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Macular degeneration (MD), the leading cause of visual impairment in the developed world, damages the central retina, often obliterating
foveal vision and severely disrupting everyday tasks such as reading, driving, and face recognition. In such cases, the macular damage
eliminates the normal retinal input to a large region of visual cortex, comprising tens of square centimeters of surface area in each
hemisphere, which is normally responsive only to foveal stimuli. Using functional magnetic resonance imaging, we asked whether this
deprived cortex simply becomes inactive in subjects with MD, or whether it takes on new functional properties. In two adult MD subjects
with extensive bilateral central retinal lesions, we found that parts of visual cortex (including primary visual cortex) that normally
respond only to central visual stimuli are strongly activated by peripheral stimuli. Such activation was not observed (1) with visual stimuli
presented to the position of the former fovea and (2) in control subjects with visual stimuli presented to corresponding parts of peripheral
retina. These results demonstrate large-scale reorganization of visual processing in MD and will likely prove important in any effort to
develop new strategies for rehabilitation of MD subjects.
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Introduction
In normally sighted subjects, the first cortical areas in the visual
pathway (V1–V4) are retinotopically organized, such that adja-
cent regions of cortex respond to adjacent locations in the visual
field (Horton and Hoyt, 1991; Sereno et al., 1995; Engel et al.,
1997). In the resulting cortical maps, a large region near the oc-
cipital pole, comprising �20 cm 2 of surface area in each hemi-
sphere (the “foveal confluence”), is allocated to just the central 2°
(radius) of visual space (Dougherty et al., 2003). In many subjects
with bilateral macular degeneration (MD), the foveal confluence
and adjacent cortex is deprived of its normal input as a result of
damage to the central retina. We asked whether this deprived
cortex simply becomes inactive in subjects with MD, or whether
it takes on new functional properties.

Although some reorganization of primary visual cortex has
been reported in cats and monkeys after small lesions to periph-
eral retina (Gilbert, 1998; Kaas, 2002) (but see Horton and Hock-
ing, 1998; Smirnakis et al., 2004), it is not clear that a comparable
effect will occur in humans with MD, in which the retinal lesions

are central and may encompass an area of �20° in diameter. In
the only study to investigate central retinal lesions (Heinen and
Skavenski, 1991), the observed reorganization was weaker than in
studies with peripheral lesions. Furthermore, given the extent of
the retinal damage common in MD and the large cortical magni-
fication factor for human foveal retina (Sereno et al., 1995), a
much bigger area of cortex is affected than in any of these previ-
ous studies; any cortical reorganization in humans would have to
operate over several centimeters of cortex. The one previous
study that investigated retinotopic organization in a single hu-
man MD subject (Sunness et al., 2004) reported that cortical
areas corresponding to the pericentral scotoma location were
silent.

Here, we performed functional magnetic resonance imaging
(fMRI) in two MD subjects (MD1 and MD2) with extensive bi-
lateral central retinal lesions and found robust activation in the
foveal confluence for visual stimuli falling on peripheral retina.
These results demonstrate large-scale reorganization of visual
processing in humans with MD.

Materials and Methods
Subjects. MD1 is a 56-year-old male with early-onset MD (cone–rod
dystrophy). Visual acuity was 20/330 in each eye. Macular degeneration
was diagnosed in his late 30s. MD2 is a 50-year-old male with an atypical
form of juvenile MD. Visual acuity was 20/350 in the better (left) eye.
Macular degeneration was diagnosed at age 11.

Visual field plotting. Measurements were conducted in a dimly lit room
(0.26 lux; illuminance meter TL-1; Minolta, Osaka, Japan) with screen
luminance of 0.021 cd/m 2 and target luminance of 7.0 cd/m 2 (Minolta
LS-110 spot photometer). Subjects were seated at an Autoplot Perimeter
(Bausch and Lomb, Rochester, NY) facing a white screen 1 m away. Each
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eye was tested separately. Subjects were instructed to maintain fixation
on a fixation point at the center of the screen while a 6 mm white light
target was moved across the screen. People with MD typically adopt a
new retinal locus for fixation [“preferred retinal locus” (PRL)] (Timber-
lake et al., 1986), and subjects fixated with their PRL. Subjects were asked
to report whenever the target disappeared. When any scotomatous areas
were found, the target was placed inside the scotoma and moved from
nonseeing to seeing regions. The point of first seeing the target as reported by
the subjects was marked as the edge of the scotoma (supplementary Fig. 1,
available at www.jneurosci.org as supplemental material).

