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Abstract—Much of our understanding of the visuotopic organization of striate cortex results from single-electrode
penetrations and serial recording of receptive field properties. However, the quality of these maps is limited by impre-
cision in quantifying electrode position, combining data from multiple laminae, and eye drift during the measurement of
the receptive field properties. We have addressed these concerns by using an array of 100 closely spaced microelectrodes
to investigate the two-dimensional visuotopic organization of layer IV in cat striate cortex. This array allowed simulta-
neous measurement of the receptive field properties of multiple single units on a regularly spaced grid. We found the
relationship between cortical and visual space to be locally non-conformal: the receptive field locations associated with a
closely spaced line of electrodes appeared randomly scattered in visual space. To quantify the scatter, we fitted a linear
transformation of electrode sites onto the associated receptive field locations. We found that the distribution of the
difference between the predicted receptive field location and the measured location had standard deviations of 0.59° and
0.45° in the horizontal and the vertical axes, respectively. Although individual receptive field positions differed from the
predicted locations in a non-conformal sense, the trend across multiple receptive fields followed the maps described
elsewhere. We found, on average, that the 13 mm? of cortex sampled by the array mapped onto a 5.8-degrees® region
of visual space. From the scaling of this map and a combination of the statistics of the receptive field size (2.7t 1.5
degrees”) and scatter, we have explored the impact of electrode spacing on the completeness and redundancy in coverage
of visual space sampled by an array. The simulation indicated an array with 1.2-mm spacing would completely sample the
region of visual space addressed by the array.

These results have implications for neuroprosthetic applications. Assuming phosphene organization resembles the
visuotopic organization, remapping of visual space may be necessary to accommodate the scatter in phosphene

locations.

© 2001 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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Many researchers have studied the visuotopic organiza-
tion of mammalian striate cortex. They have shown that,
while cortical magnification varies with retinal eccentric-
ity, the global visuotopic map is generally conformal
(Hubel and Wiesel, 1974; Albus, 1975b; Tusa et al.,
1978; Tootell et al., 1982; Dow et al., 1985; DeAngelis
et al., 1999; Hetherington and Swindale, 1999). That is,
nearby points in visual space are mapped onto nearby
regions in striate cortex. However, when researchers
focused on the local visuotopic organization of striate
cortex, the receptive field characteristics of the neurons
manifested properties that were inconsistent with a con-
formal organization. The properties of receptive fields,
recorded along a single cortical column with a microelec-
trode track orthogonal to the cortical surface, have con-
siderable variability both in their location in visual space
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and in their size. In fact, two neurons recorded simulta-
neously from a single microelectrode can have receptive
fields that show no spatial overlap (Hubel and Wiesel,
1974). These receptive field properties argue against a
simple, conformal local visuotopic organization.

The conclusions resulting from local visuotopic map-
ping experiments have been confounded by imprecise
knowledge of the relative positions of the microelectrode
recording locations (Dow et al., 1985) and by methodo-
logical problems associated with eye drift (Rodieck et al.,
1967; Cicerone and Green, 1977). Typically, these studies
were done using sequential recordings of receptive field
properties from neurons encountered along tracks made
tangential to the cortical surface. Consequently, compar-
isons could be made only of properties measured within
a single track and then, in order to provide an adequate
sample size, across multiple laminae with the commensu-
rate changes in the degree of scatter. Further, making
maps with large numbers of receptive fields required
extended experimentation time, thereby introducing
more opportunity for eye drift to contaminate the con-
clusions of the study. While the use of paralytic agents
and eye immobilization can significantly reduce the
extent of the eye drift, these techniques do not eliminate
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the problem (Rodieck et al., 1967; Cicerone and Green,
1977).

We have investigated the local visuotopic mapping of
cat striate cortex using an array of 100 penetrating
microelectrodes to record simultaneously the receptive
field properties of many neurons. Simultaneous recording
of receptive field properties, coupled with the use of
paralytic agents, greatly reduces the problems of eye
drift. The fixed geometric arrangement of the electrodes
reduces the uncertainties of electrode position, and the
fixed length of the electrodes allows concurrent measure-
ment of receptive field properties for a large number of
neurons within a cortical lamina.

We conclude that the local visuotopic organization of
striate cortex is non-conformal. In particular, given
knowledge of the receptive field location recorded on
one electrode, we could only poorly predict the location
of the receptive field on a neighboring electrode. To have
a high probability of recording non-overlapping recep-
tive fields, we estimated electrodes would have to be
separated by more than 2.0 mm. This study has implica-
tions for the design of a cortically based vision neuro-
prosthesis, one motivation for the development of the
array utilized in this study. The organization of a field
of phosphenes, evoked by electrical stimulation via our
array of penetrating electrodes and having 0.4-mm inter-
electrode spacing, is expected to be non-conformal. Con-
sequently, we conclude that electronic circuitry likely will
have to be provided in a vision neuroprosthesis to trans-
form visual information into a useful conformal phos-
phene map.

