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The normal human retina contains a small rod-free zone, the
foveola. This zone spans a diameter of 1.25 deg of visual angle1–4.
The signals initiated by the cones in the foveola are represented
over a disproportionately large area of visual cortex: while the
foveola occupies <1% of the retina, the cortical representation
of the foveola occupies roughly 20% of primary visual cortex
(V1)5,6. Moreover, because of the confluence of the foveolar rep-
resentations in areas V1, V2 and V3, the combined pure-cone
region occupies roughly 4–5 cm2 near the occipital pole.

Rod monochromats, who lack most or all input from cones,
provide a unique opportunity to examine how human visual cor-
tex reorganizes in response to abnormal visual experience. Their
genetic defects cause a malfunction in the phototransduction cas-
cade in all three types of cone photoreceptors7–9. There is no evi-
dence of any genetic abnormalities in monochromats that could
directly alter cortical structure, or even post-receptoral morphol-
ogy10,11. Recent experiments have shown that certain features of
the cortical representation in V1 (ocular dominance) are estab-
lished before the photoreceptors are functional12. On the other
hand, these features can be altered by visual experience13–16. Hence,
differences in the visual experience between monochromats and
normal controls could cause differences in their cortical maps17.

The specific question we asked was this: how does visual cor-
tex in the rod monochromat develop in the large region that ordi-
narily receives pure cone input? This region, which had no
detectable activity during rod (scotopic) vision in normal controls,
was active in the brains of rod monochromats. Hence, there was
an experience-dependent filling-in of the cortical activity during
development. This rearrangement of the cortical representation
did not occur during the transition from cone (photopic) to rod
vision in normal controls. Finally, we quantified the visual repre-
sentations in the brains of these rod monochromats in area V1.

Reorganization of human cortical
maps caused by inherited
photoreceptor abnormalities

Heidi A. Baseler1, Alyssa A. Brewer2, Lindsay T. Sharpe3, Antony B. Morland1,
Herbert Jägle3 and Brian A. Wandell1,2

1 Department of Psychology, 2Neuroscience Program, Stanford University, Stanford, California, USA
3 University of Tübingen, Tübingen, Germany

Correspondence should be addressed to B.A.W. (wandell@stanford.edu)

Published online: 25 February 2002, DOI: 10.1038/nn817

We describe a compelling demonstration of large-scale developmental reorganization in the human
visual pathways. The developmental reorganization was observed in rod monochromats, a rare
group of congenitally colorblind individuals who virtually lack cone photoreceptor function. Normal
controls had a cortical region, spanning several square centimeters, that responded to signals
initiated in the all-cone foveola but was inactive under rod viewing conditions; in rod monochromats
this cortical region responded powerfully to rod-initiated signals. The measurements trace a causal
pathway that begins with a genetic anomaly that directly influences sensory cells and ultimately
results in a substantial central reorganization.

RESULTS
We measured functional magnetic resonance imaging
(fMRI) responses to an expanding-ring stimulus (phase-
encoded retinotopy) to determine the representation of visu-
al field eccentricity in normal and monochromat subjects18.
Figure 1a shows a flat representation of the left hemisphere
centered on the occipital pole of a normal subject. The color
overlay represents visual field eccentricity (see Fig. 1a, inset
upper right) under photopic viewing conditions; the large
foveolar representation (orange/yellow) is evident. The reg-
ular organization of topography is also evident in this view.
The average time series during one cycle of the expanding
ring are shown in the graphs. The time-series data were
pooled from regions of interest spanning 2 cm diameter on
the folded brain and centered either in the foveolar (white
disk) or parafoveal (gray disk) representations. The phase of
the average time series measures the visual field location that
evokes the maximal response as the expanding ring passes
through the visual field. Hence, the time series in the fove-
olar region was phase-advanced in comparison with the time
series in the parafoveal region.

