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 Abstract: 22 

Healthy human aging is associated with a deterioration of visual acuity, retinal thinning, visual 23 

field map shrinkage and increasing population receptive field sizes. Here we ask how these 24 

changes are related to each other in a cross-sectional sample of fifty healthy adults aged 20-80 25 

years. We therefore hypothesized that age-related loss of macular retinal ganglion cells may lead 26 

to decreased visual field map sizes, and both may lead to increased pRF sizes in the cortical central 27 

visual field representation. We measured our participants’ perceptual corrected visual acuity using 28 

standard ophthalmological letter charts. We then measured their early visual field map (V1, V2 29 

and V3) functional population receptive field (pRF) sizes and structural surface areas using fMRI, 30 

and their retinal structure using high-definition optical coherence tomography. With increasing 31 

age visual acuity decreased, pRF sizes increased, visual field maps surface areas decreased, and 32 

retinal thickness decreased. Among these measures, only functional pRF sizes predicted perceptual 33 

visual acuity, and Bayesian statistics support a null relationship between visual acuity and cortical 34 

or retinal structure. However, pRF sizes were in turn predicted by cortical structure only (visual 35 

field map surface areas), which were only predicted by retinal structure (thickness). These results 36 

suggest that linked disruptions of neural structure and function throughout the early visual system 37 

underlie the deterioration of perceptual visual acuity in healthy aging. 38 

 39 

Keywords:  40 
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1. Introduction 73 

Low-level visual perceptual abilities, like visual acuity, decline during healthy human 74 

aging. Aging is associated with structural changes in the retina including a gradual loss of retinal 75 

ganglion cells and their axons (Harwerth et al., 2008; Harwerth and Wheat, 2008; Pearson et al., 76 

2006). In the early visual cortex, primary visual cortex (V1) changes in both structure (decreasing 77 

surface area) and function (increasing receptive field sizes) between young and older adults 78 

(Brewer and Barton, 2014, 2012).  We asked how these changes in the perception, structure and 79 

function of the early visual system in healthy human aging are linked in a large cross-sectional 80 

sample of 50 healthy human subjects from 20 to 80 years of age. We hypothesized that age-related 81 

changes in retinal and cortical structure and function may be linked, and together may underlie 82 

perceptual deterioration. 83 

The brain analyses visual space in a network of areas where the structural organization of 84 

the retina is repeatedly mapped onto the cortical surface (Deyoe et al., 1996; Wandell et al., 2005; 85 

Wandell and Winawer, 2011). This retinotopic structural organization of early visual areas V1, 86 

V2, and V3 has been well characterized in humans (Dougherty et al., 2003; Wandell et al., 2007). 87 

Recently developed functional magnetic resonance imaging (fMRI) methods also allow the 88 

functional response selectivity of neural populations to be characterized non-invasively in vivo. 89 

This approach, population receptive field (pRF) modeling (Dumoulin and Wandell, 2008), relies 90 

on the gradual progression of single-neuron receptive field positions within retinotopic visual field 91 

maps, grouping together similarly-responding neurons. This is a major advance beyond localizing 92 

responsive areas and characterizing their structure: it allows comparisons of functional neural 93 

response properties between humans and even comparison of neural response selectivity to 94 

behavioral measures of perceptual abilities from the same subjects.  95 

The visual position selectivity of neural populations (pRF size) in the early visual field 96 

maps has been well characterized in young adults. PRF sizes increase with visual eccentricity 97 

within a visual field map and increase hierarchically between visual field maps. Smaller pRF sizes 98 

imply a finer neural representation of visual space. The last few years have seen an expansion of 99 

studies linking human visual perceptual abilities to functional pRF properties. PRF sizes are 100 

smaller where visual acuity is higher, near the foveal regions of the cortex (Dumoulin and Wandell, 101 

2008; Harvey and Dumoulin, 2011) and in the horizontal visual quadrants (Silva et al., 2018), 102 

reflecting the spatial resolution of visual processing. The fine scale details of structural retinotopic 103 
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organization within these visual field maps shows complementary changes. The cortical 104 

magnification factor (CMF, the cortical area responding to each degree of visual angle) increases 105 

in foveal regions (Dougherty et al., 2003; Harvey and Dumoulin, 2011) and horizontal quadrants 106 

(Silva et al., 2018), similarly implying a finer representation of visual space here. Recent studies 107 

in young adults have linked differences in pRF size and/or CMF to differences in perceptual 108 

performance across the visual field (Duncan and Boynton, 2003; Silva et al., 2018)  and between 109 

individual adults (Schwarzkopf et al., 2011; Song et al., 2015). 110 

It has been proposed that retinal ganglion cell loss may lead to receptive field enlargement 111 