Retinal imaging and perimetry. Monocular visual fields, PRL retinal
position, and fixation stability were further verified using a Rodenstock
(Ottobrunn, Germany) scanning laser ophthalmoscope (SLO) that has
integrated microperimetry. First, dynamic perimetry similar to that con-
ducted with the Autoplot was performed but with the advantage of a
highly magnified monitoring image of the retina, permitting rejection of
any trials in which the subject did not maintain fixation (supplementary
Fig. 2a, available at www.jneurosci.org as supplemental material). In
addition, a static (seen/unseen) procedure was performed in which the
retinal location of the fixation target and the stimuli was corrected using
a retinal landmark (supplementary Fig. 2b, available at www.jneuro-
sci.org as supplemental material).

Functional imaging. Subjects were scanned on a 3.0 T Siemens (Erlan-
gen, Germany) Trio scanner at the Martinos Center for Biomedical Im-
aging in Charlestown, MA. Functional images were acquired with a Sie-
mens eight-channel phased-array head coil and gradient echo single-shot
echo planar imaging sequence (18 –20 slices; 1.4 � 1.4 � 2 mm; interslice
gap, 0.4 mm; repetition time, 3 s; echo time, 46 ms). Slices were oriented
approximately perpendicular to the calcarine sulcus. High-resolution
anatomical images were also acquired for each subject for reconstruction
of the cortical surface.

Data analysis was performed using Freesurfer and FS-FAST software
(http://surfer.nmr.mgh.harvard.edu/). Before statistical analysis, images
were motion corrected (Cox and Jesmanowicz, 1999) and smoothed (3
mm full width at half maximum Gaussian kernel). Activations (stimulus
conditions greater than baseline) were visualized on the inflated and
flattened cortical surface (Dale et al., 1999; Fischl et al., 1999).

Fixation in MD subjects is typically less accurate than for subjects with
normal vision fixating foveally. Therefore, to investigate the organization
of visual processing in MD, we devised experiments that, unlike typical
retinotopic mapping, do not require extremely precise fixation.

In the first experiment, MD and control subjects completed four to six
runs of a simple blocked-design experiment. Subjects viewed 15-s-long
blocks, during each of which images of one category (faces, objects,
scenes, or scrambled objects) were presented every 750 ms. Natural im-
ages were chosen to approximate everyday vision and to increase the
subjects’ attention to the stimuli. Each run contained 21 blocks: four for
each category and five interleaved baseline periods of no stimuli. Subjects
performed a one-back task, responding via a button box any time they
saw a consecutive repetition of the same stimulus. Stimuli subtended
�16 � 16° of visual angle. MD subjects were instructed to fixate at the
center of the visual display with their PRL and maintain steady gaze
throughout the experiment. Each control subject was matched to an
individual MD subject and was asked to maintain fixation on a point
away from the visual display so that stimuli fell on a part of the retina
corresponding to the location of the PRL in the matched MD subject. For
example, the control subject for MD1 was given a fixation point 10°
above the top edge of the visual display so that the stimuli landed on
peripheral retinal positions starting 10° from the fovea. In MD1, the
locations of the scotomata were similar in the two eyes, and this subject
and the matched control were tested with both eyes open. However, MD2
and the matched control were tested with the left eye (MD2’s better eye)
only; the right eye was occluded.

In the second experiment, we compared the cortical response to stim-
uli presented to the PRL (to replicate the activation of foveal cortex found
in the first experiment) and the fovea (to test for any residual foveal
function). Both MD1 and MD2, and four control subjects for each MD
subject, completed five runs of a blocked-design experiment (21 blocks
of 15 s in each run) in which short visual words (MD1) or objects (MD2)

were presented either to the fovea (foveal location) or to an eccentric
retinal location corresponding to the PRL (PRL location), with addi-
tional periods of no stimulus presentation to serve as a baseline. MD1
and control subjects viewed the stimuli passively, whereas MD2 and
controls performed a one-back task. All subjects viewed stimuli with one
eye only (MD1 and controls, right eye; MD2 and controls, left eye); the
other eye was patched. Words subtended 12 � 5° of visual angle on
average, and objects subtended 8 � 10° on average. The edges of the
stimuli at the two locations were separated by 8° vertically in MD1 and by
9.5° horizontally in MD2. For MD subjects, a fixation point (�1.7° in
diameter) was presented at the PRL location, and the subject fixated here
with their PRL (effectively placing their former fovea at the foveal loca-
tion). For control subjects, a fixation point (�0.3° in diameter) was
placed at the foveal location, and subjects fixated there with their fovea.
This effectively placed a portion of their peripheral retina, corresponding
to the location of the respective MD subject’s PRL, at the PRL location.