The response from the same cortical regions in the same
subject was measured under rod viewing conditions (Fig. 1b). In
this experiment, the mean level of illumination and the color
contrast of the expanding rings were chosen so that the flick-
ering stimulus excited only rod photoreceptors. The average
time series in the foveolar representation differed greatly: while
this region responded in close synchrony to the cone-initiated
stimulus (Fig. 1a), it did not follow the rod-initiated stimulus
(Fig. 1b). The signal in the region of interest drawn from the
parafoveal visual field shared the same phase in scotopic and
photopic measurement conditions.
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topic mapping scans were also measured at the end of the dark-
adaptation period, and also immediately after the subject first
adapted to photopic conditions (bright light, when primarily
cones are active). Details were identical to those described for
other scans of the normal subjects in the Methods section. No
significant differences were found in either the rod-activated or
cone-activated maps after the 6-day scotopic period. This argued
against changes in normal, adult cortical topography due to
short-term plasticity or the unmasking of inputs19–22.

Across normal subjects, the large foveolar representation
always falls in roughly the same location, slightly lateral to the
occipital pole. What are the signals in this brain region of rod
monochromats, who have virtually no cone inputs? In the left
occipital lobe of one of the three rod monochromats there was a
strong response in the region of interest that ordinarily repre-
sents foveolar signals despite the absence of cone inputs (Fig. 1c,

white disk). The response phase coded a
parafoveal representation (yellow/green) in
contrast to the foveolar response phase
(orange/yellow) measured in the normal
photopic subject. The average time series

We found that after dark-adaptation periods ranging from
half an hour to 6 days, the rod- and cone-activated maps agreed
except for the foveolar representation. To determine whether cor-
tical reorganization could be induced in an adult observer with
normal vision, subject H.B. remained under scotopic conditions
for 6 consecutive days. The subject remained indoors with all
windows covered while maintaining a normal daily routine,
including at least 4–5 hours of computer work per day. Darkened
goggles were worn while awake, and a blindfold at night, and all
light sources were dimmed or filtered so that the subject was
forced to use only the highly sensitized rods during this time. The
subject reported a complete absence of color vision and the pres-
ence of a central scotoma under these conditions. Retinotopic
mapping scans were measured numerous times, including imme-
diately before the dark-adaptation period, to establish a baseline
map in the subject, which was highly reproducible. Several retino-

Fig. 2. Responses in foveolar and parafoveal
regions in three experimental conditions. Each
graph shows the amplitude in a range of tem-
poral frequencies near the stimulus frequency
(6 cycles/scan). The upper row of graphs mea-
sures the foveolar regions of interest (see
white disks in Fig. 1) and the lower row mea-
sures the parafoveal regions (see gray disks in
Fig. 1). (a) Time-series measurements from a
normal subject (A.B.) under photopic condi-
tions. (b) Time-series measurements from the
same normal subject under scotopic condi-
tions. (c) Time series measurements from a
rod monochromat subject (S.H.). The gray
shaded line indicates the stimulus frequency.

Fig. 1. Visual field eccentricity plots in three
experimental conditions. The upper row
shows unfolded representations of visual
cortex centered on the occipital pole. The
color overlay encodes the visual field eccen-
tricity map measured using an expanding-ring
stimulus. The orange/yellow overlay repre-
sents the most central regions (<2 deg),
green represents the parafoveal (5–8 deg)
and blue/purple represents the periphery
(8–16 deg; see inset upper right of c). Visual
field eccentricity is indicated at locations
with a response correlation above 0.25. The
solid white lines denote the boundary
between areas V1/V2 as determined by mea-
surements using a rotating-wedge stimulus
(see Methods). The white and gray disks indi-
cate the center of the foveolar and parafoveal
regions of interest, respectively. The regions
extend 2 cm in diameter (measured in the
folded brain) around these points. The
graphs plot the time series computed by
averaging the fMRI signal from the foveolar
(red line) and parafoveal (green line) regions. The error bars denote the standard error of the mean calculated from the 18 stimulus cycles (6 cycles
in each of three scans). Scale bar, 1 cm. (a) Measurements from a normal subject (A.B.) under photopic viewing conditions. (b) Measurements from
the same normal subject under scotopic conditions. (c) Measurements from a rod monochromat subject (S.H.).