(King et al., 2006; Sharma, 2008) in glaucoma models, through changes in cortical pooling 112 

mechanisms (Redmond et al., 2010) or a degradation of intracortical inhibition. We have recently 113 

used pRF properties to relate quality of vision to neural plasticity after cataract surgery in older 114 

adults (Miranda et al., 2018; Rosa et al., 2017). 115 

We therefore hypothesized that age-related loss of macular retinal ganglion cells may lead 116 

to decreased visual field map sizes, and both may lead to increased pRF sizes in the cortical central 117 

visual field representation. To test this hypothesis, we combined perceptual measures of visual 118 

acuity with two neuroimaging methods: pRF modeling of fMRI data to quantify cortical visual 119 

field map structure and function, and high-definition optical coherence tomography (OCT) to 120 

quantify retinal structure. We tested the same 50 participants in all three data sets, spanning an age 121 

range from 20 to 80 years. This allowed us to quantify age-related changes in visual acuity 122 

(perception), early visual field map receptive field sizes (cortical functional) and surface areas 123 

(cortical structure), and retinal thickness (retinal structure). It also allowed us to examine between-124 

participant associations in these measures to link the perceptual, functional and structural changes 125 

during healthy human aging throughout the early visual system. 126 

 127 

Methods   128 

Participants 129 

Fifty healthy right-handed volunteers were recruited for this study and categorized by age into 130 

three groups: young adults (20-40 years, n = 18), middle-aged adults (40-60 years, n = 17), and 131 

older adults (60-80 years, n = 15). A full neuro-ophthalmological examination was performed, 132 

including best-corrected visual acuity (BCVA) measured as Early Treatment Diabetic Retinopathy 133 
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Study (ETDRS) letter score using the ETDRS chart (higher scores correspond to better vision), 134 

intraocular pressure (IOP) measurement (Goldman applanation tonometer), slit-lamp 135 

biomicroscopy, fundus examination (Goldman lens). Retinal image acquisition was obtained with 136 

optical coherence tomography (spectral domain Cirrus HD-OCT 5000, Carl Zeiss Meditec, 137 

Dublin, CA, USA) and only participants without any abnormalities of the macula or the optic disc 138 

were included. All participants had normal or corrected to normal vision (visual acuity ≥ 8/10) and 139 

IOP ≤ 21 mmHg, and with no history of visual disease or clinical intervention. No subject showed 140 

any signs of Age-Related Macular Degeneration (even in an early stage), nor family history of 141 

glaucoma or other hereditary eye disease or diabetes. One subject was left-handed as determined 142 

by the Edinburgh inventor (Oldfield, 1971) and excluded. Only participants without cognitive 143 

impairment were included in the study as assessed using the Montreal Cognitive Assessment-144 

MoCA, a screening tool for cognitive deterioration (Freitas et al., 2011), scoring within normality 145 

according to their age and education. None of the subjects had an history of neurological or 146 

psychiatric disorders. The study was conducted in accordance with the tenets of the Declaration of 147 

Helsinki and was approved by the Ethics Committee of the University of Coimbra. Written 148 

informed consent for the study was obtained, after explanation of the nature and possible 149 

consequences of the study. Table 1 shows all demographic parameters of the study participants. 150 

There were no statistically significant differences between age groups in gender, education level 151 

and other demographic characteristic of participants.  152 

 Age groups 

 20-40 years 40-60 years 60-80 years 

Demographic parameters    

Sample size (N subjects) 18 17 15 

Mean age [SEM] (y) 29.44 [1.15] 48.24 [1.29] 68.40 [1.51] 

Age range (y) 23-38 40 - 56 60 - 79 

Gender (male:female) 9:9 11:6 6:9 

Mean weight [SEM] (Kg) 66.11 [3.14] 73.33 [4.12] 67.04 [3.11] 

Mean height [SEM] (Meters)   1.68 [0.01]   1.67 [0.02]   1.67 [0.02] 

Mean age of last education [SEM]: range (years) 16.72 [0.61]:10-20y 15.06 [1.01]: 6-20y 13.79 [0.99]: 4-17y 

 Table 1: Participants’ demographic characteristics. 153 

 154 

fMRI Acquisition 155 

Data acquisition was performed on a Siemens Magnetom Trio 3T scanner (Siemens, Erlangen, 156 

Germany), using a whole-brain approach, with a 12-channel head coil. Two high-resolution 3D 157 

anatomical MPRAGE (rapid gradient-echo) T1-weightened sequences were acquired, each with 158 
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an isotropic resolution of 1 mm, repetition time (TR) of 2530 ms, echo time (TE) of 3.42 ms, field 159 

of view (FOV) of 256 x 256 mm. Each anatomical sequence comprised 176 slices, a flip angle of 160 

7º, an inversion time of 1100 ms with a total time of 363 ms. The functional T2*-weighted 2D 161 

echo-planar MRI images were acquired with an isotropic resolution of 2 mm, TR of 2000 ms, TE 162 

of 30 ms, FOV of 256 x 256 mm. Each functional sequence comprised 29 interleaved slices and 163 

186 volumes, the first 6 initial volumes for BOLD stabilization were discarded.  164 

 165 

Visual stimuli 166 

Visual stimuli were displayed on a 32-inch LCD monitor (Inroom Viewing Device; 167 

