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ABSTRACT 

Aging often results in reduced visual acuity from 
changes in both the eye and neural circuits [1-4]. 
In normally aging subjects, primary visual cortex 
has been shown to have reduced responses to 
visual stimulation [5]. It is not known, however, 
to what extent aging affects visual field repre-
sentations and population receptive sizes in 
human primary visual cortex. Here we use func-
tional MRI (fMRI) and population receptive field 
(pRF) modeling [6] to measure angular and ec-
centric retinotopic representations and popula-
tion receptive fields in primary visual cortex in 
healthy aging subjects ages 57 - 70 and in 
healthy young volunteers ages 24 - 36 (n = 9). 
Retinotopic stimuli consisted of black and white, 
drifting checkerboards comprising moving bars 
11 deg in radius. Primary visual cortex (V1) was 
clearly identifiable along the calcarine sulcus in 
all hemispheres. There was a significant de-
crease in the surface area of V1 from 0 to 3 deg 
eccentricity in the aging subjects with respect to 
the young subjects (p = 0.039). The coherence of 
the fMRI% BOLD modulation was significantly 
decreased in the aging subjects compared to the 
young subjects in the more peripheral eccen-
tricity band from 7 to 10 deg (p = 0.029). Finally, 
pRF sizes were significantly increased within 
the 0 to 3 deg foveal representation of V1 in the 
aging subjects compared to the young subjects 
(p = 0.019). Understanding the extent of changes 
that occur in primary visual cortex during nor-
mal aging is essential both for understanding 
the normal aging process and for comparisons 
of healthy, aging subjects with aging patients 
suffering from age-related visual and cortical 
disorders. 
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1. INTRODUCTION 

Human visual cortex can be partitioned into distinct 
visual areas which serve separate perceptual functions 
and hierarchical stages of visual processing [7,8]. One 
important organizing principle within many visual areas 
is a topographical map of visual space, also called a vis-
ual field map. The organization of these maps follows 
the organization of the retina; hence, retinotopic visual 
field maps are cortical regions in which nearby neurons 
analyze the properties of nearby points of an image on 
the retina. The ability to measure visual field maps in 
vivo, along with the receptive field properties and stimu-
lus selectivity of the various classes of neurons within 
these maps, is essential for understanding visual compu-
tations. In addition, knowledge of the normal cortical 
representations of the visual field allows us to study po-
tential changes or reorganization within visual cortex 
under conditions that may lead to a disruption of the 
normal inputs to these maps [9-11]. 

While the organization and function of early visual 
cortex (i.e., V1, V2, V3) have been well characterized in 
human, these measurements have almost exclusively 
been in healthy young adults [5,12-15]. Very little is 
known about the effects of aging on the structural and 
functional properties of early visual field maps in human 
visual cortex. Behavioral, anatomical, and neuroimaging 
measurements have demonstrated several changes in 
healthy aging visual pathways that may contribute to 
reduced visual acuity in aging. For example, Elliot et al. 
[1,4] demonstrated that the decrease in contrast sensiti- 
vity at medium and high spatial frequencies seen with 
increasing age is likely due to retinal and cortical 
changes rather than optical changes in the eye. Although 
there was not a measurable decrease in the volume of 
primary visual cortex with age in one study [16], other 
studies showed a decline with age in the retinal nerve 
fiber layer thickness [17,18] and a loss of retinal photo-
receptors [2]. In addition, aging has been shown to sig-
nificantly increase neural response variability and de-
crease the response-to-noise ratio in V1 and MT in aging 
macaque monkeys, possibly from a degradation of in-
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hibitory intra-cortical circuits in aging [19]. Together, 
these findings suggest that changes in V1 visual field 
representations and pRF properties may also occur in the 
normal aging process.  

In one of the only studies that has focused on meas-
urements of visual field maps in the aging population, 
Crossland et al. [5] used fMRI with traveling wave vis-
ual field mapping methods to show that V1 in healthy 
aging subjects has lower blood-oxygen-level-dependent 
(BOLD) activity compared to healthy young adults, but 
found no change in the overall size of V1. Importantly, 
their results also demonstrated that aging has no effect on 
fixation stability, thus paving the way for future aging 
studies also using visual field mapping methods, which 
rely on stable eye position for optimal measurements. 