a b c
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Fig. 3. Visual field eccentricity plots in V1 for two normal
trichromats (H.B., A.B.). The visual field eccentricity is plotted
as a function of cortical distance, where 0 mm represents a
point in cortex that responds maximally to a stimulus at 10 deg
eccentricity. Photopic (top panel) and scotopic (bottom panel)
measurements are shown for each subject. Only points with a
response correlation exceeding 0.25 were included. Data from
left and right hemispheres were combined in each plot. Error
bars represent ±1 s.e.m.

in the two regions of interest are compared in the bottom of
Figure 1c. In both cases the response modulated in synchrony
with the stimulus, as it did for the normal photopic subject.
But the response phase in the region that ordinarily responds to
the foveola was shifted closer to the response phase of the
parafoveal representation (gray disk).

In both hemispheres of each of the three rod monochro-
mats, we measured a powerful signal in the region of visual
cortex that normally represents the foveola. Thus, in the rod
monochromat brain, the cortical zone normally driven by the
central cone-rich regions of the visual field had been recruited
by rod-initiated inputs.

Figure 2 represents the average time series in a format that
emphasizes the differences in the three measurement condi-
tions. These graphs show the amplitude of the average time
series at a range of temporal frequencies near the stimulus fre-
quency (6 cycles/scan). Comparing the foveolar responses, there
was a large reduction in signal/noise ratio as the stim-
ulus changed from photopic to scotopic conditions
(upper graphs of Fig. 2a and b), and there was no reli-
able scotopic response. Comparing the parafoveal rep-
resentations, there was a much smaller reduction in
this ratio (lower graphs of Fig. 2a and b) and a very
reliable scotopic response. In contrast, there was a
powerful response at the signal frequency in both fove-
olar and parafoveal regions within the brain of this rod
monochromat (Fig. 2c). This stimulus-driven signal
was present in the nominally foveolar representations
of the two additional rod monochromats.

The spatial organization of the visual field eccen-
tricity maps can be described quantitatively by measur-
ing how the visual field representation varies with
cortical distance. To make these measurements, we have
developed automated tools for identifying the location
of isoangle contours within area V1—that is, radial
paths emanating from the fovea. Along each such path,
visual field eccentricity was measured as a function of
cortical distance (see Methods). We refer to these data
as visual field eccentricity plots.

The photopic visual field eccentricity plots from the
normal subjects accurately reproduced the eccentricity
plots described earlier18 (Fig. 3). The scotopic plots fol-

lowed the same form in the periphery, but the signals
became too small to measure reliably in the foveola. In
these two cases, the foveolar representation spanned 2 cm
of cortical distance6.

The parafoveal representations of the rod mono-
chromats (Fig. 4) covered a much larger cortical dis-
tance than the corresponding representation in normal
controls measured under scotopic conditions (Fig. 3).
Remarkably, the visual field eccentricity plot for S.H.
appeared nearly like the normal photopic eccentricity
plot, extending the same total distance. For D.G., the

eccentricity plot also extended over roughly the same distance
as the normal controls (bearing in mind that there was con-
siderable variability in the size of V1 across normal subjects23).
Although the data became noisy near the central fovea, the near
foveal representation was approximately constant and consis-
tent with the measurements in S.H. The data obtained from
K.N. extended over the same distance, but they were somewhat
less regular than the data of S.H. or D.G. The noisy points came
from his right hemisphere, which produced a weaker signal
than the left.

The difference between the eccentricity plots of the mono-
chromats and normals under scotopic conditions was not
described by a lateral shift of the curves; no amount of horizontal
shift would bring the monochromat curves into register with the
normal scotopic curves. The parafoveal signal spanned more cor-
tical area in the monochromats than in the normal subjects, thus
usurping territory normally devoted to central foveolar signals.