NordicNeuroLab, Bergen, Norway) with 1920 x 1080 pixel resolution, positioned at the end of the 168 

scanner bore and viewed through a mirror attached to a head coil. The display was 70.0 x 39.5 cm 169 

and the viewing distance was 156.5 cm, so it subtended a 22.21º x 14.38º of visual angle.  170 

The visual field mapping stimulus was created with PsychToolbox (Brainard, 1997; Pelli, 171 

1997) for Matlab (version R2014b; Mathworks, Natick, MA, USA).  It consisted of bars stepping 172 

across the display perpendicular to bar orientation (Dumoulin and Wandell, 2008), and revealing 173 

a white and black checkerboard pattern with 100% contrast moving parallel to the bar orientation 174 

(vertical, horizontal, and diagonal). The bar was 1.56˚ wide, 1/4th of the stimulus radius, and the 175 

checks were each 0.78˚ square, so the spatial frequency of the checkerboard matched the bar width. 176 

Four bar orientations (0˚, 45˚, 90˚, and 135˚) and two different motion directions for each bar were 177 

presented giving a total of eight different bar motion directions, each of which crossed the display 178 

in 15 steps 0.625˚, lasting 2 seconds each, 30 seconds. Four 30 second mean luminance (0% 179 

contrast) blocks were presented, one after each horizontal or vertical oriented bar crossing. 180 

Participant´s completed four visual field mapping runs (248 time frames each, around 6 min) 181 

within the same session. 182 

A fixation dot at the center of the visual stimulus changed from red to green at random time 183 

intervals and participants were instructed to press a button on a response box every time they 184 

detected a color change, to ensure that attention and fixation were maintained. Color changes were 185 

every 3 s on average, with a minimum change interval of 1.8 s. We discarded any scan where 186 

detection performance dropped below 70% (2 scans of 1 subject). Mann-Whitney comparisons on 187 

the number of correct responses revealed no significant difference in performance between age 188 

groups (U = 28.000, p = 0.112). 189 
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 190 

Anatomical and Functional Preprocessing  191 

All fMRI data were processed and analyzed using BrainVoyager QX software (v2.8.4; Brain 192 

Innovation, Maastricht, the Netherlands). First, anatomical data underwent brain extraction and 193 

intensity inhomogeneity correction to reduce artifacts and inhomogeneity caused by the magnetic 194 

field (Dale et al., 1999). The two anatomic data sets were aligned to each other and in order to 195 

improve the signal-to-noise ratio, were averaged and re-oriented into AC-PC plane, followed by 196 

transformation to the Talairach reference system. The white matter was segmented by using an 197 

automatic segmentation routine (Kriegeskorte and Goebel, 2001) and small manual adjustments 198 

were made, in order to create surface representations of each hemisphere (meshes). Preprocessing 199 

of the functional data included slice time correction, linear trend removal, temporal high-pass 200 

filtering (up to 2 cycles per scan), and 3D motion correction (rigid body) with spline interpolation. 201 

All volumes were corrected for head movement and motion artifacts between and within functional 202 

scans. Then, they were coregistered with each subject’s structural scan in Tailarach space and 203 

averaged across scans (Nestares and Heeger, 2000). 204 

 205 

Population Receptive Field Estimation and Analysis 206 

PRF models were estimated from the fMRI data and the time course of visual stimulus positions 207 

by using a model-driven approach (Dumoulin and Wandell, 2008) and implemented in 208 

BrainVoyager QX. Shortly, this approach estimates a neural response model, for each voxel, that 209 

best explains each voxel’s fMRI response to the stimulus’s visual field positions. It models the 210 

preferred position (x and y) and size (standard deviation or σ) of a two-dimensional circular 211 

Gaussian function describing the area of the visual field to which the voxel responds. First of all, 212 

we generated a binary stimulus aperture containing the visual field positions covered by the 213 

stimulus bars in each TR. Next, for a large set of combinations of pRF positions and sizes, we 214 

calculated the proportion of the pRF function overlapping the stimulus aperture at every TR, 215 

proportional to the predicted neural response amplitude for this candidate pRF and this stimulus. 216 

Next, each candidate neural response time course was convolved with a canonical BOLD 217 

hemodynamic response function to predict the BOLD response time course that the stimulus would 218 
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yield for this set of pRF parameters. For each voxel, the pRF parameters (preferred position and 219 

size) were found that predict the BOLD response time course best correlated to the voxel’s 220 

response time course, with the variance explained by the model being equivalent to the R2 of this 221 

correlation.  222 

The preferred position for each voxel was converted to preferred eccentricity and polar 223 

angle. These resulting parameter maps were projected onto inflated cortical meshes (Wandell et 224 

al., 2000), and the positions of V1, V2 and V3 were defined as regions of interest (ROIs) in relation 225 

to visual field representations (Figure 2) (Dougherty et al., 2003; Sereno et al., 1995; Wandell et 226 

al., 2007) using BrainVoyager´s surface drawing tools. Voxels with pRF model variance explained 227 

below 0.3 were excluded from further analysis, as were voxels outside of the delineated ROI. We 228 

also excluded voxels with pRF eccentricities below 0.5˚, since this part of the visual field is 229 

difficult to accurately map, and those beyond 6˚ eccentricity (near the edge of our stimulus area, 230 

where pRF properties are not estimated reliably. We attempted to delineate higher order areas, 231 

such as V4 and V3A, but in many participants these could not be identified reliably, because model 232 

fits were poor in those instances.  233 

 234 

Retinal imaging/thickness acquisition 235 

Measurements of macular retinal thickness (RT), retinal nerve fiber layer thickness (RNFLT) and 236 

the ganglion cell-inner plexiform layer thickness (GCIPLT) were obtained with a Cirrus HD-OCT 237 