Understanding the changes that primary visual cortex 
undergo, if any, during normal aging is essential both for 
understanding the normal aging process and for com-
parison of healthy, age-matched controls with aging pa-
tients suffering from such age-related disorders as Alz-
heimer’s disease. Visual deficits, for example, are often 
reported as one of the first symptoms of AD and can in-
clude problems with contrast sensitivity, visual attention, 
visual processing speed, visual field defects, color dis-
crimination, and feature recognition of complex objects 
such as faces [20-22]. As we begin to further investigate 
changes in visual cortex in age-related disorders like AD, 
it will be very important to distinguish cortical changes 
related to healthy aging from those resulting from the 
pathophysiology of the disease.  

Here we use population receptive field (pRF) model-
ing [6] to further characterize detailed changes in pri-
mary visual cortex in healthy aging subjects compared to 
healthy young adults. 

2. METHODS 

2.1. Subjects 

Nine subjects were recruited for this study: five 
healthy young adult subjects aged 24 - 36 years (mean 
age = 28 years; two female), and four healthy, normally 
aging subjects aged 57 - 70 years (mean age = 63.5 years; 
three female). The young adult subjects were recruited 
from the students and faculty at the University of Cali- 
fornia, Irvine (UCI). The aging subjects were recruited 
from the normally aging cohort enrolled at the Alz- 
heimer’s Disease Research Center (ADRC) at UCI. Sub-
jects are included in this cohort based upon neuropsy- 
chiatric testing and clinical diagnosis through the ADRC, 
with a normal Mini-Mental State Exam (MMSE) [23] 
score between 27 - 30. ADRC cohorts undergo a battery 
of tests and longitudinal data collection including: de- 
mographics, medical history, medications, family his- 
tory, physical exam, neurological exam, cognitive testing 

and diagnosis, APOE genotypes, and comprehensive 
neuropsychological testing. Subjects recruited for this 
study had no history of previous head injury, alcoholic 
brain damage, a pre-existing visual disorder, or any addi-
tional significant physical or psychiatric conditions. All 
subjects had normal or corrected-to-normal visual acuity 
(20/25) with no underlying visual disease.  

The experimental protocol was approved by the Insti-
tutional Review Board at UCI, and informed consent was 
obtained from all subjects. Each subject underwent 1 - 2 
functional magnetic resonance imaging (fMRI) scan ses-
sions, in which one high-resolution, T1-weighted ana-
tomical volume, one T1-weighted in-plane anatomical 
scan, and 8 functional visual field mapping scans were 
collected. 

2.2. Stimulus Presentation 

Stimuli were generated using the Psychophysics Tool- 
box [24,25] in the Matlab programming environment 
on a Dell Optiplex desktop. Stimuli were back-projected 
via a Christie DLV1400-DX DLP projector onto a screen 
at the head end of the bore of the magnet (spatial resolu-
tion: 1024 × 768 pixels, refresh rate: 60 Hz). Subjects 
viewed the display on an angled front surface mirror 
mounted on the head coil close to the eyes with a view-
ing distance of approximately 70 cm. Head movements 
were minimized with padding and tape. Subjects were 
required to maintain fixation on a central cross for the 
duration of a single scan; regular blinking was encour-
aged. Each scan was approximately 3 minutes in length, 
with short breaks between each scan. Subjects were re-
minded to fixate before beginning the next scan. Eye 
position was verified using an MR-compatible long range 
remote eye tracking system (Applied Science Laborato- 
ries, Bedford, MA). 

2.3. Anatomical Data 

Scanning was conducted on the 3T Philips Achieva 
MR scanner at UCI with an 8 channel SENSE imaging 
head coil. One high-resolution, whole-brain anatomical 
data set was acquired for each subject (T1-weighted 3-D 
MPRAGE, 1 mm3 voxels, TR = 8.4 ms, TE = 3.7 ms, flip 
= 8˚, SENSE factor = 2.4). White matter for each indi-
vidual subject was segmented using custom software and 
hand-edited to minimize segmentation errors [26]. Gray 
matter was grown from the segmented white matter to 
form a 4 mm layer covering the white matter surface. 
The cortical surface was then represented as a mesh at 
the white/gray-matter border, which was used to render a 
smooth 3-D cortical surface and to flatten the cortical 
representation, with light gray regions indicating gyri 
and dark gray regions representing sulci [27]. 