Fig. 4. Visual field eccentricity plots in V1 for three rod monochromats (S.H., D.G.,
K.N.). These data were measured using low-luminance conditions (7 cd/m2). Other
details are as in Figure 3.
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First, consider that the distribution of
responses across cortex reflect the input of
direct axonal connections from the retina via

the lateral geniculate nucleus. No amount of fixational shift or
eye movement can influence the arrangement of these connec-
tions. The presence of a response in the normally rod-free fove-
olar representation, therefore, must result from changes in the
wiring somewhere along the input pathways to visual cortex.
Thus, the main conclusion of this paper—that this rod-free fove-
olar representation in normal cortex was powerfully activated in
rod monochromats—was clearly demonstrated.

While eccentric fixation or nystagmus cannot cause the hard-
wired, rod input-free zone to respond, such effects might influence
the quantitative measurements of visual field eccentricity plots.
Eccentric fixation was measured in each of the monochromat sub-
jects outside the scanner and ranged between 0.5 and 2 deg. Fixation
in the rod monochromats was shifted either toward the left (K.N.,
S.H.) or right (D.G.) visual field.

We simulated the effects of eccentric fixation and nystagmus
for a simple one-dimensional model (Fig. 5). The top left panel
represents a set of neuronal receptive field functions that vary in
size from fovea to periphery. The middle image represents an
expanding square wave. The image on the right shows the time
series of each simulated neuron. The graph on the lower left
shows the expected eccentricity map for a subject with these

receptive fields, perfect fixation and no nys-
tagmus. This curve is very close to the mea-
surements we obtained in normal controls,

Fig. 6. Visual field eccentricity measurement meth-
ods. (a) Phase-encoded retinotopic response to the
rotating-wedge stimulus on a flattened representa-
tion of occipital cortex. Color encodes visual angle
(see inset in upper right of a). The cyan outline is the
boundary of V1 determined by an automated tool.
The red line denotes a region of interest (ROI) along
an isoangle path within V1; such paths were pro-
jected back into the folded brain where we calcu-
lated all cortical distances. (b) The same V1
boundary and ROI overlaid on a phase-encoded
retinotopic response to the expanding ring stimulus.
Color now encodes visual eccentricity (see inset in
upper right of b). The plot measures the change in
eccentricity along the ROI. (c) The isoangle ROI
mapped onto a 3D rendering of this brain. Its posi-
tion is near the upper lip of the calcarine sulcus.

Fig. 5. Theoretical analysis and simulation of the
visual field eccentricity plot. The upper left image
shows the simulated one-dimensional receptive
field array as an image. Each row represents the
profile of a different simulated receptive field cen-
ter, and the columns represent receptive fields at
various eccentricities. The smallest receptive fields,
in the middle columns, are in the fovea. The middle
image on the top row shows the space–time dia-
gram of the expanding square wave stimulus (1D
example). White indicates the presence of the
expanding-ring reversing-checkerboard, whereas
black indicates a mean luminance gray background.
The upper right image shows the RF responses
over time. The lower panels represent the mea-
sured phases in three different conditions. See text
for further explanation.

The visual field eccentricity plots comprise data from both
hemispheres. Apart from the reduced signal in subject K.N.
(see above), no significant differences were found between the
two hemispheres. Hence, the reorganization was very similar
in the two hemispheres.

DISCUSSION
It is likely that development in the monochromats proceeds nor-
mally up until birth, when photoreceptor stimulation is ulti-
mately required to play a role in further development17,24.
Therefore, the observed changes were a direct result of visual sys-
tem plasticity in response to their altered visual experience. These
changes could be mediated by a variety of mechanisms, including
reorganization of neural connectivity and changes in the efficacy
of established connections.