5000 (Zeiss Meditec, Jena, Germany). All acquisitions were performed by the same trained 238 

operator. The volumetric data with 512 × 128 × 1024 voxels were acquired using the Macular 239 

Cube protocol centered on the macula. This protocol generates a cube of data through a 6 mm 240 

square grid around the fovea centralis by acquiring a series of 128 horizontal B-scans lines each 241 

composed of 512 A-scans, with an axial resolution of 5 mm. The standard output display of Cirrus 242 

HD-OCT includes a color topographical and a thickness map displaying measurements calculated 243 

for each of the nine macular areas corresponding to and defined by ETDRS grid. The global 244 

macular RT is defined as the average macular thickness from the inner limiting membrane to the 245 

top of the retinal pigment epithelium over the entire 6 x 6 scanned area. Global RT (mean of 246 

thicknesses in the nine sections of the ETDRS grid) were determined automatically and analyzed 247 

by the Cirrus HD-OCT´s internal algorithm. The thickness of two retinal layers was determined as 248 
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well, such as RNFLT and GCIPLT. The RNFLT was acquired using the optic disc cube 200 × 200 249 

protocol and analysis uses a 3.46 mm circle centered and around the optic disc. The ganglion cell 250 

analysis (GCA) algorithm measured the macular GCIPLT, within a 14.13 mm2 elliptical annulus 251 

area centered on the fovea. The global GCIPLT was measured in an elliptical annulus of the 252 

macular cube scan mode. Both eyes of each participant were separately scanned and compared, 253 

and no statistically significant differences between right and left eyes were found. 254 

 255 

Statistical Analysis 256 

A MATLAB (version R2019b, Statistics and Machine Learning Toolbox) script was developed to 257 

extract the mean pRF size of each visual area for each participant. We then tested the effect of age 258 

on acuity (BCVA), visual field map pRF sizes, visual field map surface areas and retinal thickness 259 

measures using Spearman (non-parametric, rank) correlations. For consistency, we used non-260 

parametric statistics throughout as some measures significantly deviated from normal distributions 261 

(in Shapiro-Wilk tests). We then tested for relationships between these measures, again using 262 

Spearman correlations. Results with p<0.05 were considered statistically significant.  263 

 We also used Bayesian Kendall’s tau analysis (van Doorn et al., 2018) to quantify support 264 

for or against the null hypothesis of no relationships between the ranks of these measures.  265 

We also tested a set of general linear models of retinal thickness, V1 surface area, V1 global 266 

pRF size, and visual acuity, where each of these was used as a dependent variable, and the 267 

remaining three as independent predictors acting together.  268 

Finally, we used a non-parametric bootstrapped mediation analysis (Preacher and Hayes, 269 

2008) to ask whether the major relationships we observe have significant components that are 270 

independent of age. 271 

Where two measurements are possible from each subject, either from the two eyes (retinal 272 

thickness) or the two hemispheres (pRF size, visual field map surface area), we treat these as two 273 

independent measurements. However, where testing for a correlation (or GLM) including a two-274 

eye measure and a two-hemisphere measure, these pairs don’t match up. Here we use the mean 275 

retinal thickness from both eyes, the mean pRF size from both hemispheres, or the summed surface 276 

area from both hemispheres. 277 

 278 
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Results   279 

Visual acuity decreased with age 280 

We quantified best corrected visual acuity (BCVA) using binocular ETDRS letter score (Figure 281 

1A), where higher values indicate better vision. BCVA was significantly negatively correlated 282 

with age, with letter score decreasing by 1.25 points per decade (Figure 1B, statistics shown on 283 

figures). 284 

  285 

Figure 1: Visual acuity decreased with age. (A) Example test card for measuring best corrected 286 

visual acuity, from the National Eye Institute, National Institutes of Health. (B) Acuity decreased 287 

with age. Points are individual participants, dashed line is best linear fit.  288 

 289 

Visual field map pRF sizes and surface areas changed with age, and were correlated, but 290 

only pRF sizes were correlated with acuity 291 

Maps of preferred visual field position polar angle and eccentricity across the early visual cortex 292 

were taken from pRF models for each participant. Figure 2A-B shows a representative hemisphere 293 

from young (20-40 years), middle-aged (40-60 years) and older (60-80 years) adults. All ages 294 

showed normal organization in these visual field maps. The visual field maps (V1, V2 and V3) 295 

were manually delineated for each participant. 296 
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 297 

