LogMAR 136 (23.2%) 

PR-CS 583 (99.6%) < 1.45 LogCS 183 (31.3%)  

SPS 548 (93.7%) < 97 wpm 74 (12.6%) 

MesAT 527 (90.1%) < 20.7 dB 116 (19.8%) 

ScoAT 496 (84.8%) < 16.2 dB 105 (17.9%) 

RIT 408 (69.7%) > 6.48 mins 172 (29.4%) 

Table 5: Summary of secondary reference limits and proportion of iAMD participants 
breaching. 
 
Number and proportion iAMD participants breaching secondary worse than 
reference limits for each visual function test calculated as a proportion of the 
complete iAMD cohort (585).   
 
BCVA: best corrected visual acuity; LLVA: low luminance visual acuity; MAT: 
Moorfields acuity test; PR-CS: Pelli-Robson contrast sensitivity; SPS: Small Print 
Standardised International Reading Speed Test; MesAT: Mesopic average 
threshold; ScoAT: Scotopic average threshold; RIT: Rod Intercept Time; LogMAR: 
logarithm of the minimum angle of resolution; LogCS: logarithm of contrast 
sensitivity; wpm: words per minute; dB: decibel, mins: minutes. 
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Table 6: Summary of iAMD participants breaching 0 – 8 secondary reference limits 
 
Number and proportion iAMD participants breaching 0 through 8 secondary worse 
than reference limits.  
 
AMD: age-related macular degeneration; i: intermediate. 
 

Number of 
reference limits 

breached 

iAMD 
n (%) 

0 225 (38.5%) 

1 151 (25.8%) 

2 84 (14.4%) 

3 44 (7.5%) 

4 31 (5.3%) 

5 27 (4.6%) 

6 11 (1.8%) 

7 10 (1.7%) 

8 2 (0.3%) 
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Précis 

 

In the MACUSTAR study, multiple tests of clinical visual function reveal functional 

heterogeneity in intermediate age-related macular degeneration which is relevant to 

future trial design. 
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