Measurements in monochromats require some special con-
siderations of their unique visual characteristics. They often
exhibit behavioral symptoms indicative of compromised cone
function and a lack of central foveal vision, including slightly
eccentric fixation and intensity-dependent optical nystag-
mus11,25,26. These factors can be ruled out as possible explana-
tions of our results.

a b c
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including the rounding at the upper right. In the simulation, this
rounding was caused by signals from neurons with large receptive
fields centered just outside the stimulus region.

The lower middle graph shows the effect of a systematic hori-
zontal shift in fixation. This produced an asymmetric response in
the cortical maps in the two occipital lobes. The simulated curves
show the effects in the event that a subject fixated 1.6 deg eccentri-
cally. Such deviations could be detected by our measurements, but
they were not present. As we described above, the data from the two
hemispheres were well matched in all of the rod monochromats.
Hence, the agreement of cortical maps in the two hemispheres and
the lack of any representation of the center of the stimulus suggest-
ed that the monochromats were largely fixating such that the stim-
ulus was centered on their inactive fovea, rather than eccentrically.

Fixation stability was assessed in each potential monochro-
mat subject and formed a basis for selection (see Methods). At
the low light levels used in our experiments, nystagmus was great-
ly reduced or nonexistent. In general, fixation instability would
tend to locally smear the retinotopic maps, reducing activity,
rather than producing activity where none is present. In fact, we
observed precisely such diminished foveal responses in control
measurements made on a subject with significant nystagmus. In
separate experiments, we performed retinotopic mapping on a
subject with congenital nystagmus of 3 deg peak-to-peak ampli-
tude. The visual field eccentricity plot in this subject differed
from normal only in the degree of noise in the data. Unlike the
measurements in the subject with nystagmus, the monochromats
showed a clear, robust retinotopic map on the medial surface.
The differences between normal and monochromat retinotopic
maps were unlike the differences between maps of normals and
subjects with nystagmus, presumably because we selected the
viewing conditions to minimize nystagmus in monochromats.

Additionally, the lower right graph in Figure 5 shows the sim-
ulated results of random eye movements by the rod monochro-
mats. The error bars show the effects of simulating eye
movements drawn from a Gaussian distribution (mean devia-
tion zero, s.d. 1 deg). This only increased variance. Hence, our

methods were robust with respect to moderate fixation instabil-
ity for both normals and rod monochromats.

By comparing retinotopic representations in normal subjects
with those in congenital rod monochromats, we have observed for
the first time how abnormal retinal input alters the development of
retinotopic maps in the human brain. The reorganization spanned
roughly 4 cm2 of cortex, far greater than can be easily observed
with single-unit methods. While it is possible that changes also
occurred at earlier stages such as the lateral geniculate nucleus or
even the retina, there is little doubt that experience-dependent cor-
tical remapping occurred. The molecular alterations in the genes
encoding the cone photoreceptors have profound consequences
for visual experience. The abnormal visual experience, in turn,
changes cortical organization. Our findings illustrate the close cou-
pling among genetics, experience and brain development.

METHODS
Subjects. All subjects provided informed consent to participate in the
project.

Normal: H.B. (female, age 35) and A.B. (female, age 28) both have
normal, trichromatic color vision. All experiments were done in com-
pliance with the relevant laws and institutional guidelines and were
approved by the Stanford human subjects committee.

Rod monochromats: K.N. (male, age 56) has been studied extensively.
He consistently demonstrates a lack of any cone function26. Molecular
genetic analysis reveals homologous missense mutations in a gene
(CNGA3) on chromosome 2 that encodes the α-subunit of the cGMP-
gated cation channel in the cone photoreceptors, rendering the cones
unexcitable7. Fixation is less precise than normal, with deviations as great
as ±2 deg, as measured with a scleral search coil25. D.G. and S.H. (males,
age 27 and 29, respectively) have both been clinically diagnosed as rod
monochromats27,28, although molecular genetic analysis has not estab-
lished their origin. Some residual cone function can be demonstrated in
both D.G. and S.H., but only under conditions of extreme light adapta-
tion not used during the fMRI scans. Preferred fixation position was
mapped relative to the blind spot (optic nerve head), and fixation sta-
bility was assessed using a standard ophthalmoscope. In their preferred
eyes, which were used in these experiments, fixation was deviated hori-
zontally by 1.5–2 deg (S.H.) and 1 deg (D.G.).