Figure 2: Visual field maps and pRF size changes with eccentricity across the early visual cortex. 298 

(A) Polar angle maps displayed on the inflated mesh (right hemisphere) for a representative 299 
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example of each age group. The colors represent the recording sites for which the pRF model 300 

explains at least 30% of the variance. White dotted lines and labels show the position of the 301 

identified visual field maps. (B) Eccentricity maps displayed on the right hemisphere inflated mesh 302 

of representative examples of each age group. (C) PRF size changes with eccentricity in V1, V2 303 

and V3 for a representative example participant from each age group. Shaded areas show the mean 304 

± 1 SEM within each 0.5˚ eccentricity bin. Solid lines represent the best linear fit to bin means. 305 

 306 

We then binned the pRF size of the recording sites in each visual field map into eleven eccentricity 307 

bins, each 0.5˚ wide, from 0.5˚ - 6˚. Figure 2C shows changes in pRF size with eccentricity in V1, 308 

V2 and V3 representative example participants from each age group. To summarize these for each 309 

participant, we took a mean of these bins (global pRF size). We did not use the mean of individual 310 

recording site pRFs to avoid conflating pRF sizes with cortical magnification factors: cortical 311 

magnification decreases with eccentricity, so low eccentricities will contribute more to mean pRF 312 

sizes and differences in the distribution of cortical magnification factors will change the mean pRF 313 

size. Global pRF size avoids these issues. Global pRF sizes increased with age, showing strong 314 

correlations with age in V1, V2 and V3 (Figure 3A). PRF sizes increased by 0.11° in V1, 0.09° in 315 

V2 and 0.08° in V3 per decade. Global pRF sizes were strongly negatively correlated with visual 316 

acuity (Figure 3B), as previously shown within a narrower age range (Song et al., 2015). A 317 

Bayesian Kendall’s tau analysis (van Doorn et al., 2018) also supports the alternative hypothesis 318 

of a relationship between pRF size and visual acuity in all of these visual field maps (V1: 319 

BF10=19.3. V2: BF10=3.6. V1: BF10=6.9). 320 

Next, we asked whether global pRF sizes in different visual field maps were correlated across 321 

subjects.  While not specifically relevant for questions of age and acuity, we can find no previous 322 

test of this relationship. We found strongly significantly correlations between pRF sizes in all 323 

visual field map pairs (V1 and V2: r = 0.797, p < 0.0001; V2 and V3: r = 0.708, p < 0.0001; V1 324 

and V3: r = 0.583, p < 0.0001; all n = 100). To summarize each participant’s visual field map size, 325 

we measured the total surface area (in mm2) covered in each map from 0.5˚ - 6˚ eccentricity.  326 

Visual field map surface areas decreased with age, showing strong negative correlations in V1, V2 327 

and V3 (Figure 3C). Each hemisphere’s V1 shrank by 25 mm2 per decade, V2 by 19 mm2, and V3 328 

by 12 mm2. So, age-related changes in both the visual field maps pRF sizes and surface area appear 329 



14 

 

to decrease up the hierarchy. The surface areas of V1 and V2 were significantly negatively 330 

correlated with their pRF sizes (Figure 3D), while the correlation of V3’s surface area and pRF 331 

size only reached significance on a one-sided test (p=0.094 on a two-sided test). This correlation 332 

has been shown before in V1, within a narrower age range (Harvey and Dumoulin, 2011). 333 

However, no visual field map showed any significant relationship between its surface area and 334 

visual acuity (V1: p=0.084; V2: p=0.285; V3: p=0.790). Therefore, visual acuity followed pRF 335 

size but not surface areas of early visual field maps. In contrast to the relationship between pRF 336 

sizes and acuity, a Bayesian Kendall’s tau analysis finds no evidence for or against a null 337 

hypothesis of no correlation between V1 surface area and visual acuity (BF01=1.0), and supports 338 

the null hypothesis of no correlation between V2 and V3 surface area and visual acuity (V2: 339 

BF01=3.1. V3: BF01=5.3).  340 
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 341 
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Figure 3: Age-related changes in global pRF size, surface area and their relationships. (A) Global 342 

pRF size increased with age. (B) BCVA decreased with increasing global pRF size. (C) Visual 343 

field map surface area decreased with age. (D) Visual field map surface area decreased as global 344 

pRF size increases in V1 and V2. Points are individual hemispheres (individual subjects in B), 345 

dashed line is the best linear fit.  346 

 347 

Retinal thickness decreased with age and predicted visual field map surface areas  348 

We measured global mean RT, GCIPLT, and RNFLT in all participants (Figure 4A). The 349 

measured values were consistent with normative data of Liu et al., 2001. All three measures were 350 

significantly negatively correlated with age (Figure 4B), with RT decreasing 2.2 µm, GCIPLT 351 

decreasing 1.5 µm and RNFLT decreasing 1.5 µm per decade. All three retinal measures were 352 

significantly correlated with the surface area of V1 (Figure 4C) and also V2 and V3 (Figure 5). 353 