To measure the magnitude of the response in foveal cortex to stimuli
presented to peripheral versus foveal locations, a region of interest (ROI)
was defined for both hemispheres of all subjects based on anatomical
criteria. ROIs were drawn at the posterior end of the calcarine sulcus, and
the surface area of the ROI in each hemisphere was �200 mm 2 (range,
191–213 mm 2), �1⁄10 the total surface area of the foveal confluence.

To verify the ability to fixate stably during this second experiment, eye

Figure 1. Schematic diagram indicating visual fields in the left eyes of MD1 and MD2. Only
the central 44 � 30° (deg) is shown. In MD1, all retina outside this region is functional; in MD2,
some functional retina exists outside this region.
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movements were monitored in MD1 outside of
the scanner during two runs identical to those
he saw in the scanner. Eye movements were
monitored with an ISCAN (Burlington, MA)
model RK726PCI pupil/corneal reflection
tracking system equipped with an RK620-PC
autocalibration system. The ISCAN device has a
nominal accuracy of 0.3° over a �20° range and
a sampling rate of 60 Hz and was calibrated
using a five-point calibration scheme.

Results
Retinal data
In both subjects, foveal vision had been
completely eliminated in both eyes by MD
(Fig. 1). Central vision loss in MD1 ex-
tended �10° from the former fovea in
both eyes. In MD2, in the better (left) eye,
the nearest functional retina to the former
fovea was over 17° away. In MD1, the PRL
was below the central scotoma (12.5 and
13.5° from the fovea in the left and right
eye, respectively). In MD2, in the better
eye, this was 17.5° lateral to the fovea, close
to the optic disk (on the nasal retinal side).

fMRI data
In the first experiment, for both subjects
(Fig. 2), visual stimulation, compared with
the blank screen baseline, strongly acti-
vated the foveal confluence and adjacent
cortical regions corresponding to the
projection zone of the damaged retina
(see supplementary Fig. 3, available at
www.jneurosci.org as supplemental ma-
terial, for a schematic diagram showing
the organization of visual cortex on the
flattened cortical representation). Be-
cause MD2 was tested with the right eye
patched, and his PRL is in nasal retina, stimuli mainly landed
in his left visual field, and data are shown for his right hemi-
sphere only. The only prominent activations in the left hemi-
sphere were in nonretinotopic, high-level visual cortex (see
also supplementary Fig. 4, available at www.neurosci.org as
supplemental material).

Specifically, in both subjects, robust activation was observed
at the posterior end of the calcarine sulcus extending laterally and
ventrally (Fig. 2a,d). These activations were present even with
conservative statistical thresholds (e.g., p � 10�10). Because MD
has eliminated foveal vision in these subjects, the activation in
cortical regions normally responsive only to foveal input must
result from visual stimulation of peripheral retina.

Although it is difficult to distinguish V1, V2, V3, and V4
within the foveal confluence (Dougherty et al., 2003), the ob-
served activations extended into the depths of the calcarine sulcus
and clearly include V1 (Stensaas et al., 1974; Rademacher et al.,
1993; Andrews et al., 1997) as well as adjacent retinotopic regions.
Activation was also observed in the region of visual cortex that
normally responds to stimuli falling on peripheral retina (corre-
sponding to the location of each subject’s PRL) (Fig. 2, arrows),
and in MD2, this activation appears to be spatially separated from
activation at the foveal confluence. In addition, ventral activa-
tions extended anteriorly onto inferior temporal cortex, reflect-
ing activation of object-selective regions.

The activation of the foveal confluence and adjacent cortex by
peripheral stimuli was not observed in matched control subjects.
In neither control subject was any significant activation observed
near the occipital pole for peripheral stimulus presentation com-
pared with baseline (Fig. 2c,f). In fact, activation in the region of
the foveal confluence was lower during periods of stimulus pre-
sentation than during the baseline periods for the control subject
for MD1 (Fig. 2c, blue regions), consistent with previous reports
of negative blood oxygenation level-dependent responses in fo-
veal cortex with peripheral attention (Somers et al., 1999).