In addition, one anatomical in-plane image was ac-
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quired before each set of functional scans, with the same 
slice prescription as the functional scans (see Functional 
Data, below), but with a higher spatial resolution (1 mm 
× 1 mm × 3 mm voxels). These T1-weighted slices were 
physically in register with the functional slices and were 
used to align the functional data with the high-resolution 
anatomical data, first by a manual co-registration and 
then by a semi-automated 3-D co-registration algorithm, 
a mutual information method [28,29]. 

2.4. Functional Data 

Functional MR data were acquired on the same scanner 
as the anatomical data, with ~35 oblique slices oriented 
close to parallel to the calcarine sulcus (T2-weighted, 
gradient echo imaging, TR = 2 s, TE = 30 ms, flip = 90˚, 
SENSE factor = 1.7, reconstructed voxel size of 1.875 × 
1.875 × 3 mm, no gap). We analyzed fMRI data using 
custom Matlab software  
(http://white.stanford.edu/software) that is now widely 
used for neuroimaging analysis. For each subject, data in 
each fMRI session were analyzed voxel-by-voxel with 
no spatial smoothing. Head movements across scans 
were examined by comparing the mean value maps of 
the BOLD signals. No motion correction algorithm was 
applied here, because all scans had less than one voxel of 
head motion. The time series from each scan was 
high-pass filtered to remove low-frequency sources of 
physiological noise and averaged together to form one 
mean time series for each subject, which was then used 
in the pRF model analysis [6]. 

2.5. Visual Field Mapping Bar Stimuli 

The moving bar stimulus was comprised of high-contrast, 
flickering, black and white checkerboard contrast patterns 
subtending a maximum radius of 11 deg of visual angle. 
The contrast pattern of the bar aperture consisted of rows 
that appeared to be moving in the opposite direction to 
adjacent rows, with each column spanning the length of 
the bar aperture and each row spanning its width. The bar 
apertures were displaced in discrete steps every 2 s in 
synchrony with the fMRI volume acquisition. The con-
trast pattern motion was at 2-Hz temporal frequency, and 
the motion direction changed randomly every 2 - 3 s. 
Four bar orientations (0, 45, 90, and 135 deg from vertical) 
with two motion directions orthogonal to each orientation 
were used, giving 8 different bar configurations for a total 
presentation time of 192 s at one cycle/scan. Four mean- 
luminance periods for use in the pRF analysis [6] were 
inserted in the last 12 s of each 48 s period, at a frequency 
of 4 cycles/scan (a non-stimulus frequency). Subjects 
maintained fixation on one of two large fixation crosses, 
spanning either the diagonals from the corners of the field 
of view or the midpoints of each of the sides of the field 

of view. The lines of each fixation cross were roughly 0.5 
deg wide, and they randomly switched between the two 
every 2 - 4 s as a drifting bar moved passed across the 
visual field. Subjects were instructed to attend to these 
moving bar apertures and were required to respond with a 
button press (not in sync with the visual stimulus position 
changes or mean-luminance periods) to an intermittent, 
subtle change in the motion direction of the checkerboard 
pattern. 

2.6. Population Receptive Field Modeling  
Analysis 

Population receptive field (pRF) modeling is a method 
for detailed visual field mapping experiments that was 
recently developed by Dumoulin and Wandell [6]. This 
method can estimate cortical visual field responses to 
any stimulus that periodically covers visual space (e.g., 
moving bars, expanding rings, rotating wedges).  

Briefly, pRF modeling treats each voxel in a visual 
field map, which contains a population of neurons with 
similar RFs, as a pRF with a preferred center (x, y) and 
spread (σ) (also called pRF size). The model creates a 
bank of 2D Gaussian pRFs of numerous possible sizes 
and visual field locations spanning the field of view, 
convolves each predicted response to the presented 
stimulus with the hemodynamic response function (HRF) 
[30,31], and tests the result against the data. The pRF 
which best matches the data is then used to determine 
that voxel’s coherence and visual field representation. 
This method not only replicates results of visual field 
map measurements from the travelling wave method in a 
model-based way, but allows for additional measures 
such as pRF sizes (measured as σ). Complete details of 
the pRF model analysis are described in [6]. 