However, no retinal measure was significantly correlated with pRF size (in any visual field map) 354 

or with visual acuity. Bayesian Kendall’s tau analyses support the hypothesis of a correlation 355 

between V1 surface area and all retinal thickness measures (RT and V1 surface area: BF10=4.7. 356 

GCIPLT and V1 surface area: BF10=17.7. RNFLT and V1 surface area: BF10=8.4) but support the 357 

null hypothesis of no correlation between retinal thickness and both pRF size (RT and V1 pRF 358 

size: BF01=1.7. RT and V2 pRF size: BF01=3.8. RT and V3 pRF size: BF01=4.2) and visual acuity 359 

(BF01=2.4). 360 

 361 
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 362 

Figure 4: Age-related retinal thinning predicted decreases in V1 surface area. (A) Global retinal 363 

thickness (µm) maps for the central 20˚ of the right eye of representative participants from each 364 

age group. (B) The thickness of the total retina, ganglion cell inner plexiform layer and retinal 365 

nerve fiber layer decreased with age. (C) All retinal thickness measures predicted V1 surface area, 366 

but not pRF size or acuity. Points are individual eyes (in B) or participants (in C) dashed line is 367 

the best linear fit. 368 

 369 

 370 



18 

 

Integrated comparisons 371 

The overall pattern of results so far suggests that retinal thickness predicted visual field map 372 

surface areas, surface areas predicted pRF sizes, and pRF sizes predicted visual acuity. This is 373 

particularly evident in Figure 5B, where p-values of correlations become less significant (darker) 374 

with distance from the diagonal (i.e. with steps from the retina to perception). Indeed, correlations 375 

no longer reached significance when measures are separated more than one of these steps and 376 

Bayesian statistics support the null hypothesis of no relationship here.  377 

 378 

Figure 5: Correlations between all measures taken. (A) Pairwise Spearman’s correlation 379 

coefficients for all pairs of measures taken. (B) Probability of these correlations, after false 380 

discovery rate (FDR) correction for multiple comparisons. (C) Support for null and alternative 381 

hypotheses of correlations in Bayesian Kendall’s tau analyses. 382 

 383 

However, we have tested this using separate correlations, and some of these measures are closely 384 

related and co-vary. Therefore, we also tested a set of general linear models of retinal thickness, 385 

V1 surface area, V1 global pRF size, and visual acuity, where each of these was used as an 386 

dependent variable, and the remaining three as independent predictors acting together. This 387 

demonstrated that V1 global pRF size and visual acuity significantly predicted each other (t=-3.45, 388 

df=46, p=0.0012), while other measures did not significantly predict either. Similarly, retinal 389 

thickness and V1 surface area significantly predicted each other (t=2.264, df=46, p=0.0054), while 390 

other measures did not significantly predict either. V1 surface area and pRF size did not predict 391 

each other here, apparently because the variance in these measures was better captured by retinal 392 

thickness and visual acuity respectively, to which they were more strongly correlated. 393 
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Nevertheless, significant correlations between V1 surface area and pRF size have been previously 394 

demonstrated (Harvey and Dumoulin, 2011), and were replicated here (Figure 3D). 395 

 396 

Finally, investigating how different measures contribute to each other is complicated by the fact 397 

that all of our measures are strongly predicted by a common factor that seems likely to mediate 398 

these relationships: age. We use a non-parametric bootstrapped mediation analysis (Preacher and 399 

Hayes, 2008) to ask whether the major relationships we observe have significant components that 400 

are independent of age. First, we ask whether the effect of age on visual acuity has separable 401 

component that is mediated by V1 global pRF size, as all of these measures are correlated with 402 

each other. In this model, the effect of age on acuity (t=2.78, p=0.0077, df=49) consists of a 403 

significant direct component (t=2.14, p=0.037 df=48), but the component mediated by V1 pRF 404 

size does not reach significance (t=0.34, p=0.74, df=48). Next, we ask whether the effect of age 405 

on V1 global pRF size has separable component that is mediated by V1 surface area. Again, the 406 

effect of age on V1 global pRF size (t=4.37, p=0.00006, df=49) consists of a significant direct 407 

component (t=3.98, p=0.0002 df=48), but the component mediated by V1 surface area does not 408 

reach significance (t=0.11, p=0.91, df=48). Finally, we ask whether the effect of age on V1 surface 409 

has separable component that is mediated by retinal thickness. Again, the effect of age on V1 410 

surface area (t=3.20, p=0.0024, df=49) consists of a significant direct component (t=2.62, 411 

p=0.0119, df=48), but the component mediated by retinal thickness does not reach significance 412 

(t=1.39, p=0.17, df=48). 413 

 414 

Discussion 415 

In this study, we examined the neural basis of the common decline in visual acuity during healthy 416 

human aging by measuring visual acuity, retinal thickness, early visual field map surface areas, 417 

and their population receptive field (pRF) sizes in 50 adults from 20 to 80 years old. We 418 

characterized how these measures changed with age and how they co-varied. Retinal thickness, 419 

visual field map surface areas, and visual acuity all decreased with age, while pRF sizes increased. 420 