In the second experiment, we tested the possibility that the
activations we observed in the first experiment were attributable
to residual foveal function by presenting stimuli either just to the
PRL or just to the fovea. If typically foveal cortex is responsive to
peripheral visual stimuli, we would expect to see activation of the
foveal confluence for visual presentation to the PRL but no acti-
vation for presentation to the fovea. This is exactly what we ob-
served in both MD subjects. Whereas stimuli presented to each
MD subject’s PRL (compared with the blank screen baseline)
strongly activated the foveal confluence and adjacent cortex,
stimuli presented to the former fovea did not elicit any significant
activity in visual cortex (Fig. 3a). This finding rules out the pos-
sibility that residual foveal function contributed to the activa-
tions observed in the first experiment. In MD1, eye movement
monitoring outside of the scanner confirmed that he was able to

Figure 2. Activation of visual cortex (stimuli greater than baseline) in MD and control subjects (experiment 1). a, Ventral and
medial views of inflated right hemisphere of MD1. b, Flattened occipital cortex of MD1 showing activation at the foveal confluence.
For a schematic diagram showing the typical organization of visual cortex on the flattened brain, see supplementary Figure 3
(available at www.jneurosci.org as supplemental material). c, Flattened occipital cortex of a control subject matched to MD1. Note
the absence of positive activation at the foveal confluence for stimuli presented to peripheral retina (equivalent to MD1’s PRL). d,
Inflated right hemisphere of MD2. e, Flattened occipital cortex of the right hemisphere of MD2 showing activation in the foveal
confluence. f, Flattened occipital cortex of a control subject matched to MD2. Note the absence of activation in the foveal
confluence for stimuli presented to peripheral retina (equivalent to MD2’s PRL). Arrows point to activations overlying cortex that
would normally be responsive to peripheral stimuli presented at retinal locations corresponding to the PRLs. Scale bar, 20 mm.
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maintain stable fixation for the duration of the experimental
runs. Throughout the two runs, the maximum vertical deviation
of the eye from the center of the fixation point was 3.4°, whereas
the distance between the edges of the stimuli at the foveal and
PRL locations was 8°. In MD2, fixation stability measurements
collected with the SLO showed that the typical variation in fixa-
tion position is much less than the 10° that separated the edges of
the stimuli at the foveal and PRL locations. Note that unstable
fixation could not result in activation of foveal cortex, because
there was no foveal cortical activation even under direct stimula-
tion of the fovea.

In the control subjects for each MD subject, as expected, stim-
uli presented at the fovea elicited strong activity in the foveal
confluence and adjacent cortex, but stimuli presented at the PRL
location elicited no significant positive activation in this region
(Fig. 3). In a small ROI defined at the occipital pole in all subjects,
only the MD subjects showed significantly increased activation,
compared with the baseline condition, for visual stimuli pre-

sented to peripheral retina (Fig. 3c,d).
Thus, peripheral and not foveal visual
stimuli elicit activation of the foveal con-
fluence in MD subjects, whereas no signif-
icant positive visual activation is elicited in
the foveal confluence with equivalent pe-
ripheral stimuli in control subjects.

Discussion
Our results demonstrate large-scale reor-
ganization of visual processing in humans
after large, central retinal lesions. Strong
activation of normally foveal cortex by pe-
ripheral visual stimuli was observed in MD
subjects, despite the facts that (1) foveal
visual stimuli produce no cortical activa-
tions at all in these subjects, and (2) pe-
ripheral stimuli produce no activation of
foveal cortex in normal subjects. This re-
organization was demonstrated in subjects
that had lost their foveal vision late in
adulthood (MD1) or late in childhood
(MD2).