We used this model-based method to estimate visual 
field maps and population receptive fields (pRFs), de- 
fined as the region of visual space that activates the re-  

cording site. For each subject, eccentricity (  2 2x y )  

and angle (  1tan y x ) were derived from the 2D Gaus-
sian models and plotted on the unfolded cortical surface. 

We show parameter map estimates only when the per-
cent variance explained of the pRF model estimate for 
the time series of that voxel’s blood oxygen-level de-
pendent (BOLD) response is equivalent to or exceeds a 
coherence of 0.20. PRF modeling uses percent variance 
explained as a primary measurement of goodness-of-fit; 
here we convert to coherence values for comparison to 
typical phase-encoded travelling wave visual field map-
ping studies [6,7,32]. In typical phase-encoded meas-
urements, each voxel is independently assigned a coher-
ence value, which is equal to the amplitude of the BOLD 
signal modulation at the stimulus frequency divided by 
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the square root of the power of the BOLD modulation at 
all other frequencies except the first and second har- 
monic. Only voxels with coherence values exceeding 
0.20 are assigned a phase corresponding to that voxel’s 
peak response to the stimuli presented and considered for 
further analysis. This threshold has been commonly used 
in similar visual field mapping experiments both in nor-
mal subjects and in studies of cortical responses to retinal 
scotomas [10,32]. 

3. RESULTS 

3.1. V1 Visual Field Map Definitions 

We were able to easily define the boundaries of pri- 

mary visual cortex in all subjects (Figure 1). In all 
hemispheres, as expected, V1 was located along the cal- 
carine sulcus on the medial wall of the occipital lobe. 
The eccentricity gradient corresponding to the 11 deg 
radius of our stimulus spanned from the foveal repre- 
sentation (Figure 1, eccentricity-red/orange) on the oc- 
cipital pole along calcarine to the more anterior periph- 
eral representation (Figure 1, eccentricity-green/blue/ 
purple). Similarly, the polar angle gradient, the second 
dimension necessary to define a complete visual field 
map, spanned from the dorsal edge of the calcarine sul- 
cus on the cuneus (Figure 1, polar angle-cyan) to the 
ventral edge of the calcarine sulcus on the lingual gyrus 
(Figure 1, polar angle-magenta), with the lower vertical  

 

 

Figure 1. Primary visual cortex measurements in healthy young and aging 
subjects. (A) V1 example from a healthy young adult. A cropped, close-up 
view of the cortical surface near calcarine sulcus is shown for each measure-
ment (polar angle, eccentricity) and each hemisphere. The pseudo-color over-
lay on each 3-D cortical rendering represents the position in visual space that 
produces the strongest response at each cortical location (see colored legend 
insets). The stimuli covered the central 11 deg radius of visual space. For clar-
ity, the visual responses are only shown for the area of interest, V1, and only 
voxels with a powerful response at a coherence ≥0.20 are colored. Full hemi-
sphere 3-D renderings at top depict the region of calcarine sulcus from which 
the cropped views are drawn (black dotted lines); (B) V1 example from a 
healthy aging subject. Note regular, organized, orthogonal V1 maps as seen in 
(A); (C) A second example from a healthy aging subject. While the organized 
V1 maps are still present in both hemispheres in this subject, note the visibly 
smaller size of V1. 
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meridian of visual space represented dorsally and vice 
versa. Because hemodynamic changes have been shown 
to occur with age, we identified the phases at which 
boundary reversals occurred in order to compare the cor-
rect stimulus location in visual space with the corre-
sponding cortical responses [33,34]. V1 in all hemi-
spheres contained a complete representation of the con-
tralateral hemifield, as expected from previous meas-
urements [5,7]. 

For the following measurements of V1 surface area, 
coherence, and pRF sizes, we divided up the eccentricity 
representation in each hemisphere of each subject into 
specific bands. For each V1, we created 10 regions of 
interest (ROIs) spanning 1 deg of visual angle along the 
eccentricity gradient from 0 to 10 deg, centered on every 
half degree (Figure 2). Each measurement was drawn 
from these 10 eccentricity-band ROIs for each subject 
and then averaged across subjects within each group. 