All these changes imply coarser visual processing. However, among these measures of neural 421 

structure and function, only functional pRF size significantly predicted visual acuity. Indeed, 422 

Bayesian statistics support the null hypothesis that retinal thickness measures and visual field map 423 

surface areas are unrelated to visual acuity. PRF size was in turn predicted only by the visual field 424 
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map’s surface area, which was in turn predicted by retinal thickness measures. However, it is 425 

important to note that these relationships are derived by correlations, and all of these changes are 426 

strongly correlated with age, a common factor affecting all measures. We do not find significant 427 

mediation of changes in acuity by changes in pRF size, pRF size by visual field map surface area, 428 

or visual field map surface area by retinal thickness that is separable from effects of age. 429 

Our pRF size results are consistent with previously described increases in pRF size up the 430 

visual hierarchy, with recording sites’ preferred eccentricities, and in subjects with smaller V1 431 

surface areas (Harvey and Dumoulin, 2011). Previous results have also shown smaller pRF sizes 432 

in V1 and V2 predict lower perceptual position discrimination thresholds (Song et al., 2015). These 433 

results all come from young and early middle-aged adults, 19-47 years old. Previous studies 434 

comparing 5 healthy young adults (24-36 years) and 4 healthy older adults (57-70 years) have 435 

shown larger pRF sizes and smaller V1 surface areas in the older group (Brewer and Barton, 2014, 436 

2012). These two studies use the same data, from very small numbers of participants. This small 437 

sample size is concerning because pRF sizes and visual field map surface areas vary by a factor of 438 

two to three between healthy young adults (Dougherty et al., 2003; Harvey and Dumoulin, 2011). 439 

We confirm this difference in our larger sample, and also show that pRF sizes are beginning to 440 

increase (and acuity decrease) in middle age. This suggests that age may be an important factor in 441 

individual differences in pRF size and acuity, and their covariation, even among the common 442 

sample of young and early middle-aged participants (Song et al., 2015). However, the pRF size 443 

differences seen between young and middle-aged groups (an increase of ~20%) are insufficient to 444 

explain the full range of individual differences (~250%). 445 

Regarding the retina, our OCT measures of retinal structure are also consistent with 446 

previous reports of gradual loss of retinal ganglion cells and their axons during healthy aging 447 

(Harwerth et al., 2008; Harwerth and Wheat, 2008; Jorge et al., 2020; Pearson et al., 2006).  We 448 

propose that this retinal ganglion cell loss is likely to cause the decreases in visual field map surface 449 

areas, and (indirectly) the increases in pRF size, that we observe. For changes in visual field map 450 

surface areas, degradation of ascending retinal ganglion cell projections (in macular degeneration) 451 

causes a decrease in the gray matter volume in the affected cortical projection zone (Hanson et al., 452 

2019). Although V2 and V3 do not receive direct ascending projections, V2 is physically linked 453 

to V1 and  V2 size is correlated with V1 size (Dougherty et al., 2003). Also, degradation of V1 454 

may cause a similar atrophy of V2 and V3 through a reduction in feedforward activity. 455 
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Interestingly, the shrinkage in V1 appears to occur faster (25 mm2 per decade) than in V2 (19 mm2 456 

per decade), which is in turn faster than in V3 (12 mm2 per decade). This may suggest an effect in 457 

V1 being passed up the hierarchy. 458 

Increases in early visual receptive field and pRF sizes are closely coupled to decreases in 459 

visual field map surface area or cortical magnification factor between individuals and within visual 460 

field maps (Harvey and Dumoulin, 2011; Hubel and Wiesel, 1974; Silva et al., 2018). However, 461 

retinal ganglion cell loss is also likely to indirectly affect receptive field sizes though cortical 462 

mechanisms: changes in cortical pooling (Redmond et al., 2010) or a degradation of intracortical 463 

inhibition, as seen in glaucoma models (King et al., 2006; Sharma, 2008). Previous results from 464 

senescent primates show a decrease (broadening) of orientation and motion direction selectivity in 465 

V1 and V2, coupled with increases in neural excitability (Leventhal et al., 2003; Schmolesky et 466 

al., 2000; Yu et al., 2006). These findings suggest an age-related degradation of intracortical 467 

inhibition resulting from the reliance of extrastriate receptive field properties on the upstream V1 468 

receptive fields. As pRF sizes in extrastriate visual cortex (V2 and V3) are correlated with V1 pRF 469 

sizes, this increase in pRF size is likely to cascade through the visual hierarchy. Indeed, we see 470 

age-related increases in pRF size at least up to V3, with the change in pRF sizes again decreasing 471 

from V1 to V2 to V3 even as the pRF sizes themselves increase. Given that large pRF sizes in 472 

early visual field maps predict high visual position discrimination thresholds (Song et al., 2015), 473 

such changes may underlie age-related reductions in visual acuity, though this relationship is 474 

complicated by changes in all measurements with age. 475 

 476 

We found that only pRF sizes predicted acuity, that pRF sizes were in turn predicted by 477 

visual field map surface areas, and that surface areas are in turn predicted by retinal thickness. 478 