Stimuli. Retinotopic mapping methods were similar to those published
previously18,29. Retinal eccentricity was mapped using a contrast-revers-
ing (4 Hz) checkerboard presented within an expanding annular ring
(maximum diameter 32 deg). The ring slowly expanded from the cen-
tral to peripheral field, starting again in the center as the 16 deg radius
was passed. A single expansion cycle lasted 36 s, and was repeated for 7
cycles. All data shown are from the average of three such scans.

Each visual field location alternated between a reversing check pat-
tern for 18 s and a uniform gray field for 18 s during each cycle, and
the phase of the alternation coded visual field position. The check pat-
tern fundamental spatial frequency was close to 0.25 cycles/deg,
although it varied slightly from center to periphery because of the dart-
board configuration of the pattern. In all stimulus conditions, the first
cycle (36 s) was excluded from analysis to remove transient artifacts at
stimulus onset. A large ‘X’ (32 × 32 deg) centered over the stimulus was
used as a fixation guide.

Silent substitution methods were used to stimulate selectively the dif-
ferent receptor classes in the normal subjects30. For the normal subjects,
the mean luminance under cone conditions was 70 candela (cd) per m2.
To preferentially activate rods in the normals, the mean field luminance
was reduced to 0.07 cd/m2 using neutral density filters, and modulation of
the check pattern was metameric to modulation of a 500 nm light. The
rod monochromats viewed black/white check patterns through 1 log unit
neutral density filters (mean luminance, 7 cd/m2), as silent substitution
methods were unnecessary. In cases where fixation in one eye was more
stable than the other, data were collected monocularly (D.G., right eye;
S.H., left eye). No significant differences were found between monocular
or binocular retinotopic maps measured in K.N. and in normals.

Fig. 7. Visual field eccentricity plots are independent of correlation
threshold. The visual field eccentricity plot, measured at three different
correlation levels, is shown for one normal subject (H.B.) in an expand-
ing-ring experiment. The points chosen at different correlation levels
have been displaced for comparison. Points with at least 0.20 correlation
are shifted down (circles); points with at least 0.30 correlation are not
shifted (squares); points with at least 0.40 correlation are shifted up
(diamonds). Error bars indicate ±1 s.e.m.
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Scanning procedure. Monochromats and one normal control (H.B.) were
tested in a supine position in a 1.5-Tesla (T) GE Signa scanner (Milwau-
kee, Wisconsin). A second normal control (A.B.) was tested in a 3-T GE
Signa scanner. The stimuli were presented using a flat-panel LCD moni-
tor (NEC 2000, Santa Clara, California) and publicly provided software31.
Subjects viewed the display through a pair of binoculars with mirrors
mounted above the head, which could be adjusted to correct for individ-
ual alignment and refractive error. The head was immobilized using a bite
bar or padding. Subjects maintained fixation on a mark centered on the
stimulus throughout each scan. Functional magnetic resonance images
(T2*-weighted blood-oxygenation level-dependent responses32) were col-
lected in planes perpendicular to the calcarine sulcus through the occip-
ital lobes using a two-dimensional spiral sequence33 (1.5 T: 8 planes, 2
spiral interleaves; TR, 1,500 ms; TE, 40 ms; flip angle, 90°; voxel resolu-
tion, 1.9 × 1.9 × 4 mm; 3 T: 23 planes, 2 spiral interleaves; TR, 1,500 ms;
TE, 30 ms; flip angle, 70°; voxel resolution, 1.7 × 1.7 × 3 mm). A high-
resolution anatomical (T1-weighted) MRI volume scan of the entire head
was also run on each subject (voxel size, 0.9 × 0.9 × 1.2 mm).