These findings critically extend previ-
ous results obtained in cats and monkeys
showing some reorganization in V1 after
peripheral retinal lesions (Gilbert, 1998;
Kaas, 2002). Not only have we demon-
strated reorganization of visual processing
in humans after retinal lesions, but we
have shown that reorganization can occur
even when tens of square centimeters of
surface area of cortex are affected, much
more than in the previous nonhuman
studies. The failure to find evidence for re-
organization in a previous study of a single
subject with MD (Sunness et al., 2004)
may be a result of the sparing of the fovea
in that subject or to the far shorter time
since the onset of MD (3 years) compared
with MD1 and MD2 (�20 years). How-
ever, it is worth noting that the conclusion
in this previous study is based on data
from one hemisphere in a single 8 min im-
aging run. Furthermore, although the au-

thors report a region of cortex with no visual activation, there is
nonetheless some activation in cortical locations corresponding
to the scotomata. Although previous studies (Morland et al.,
2001; Baseler et al., 2002) have reported activation of foveal cor-
tex in humans with congenital rod monochromacy, vision loss is
difficult to assess reliably in such subjects, is confined to a very
small area at the center of the fovea (�1°), and any changes in
visual processing in these subjects could reflect early develop-
mental plasticity.

Three possible mechanisms could account for the activations
we observed in foveal cortex by peripheral stimuli. First, studies
of cortical reorganization in V1 after peripheral retinal lesions in
cats and monkeys have identified intrinsic horizontal connec-
tions as a likely substrate (Darian-Smith and Gilbert, 1994; Das
and Gilbert, 1995), spreading activation from areas receiving sen-
sory input to cortical areas deprived of input. However, because
of the high cortical magnification factor in human foveal visual
cortex and the large size of the retinal lesions in our subjects, to

Figure 3. Visual activation in MD and control subjects to stimuli presented either at the fovea or at the PRL (experiment 2). a,
Left hemisphere of MD1 and one control subject. Peripheral, but not foveal, stimuli elicited strong activation in foveal cortex in
MD1. In contrast, foveal cortical activation was only observed with foveal presentation in the control subject. Scale bar, 10 mm. b,
Time course of response in an anatomically defined ROI at the posterior end of the calcarine sulcus (dashed white outlines in a) in
MD1 (top) and four control subjects (bottom). c, d, Average responses to peripheral stimuli in foveal cortical ROIs in MD and control
subjects. For MD1 and controls, stimuli were presented at the midline, and data are shown from both hemispheres. For MD2 and
controls, stimuli mainly landed in the left visual field, and data are shown for the right hemisphere only. Error bars indicate SE.
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account for our data, horizontal connections would have to
spread activation across several centimeters of cortex, farther
than the length of typical horizontal connections in primate V1
(6 – 8 mm) (Gilbert et al., 1996; Angelucci et al., 2002); a polysyn-
aptic chain of horizontal connections would be required. Second,
reorganization could result from changes at an earlier level of the
visual system than V1, such as the lateral geniculate nucleus
(LGN), modifying input into V1. This seems unlikely, however,
given that studies of cats and monkeys with retinal lesions have
found minimal reorganization in the LGN (Eysel et al., 1980;
Gilbert and Wiesel, 1992) (but see Florence et al., 2000). A third
potential locus for reorganization is top-down feedback from
higher-level areas. We found no evidence for such top-down
feedback into foveal cortex in normal subjects in our experi-
ments, but top-down influences on retinotopic cortex have been
reported in work on attention (Somers et al., 1999) and mental
imagery (Klein et al., 2000), and these effects could be strength-
ened in people with MD. Furthermore, many studies have re-
ported activation of visual cortex in nonvisual tasks in blind sub-
jects (Burton et al., 2002a,b; Amedi et al., 2003), presumably
reflecting changes in top-down input to visual cortex, although
this phenomenon may be restricted primarily to cases of early-
onset blindness (Sadato et al., 2002) and could therefore reflect
early developmental plasticity. Additional studies will be needed
to determine the mechanism of reorganization of visual process-
ing in MD.

In summary, we have demonstrated activation of foveal cortex
by peripheral visual stimuli in subjects with MD. This foveal ac-
tivation is centimeters away from the region of cortex that nor-
mally responds to peripheral stimuli, indicating a large-scale re-
organization of visual processing in human adults deprived of
foveal vision. Future research will test the consequences of this
reorganization for visual performance (Nugent et al., 2003) as
well as testing the mechanisms underlying the reorganization by
investigating the time course of the phenomenon. Whatever the
answers to these questions, the fact that visual cortex can take on
new functions and can remain responsive decades after its nor-
mal retinal input has been removed will undoubtedly prove im-
portant in any effort to develop new strategies for rehabilitation
of MD subjects.
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