3.2. V1 Surface Area 

In order to examine differences in V1 sizes between 
groups, we compared the average surface area for each of 
the 10 eccentricity-band ROIs between the young and 
aging subjects (Figure 2A). Although we standardly de-
fine the boundaries of visual field maps on a flattened 
representation of cortex for optimal visualization of the 
polar angle and eccentricity gradients and boundaries, all 
ROIs are always transformed back into the 3-D cortical 
representation to make the measurements of surface area 
along the 3-D, folded cortical manifold to avoid the dis-
tortions induced by flattening cortex [7,15]. The total 
average surface area of V1 was 2160 mm2 (SD = 922 
mm2) for aging subjects and 3350 mm2 (SD = 1034 mm2) 
for young subjects. A multivariate analysis of variance 
(MANOVA) found no significant difference in the sur-
face area across the 10 eccentricity-band ROIs between 
youthful and aging subjects, F(6, 1) = 0.435, p = 0.820.  

Figure 2A shows, however, a clear trend for decreased 
surface area in aging relative to youthful subjects for the 
subset of foveal ROIs ranging from 0 to 3 deg eccentric 
from fixation (Figure 2A, ROIs within dotted black 
lines). To determine whether the average surface area for 
the summed area of this subset of ROIs was significantly 
lower for aging relative to youthful subjects, we per-
formed a post-hoc analysis using a one-tailed, independ-
ent-samples t-test. This analysis revealed a significant 
decrease in surface area within the central 3 deg of ec-
centricity for aging (M = 535 mm2, SD = 327 mm2) rela-
tive to youthful (M = 1182 mm2, SD = 456 mm2) sub-
jects, t(6) = 2.123, p = 0.039. 

3.3. V1 Coherence 

To compare the levels of BOLD activity of V1 be-

tween young and aging subjects, we measured the aver-
age coherence of all voxels (no threshold) within each of 
the 10 eccentricity-band ROIs in V1 (Figure 2B). This 
average coherence per ROIs was then averaged by ROI 
across V1 maps within each subject group. A MANOVA 
revealed no significant difference in coherence across the 
10 eccentricity-band ROIs between youthful and aging 
subjects, F(7, 1) = 1.492, p = 0.560.  

However, note the trend in Figure 2B for decreased 
coherence for aging relative to youthful subjects for the 
subset of relatively peripheral ROIs ranging from 7 to 10 
deg eccentric from fixation (ROIs within dotted back 
lines). To determine whether the average coherence for 
this subset of ROIs was significantly lower for aging 
relative to youthful subjects, we performed a post-hoc 
analysis using a one-tailed, independent-samples t-test. 
This analysis revealed a significant decrease in coher-
ence within the peripheral 7 to 10 deg of eccentricity for 
aging (M = 0.57, SD = 0.04) relative to youthful (M = 
0.67, SD = 0.04) subjects, t(7) = 2.347, p = 0.029. 

3.4. pRF Sizes across V1 

Finally, we measured the sizes of pRFs (σ) in V1 as a 
function of eccentricity, again averaged across subjects 
for each of the 10 eccentricity-band ROIs (Figure 2C). A 
MANOVA revealed no significant difference in pRF 
sizes across the 10 eccentricity-band ROIs between 
youthful and aging subjects, F(7, 1) = 2.632, p = 0.443.  

Now note the trend in Figure 2C for increased pRF 
sizes for aging relative to youthful subjects for the subset 
of foveal ROIs ranging from 0 to 3 deg eccentric from 
fixation (ROIs within dotted back lines). To determine 
whether the average pRF size for this subset of ROIs was 
significantly larger for aging relative to youthful subjects, 
we again performed a post-hoc analysis using a one- 
tailed, independent-samples t-test. This analysis revealed 
a significant increase in pRF sizes within the central 3 
deg of eccentricity for aging (M = 2.08 deg, SD = 1.16 
deg) relative to youthful (M = 0.76 deg, SD = 0.23 deg) 
subjects, t(7) = 2.541, p = 0.019. 

4. DISCUSSION 

Here we have shown differences in specific structural 
and functional characteristic of V1 between healthy ag-
ing and young subjects. We can next expand upon these 
measurements by examining such questions as whether 
similar changes are also seen in the surrounding maps of 
early visual cortex or in higher-order visual field maps of 
healthy aging subjects.  