However, it is too soon to make mechanistic conclusions about the causation of acuity deterioration 479 

from this apparently linked set of changes. First, our mediation analyses show that all of these 480 

measures follow age, but no measure significantly mediates the effects of age on any other. Second, 481 

pRF size estimates may be affected by age-related deterioration of the eye’s optical properties. Our 482 

participants wore any corrective lenses during pRF mapping and acuity measurements, but these 483 

correct refractive errors only and may not do so perfectly. While participants had no cataracts, it 484 

is hard to exclude the possibility of imperfect optics. Speaking against this interpretation, V1 pRF 485 

sizes increase from around 1° (standard deviation) in the average 30-year-old to around 1.5° in the 486 

average 75-year-old, which would require convolution with an optical blur of 1.12° standard 487 
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deviation to explain. That much blurring would severely disrupt vision and seems unlikely among 488 

participants with normal vision. But it is nevertheless important to remember that optical 489 

imperfections would affect acuity and pRF properties but not visual field map surface area or 490 

retinal thickness. 491 

It is also important to remember that pRF properties are estimated from fMRI BOLD 492 

responses. BOLD responses reflect a change in blood flow: hemodynamic responses following 493 

neural activity. It may be that age-related effects on pRF size reflect (at least in part) age-related 494 

changes in the hemodynamic response: a spatial broadening or temporal slowing of hemodynamic 495 

responses would both predict increased pRF size estimates. Hemodynamic changes alone seem 496 

unlikely to account for all changes in pRF properties because pRF size changes are correlated with 497 

changes in both perceptual acuity and visual field map surface areas, which would not be affected 498 

by hemodynamic changes. On the other hand, a hemodynamic response with the same cortical 499 

extent in a smaller visual field map would integrate responses covering a larger extent of visual 500 

space, so visual field map shrinkage itself may (at least in part) affect pRF sizes through 501 

hemodynamic mechanisms.  502 

Together, our findings provide an integrated account of changes in perceptual visual acuity, 503 

retinal structure, and the structural organization and functional response selectivity of the early 504 

visual cortex during healthy aging. All of these measures are closely linked to age, but not all are 505 

closely linked to each other. One interpretation of this pattern is that deterioration of ascending 506 

retinal ganglion cells during healthy aging leads to a specific shrinkage of the cortical target of the 507 

ascending visual pathway, the primary visual cortex. This in turn disrupts cortical neural 508 

interactions that normally sharpen visual position selectivity, leading to an increase in cortical 509 

receptive field sizes that cascades through the early visual hierarchy. If so, these changes in 510 

functional neural response selectivity are ultimately responsible for the age-related deterioration 511 

of visual perception, but themselves follow retinal deterioration. Therapies targeting the 512 

deterioration of the retinal ganglion cells may therefore prevent all these changes, so may be a 513 

promising approach to minimize the deterioration of visual perception during healthy aging. 514 

 515 
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Figures

Figure 1

Visual acuity decreased with age. (A) Example test card for measuring best corrected visual acuity, from
the National Eye Institute, National Institutes of Health. (B) Acuity decreased with age. Points are
individual participants, dashed line is best linear �t.



Figure 2

Visual �eld maps and pRF size changes with eccentricity across the early visual cortex. (A) Polar angle
maps displayed on the in�ated mesh (right hemisphere) for a representative example of each age group.
The colors represent the recording sites for which the pRF model explains at least 30% of the variance.
White dotted lines and labels show the position of the identi�ed visual �eld maps. (B) Eccentricity maps
displayed on the right hemisphere in�ated mesh of representative examples of each age group. (C) PRF
size changes with eccentricity in V1, V2 and V3 for a representative example participant from each age



group. Shaded areas show the mean ± 1 SEM within each 0.5˚ eccentricity bin. Solid lines represent the
best linear �t to bin means.

Figure 3

Age-related changes in global pRF size, surface area and their relationships. (A) pRF size increased with
age. (B) BCVA decreased with increasing global pRF size. (C) Visual �eld map surface area decreased



with age. (D) Visual �eld map surface area decreased as global pRF size increases in V1 and V2. Points
are individual hemispheres (individual subjects in B), dashed line is the best linear �t.

Figure 4

Age-related retinal thinning predicted decreases in V1 surface area. (A) Global retinal thickness (µm)
maps for the central 20˚ of the right eye of representative participants from each age group. (B) The
thickness of the total retina, ganglion cell inner plexiform layer and retinalnerve �ber layer decreased with
age. (C) All retinal thickness measures predicted V1 surface area, but not pRF size or acuity. Points are
individual eyes (in B) or participants (in C) dashed line is the best linear �t.



Figure 5

Correlations between all measures taken. (A) Pairwise Spearman’s correlation coe�cients for all pairs of
measures taken. (B) Probability of these correlations, after false discovery rate (FDR) correction for
multiple comparisons. (C) Support for null and alternativ hypotheses of correlations in Bayesian Kendall’s
tau analyses.
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