Data analysis and visualization. To create time-series plots, the fMRI
time series at each voxel were recorded and converted from arbitrary
units to a scale that measures percentage change with respect to the
mean voxel level. Linear trends were removed, but no further pro-
cessing was performed. For each experimental condition, we comput-
ed the average fMRI time series from three scans. To measure the phase
and amplitude of the fMRI response at each voxel, we transformed
this time series into a Fourier amplitude spectrum. We then measured
the phase and amplitude of the time series at the stimulus alternation
rate of 1/36 Hz. The response phase of each voxel encodes the eccen-
tricity (phase-encoded retinotopy). Gray matter was segmented from
the high-resolution anatomical scan for each subject, rendered in three
dimensions close to the white matter boundary and unfolded using
publicly available software34,35. Functional activity from all cortical
layers was projected onto the unfolded representation to the closest
location on the white matter boundary.

Figure 6 illustrates several important aspects of our methods. First,
the positions of primary visual cortex (V1) and other visual areas were
determined in each subject from the visual field representation on the
unfolded surface29. The areas were identified using an automatic tool
that minimized the error between the expected visual map (atlas) and
the observed data (V.M. Koch et al., Soc. Neurosci. Abstr., Vol. 27, Pro-
gram No. 620.14, 2001). In this tool, the atlas is coarsely aligned with
the data and then elastically deformed. The elastic deformation is cho-
sen to fit the measured data by minimizing an energy function. Figure 6a
and b show examples of phase-encoded retinotopy data on a flattened
representation of the left occipital lobe. One region of interest indicates
the perimeter of the V1 region that was found by the elastic deforma-
tion of a V1 atlas. The second region of interest represents an isoangle
contour taken from the fitted atlas but mapped onto the folded corti-
cal surface.

The graphs in Figure 6a and b show the measured response phases
along the isoangle contour. The atlas fit the data well; the angular repre-
sentation along a constant isoangle path in the atlas follows a constant
phase to a rotating-wedge stimulus (Fig. 6a). Along this path the eccen-
tricity map increases as one expects (Fig. 6b). Figure 6c contains both a
three-dimensional rendering of the occipital lobe that depicts the location
of the flattened representation, and then an expanded view of this occip-
ital lobe indicating the region of interest near the upper lip of the cal-
carine sulcus. The measurements described in this paper were all obtained
by first finding V1 using this automated tool, then selecting several isoan-
gle paths and transforming these paths onto the folded brain and, final-
ly, measuring distances and response phases along the convoluted cortical
surface. The data from 8–20 isoangle regions of interest were pooled into
a single eccentricity plot such as those plotted in Figures 3 and 4.

Finally, we note that there are often differences between subjects in
the reliability of the measured signal. Indeed, over the years, as instru-
ments and methods have improved, we now obtain data that are far supe-
rior to our early measurements. This improvement in signal:noise did
not change the eccentricity plots we measured. The eccentricity plots
were measured at three different correlation levels, with the three data

sets and curves displaced vertically for clarity (Fig. 7). The agreement
between the data and the curves showed that the visual field eccentricity
plot was invariant across this range of correlation thresholds. Indeed, all
three were fitted by the curve deg = exp(s × dist + 2.3), where deg is the
visual eccentricity and dist is the distance along cortex in millimeters
measured from a reference position in cortex that responds maximally
to a stimulus at 10 deg eccentricity. The parameter s is a scale factor that
differs among people and ranges from 0.025 to 0.035.

The earliest data collected in this study had a signal:noise ratio com-
parable to the curve marked at a correlation level of 0.20. Currently, we
typically restrict voxels to a correlation level of 0.30, as shown in the mid-
dle curve. Even if we restrict to a higher criterion (0.40, top curve), the
shape of the eccentricity map is unchanged. Hence, the absolute signal
level in different subjects should not influence our conclusions.
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