Our measurements of the V1 cortical surface area 
across the entire 10 eccentricity-band ROIs showed no 
significant difference between the subject groups. This 
result is consistent with the previous findings in healthy  
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Figure 2. Comparisons of V1 properties between healthy 
young and aging subjects. (A) V1 surface area; (B) V1 coher-
ence; (C) V1 pRF size. Red bars represent data from aging 
subjects, while blue bars represent data from young subjects. 
Each bar represents data measured in individual subjects and 
then averaged by eccentricity band across hemispheres. Error 
bars indicate SEM. Black dotted lines denote regions for each 
measurement shown to be significantly different between aging 
and youthful subjects; see text for details. 
 
aging showing both no change in V1 volume [16] and no 
change in V1 surface area spanning the tested 15 deg 
radius field of view [5]. However, our post-hoc exami- 
nation of the differences between subject groups demon-

strated a significant decrease in the foveal surface area of 
V1 from 0 to 3 deg eccentricity for aging subjects. This 
foveal difference could be consistent with the decrease in 
visual acuity seen normally in aging [1-4]. Such a de-
crease in the size of the V1 foveal representation could 
lead to a loss in the resolution of cortical processing of 
visual information within the fovea, thus diminishing 
visual acuity.  

We also found a significant difference for a subset of 
the eccentricity-band ROIs between subject groups for 
measures of V1 coherence. The coherence of the periph-
eral eccentricity band ROIs from 7 to 10 deg was sig-
nificantly lower in aging subjects than in youthful sub-
jects. This decrease in aging V1 coherence in the relative 
periphery may reflect cortical effects of the greater loss 
of photoreceptors in the peripheral retina seen in normal 
aging [2].  

The few previous studies of aging in visual cortex 
have not measured this change in cortical activity in pe-
ripheral V1, but Crossland et al. [5] did note a decrease 
of activity in the aging foveal V1. However, they meas-
ured this change by first defining the surface area of V1 
using the wedge stimulus (polar angle response) and then 
measuring the proportion of voxels activated by their 
ring stimulus (eccentricity response) within the polar- 
angle defined span of V1. This produces a measure of the 
extent of activity within a visual field map more similar 
to our surface area measurements than to the coherence 
level. Our surface area measurements showing a decrease 
in foveal V1 size in aging subjects are consistent with 
this decreased active proportion of foveal V1 in their 
study. However, using coherence, which more directly 
measures the level of BOLD activity within these voxels 
driven by the visual stimulus, we did not measure a 
similar decrease in the activity of the foveal representa-
tions in aging subjects relative to youth. If anything, we 
note a small trend in Figure 2B toward an increase in the 
coherence of foveal V1 in the aging subjects. Perhaps 
such a trend for an increase in coherence could reflect the 
increased pRF size in the aging foveal representation, 
which may theoretically increase activity by averaging 
visual information over a set of larger receptive fields. A 
small number of highly active voxels could similarly 
produce an increase of coherence in this region with a 
small area of active voxels.  

Finally, we measured a significant increase in pRF size 
in the foveal representation in aging V1 from 0 to 3 deg 
eccentricity. The ~2 deg foveal pRF size in the aging 
subjects is near that of the more peripheral pRFs (e.g., 
5 - 7 deg eccentricity) in young adults seen in this study 
and previously [6]. It is possible that this increase in pRF 
size is a compensatory mechanism for the decrease in the 
aging V1 foveal surface area. This increase in pRF size 
could also account for the previously reported decrease 
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in visual acuity in healthy aging [1-4]. In addition, the 
broadening of pRF sizes in the aging V1 fovea is con- 
sistent with the reports of decreased contrast sensitivity 
at medium and high spatial frequencies in normal aging 
[1]. It remains to be seen whether these changes in the 
pRF sizes in aging V1 are intrinsic to V1 or are the result 
of changes in other regions, such as retinal thinning or 
changes in feedback from higher order visual areas to 
V1.  

Our present measurements represent what can be ex-
pected of healthy aging control subjects for studies of 
changes in visual cortex for such age-related disorders as 
Alzheimer’s disease. Thus, understanding the extent of 
changes that occur in primary visual cortex during nor-
mal aging is essential for understanding the normal aging 
process and can direct our examination of age-related 
visual and cortical disorders. 
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