EXPERIMENTAL PROCEDURES

Experiments were performed under animal care and experi-
mental guidelines that conformed to those set by the National
Institute of Health. The experiments were designed under the
goal of reduction, refinement, and replacement to minimize the
pain and suffering associated with live animal experiments.

Surgical procedures

Only a brief description of the animal preparation, mainte-
nance, and surgery procedures is given here, as they have been
fully described elsewhere (Nordhausen et al., 1996). Four adult
cats were used. All animals were obtained from the University
of Utah Animal Resource Center. Each animal was induced
with either ketamine (5-20 mg/kg, i.m.) or a cocktail of equal
proportions by weight of tiletamine and zolezepam (Telazol®,
Fort Dodge, Overland Park, KS, USA; 6-13 mg/kg, i.m.), can-
nulated, intubated, and its head immobilized. The animal was
artificially ventilated and anesthesia maintained with halothane
(1.0-1.5% during the surgery, 0.7-1.1% during recording). Heart
rate, electrocardiogram, expired carbon dioxide, and core tem-
perature were monitored, the latter was maintained between 37
and 40°C with a water blanket. The visual cortex was exposed
by a 1-2-cm-diameter craniotomy and the dura reflected. After
establishing a baseline level of anesthesia for at least 2 h, para-
lysis was established with pancuronium bromide (0.1 mg/kg/h,
i.v.) either by an hourly bolus or by continuous infusion. The
pupils were dilated with atropine sulfate (1% solution) and the
nictitating membranes retracted with phenylephrine hydrochlo-
ride (neosynephrine, 10% solution). The eyelids were sutured
open and gas-permeable contact lenses (0 diopters) were placed
in each eye to protect the corneas. The retinas were back

refracted onto a tangent screen and the focus adjusted with
external lenses. The locations of retinal landmarks were
recorded on the screen to assist estimation of the location of
area centralis (Bishop et al., 1962; Nikara et al., 1968).

An acute configuration of the Utah electrode array (UEA,
Bionic Technologies, Inc., Salt Lake City, UT, USA) was used
for all experiments. The fabrication and characteristics (Jones et
al., 1992) as well as the pneumatic insertion technique (Rousche
and Normann, 1992) of the UEA are described elsewhere. In the
acute configuration, the 1.0- or 1.5-mm-long electrodes are
arranged in a 10X 10 grid with 0.4-mm spacing between adja-
cent electrodes. The electrode impedance ranged between 100
and 600 kQ with typical impedances around 300 kQ, measured
with a 1-kHz, 100-nA, sinusoidal signal. The UEA was
implanted to a depth of 1.0 or 1.5 mm at the junction of the
lateral and posterior lateral gyri, for 1.0- and 1.5-mm electrode
lengths, respectively.

Electrophysiological recording

Neural activity as well as the state of the visual stimulus was
recorded by a 100-channel data acquisition system (Bionic Tech-
nologies Inc.). This system amplified (5000 X ), filtered (2507500
Hz), and digitized the neural signals (8 bits, selectable resolution
of 0.5-8 uV per bit, 30000 samples per second). Further details
of the data acquisition system are available elsewhere (Guillory
and Normann, 1999). We collected data from both eyes in two
of the cats. In the other two cats, we only collected data for the
eye contralateral to the implant site as too few of the electrodes
exhibited a response to visual stimulation of the ipsilateral eye.
Neural activity was observed at 185 electrode sites out of the
possible 375 sites (reduced from a potential of 400 sites due to
broken electrodes and wires).

Visual stimulus

We mapped the approximate location and orientation prefer-
ence of the multi-unit neural response for each electrode using
bars projected onto a tangent screen with a hand-held projector.
Although we noted the preferred orientation, these data are not
reported here, as the measurement was qualitative. A computer
monitor was placed at the approximate visual space representa-
tion of the majority of the receptive fields and a random check-
erboard pattern was displayed. Initially, we used a 15-inch
monitor (Viewsonic Model 15GS), placed 90 cm from the eye.
In the later experiments, we used a 17-inch monitor (Hitachi
Model 620), placed 80 cm from the eye. Both monitors had a
640 X 480 pixel resolution and 100-Hz refresh rate. The checker-
board pattern consisted of a number of equal-sized squares,
each of which subtended 1.1X1.1° (1.0X1.0° on the 15-inch
monitor). Each square was randomly set to either black or
white with a 25% probability of being white. The logical origin
of the screen was selected randomly. This allowed the entire
checkerboard to be shifted both vertically and horizontally by
0.14° steps (0.26° steps on the 15-inch monitor). A new checker-
board with a new logical screen offset was displayed at a rate of
25 Hz. For each measurement of the receptive field properties,
visual stimuli were presented and neural data recorded for 30
min. Typically, five measurements of the receptive field charac-
teristics were performed, lasting a total of 5 h if only the con-
tralateral eye was examined and 10 h if both the contralateral
and ipsilateral eyes were examined. Visual stimulation was pre-
sented monocularly.

Unit classification

We performed unit classification by an unsupervised statistical
classification method called mixture modeling (Sahani et al.,
1997; Lewicki, 1998; Jain et al., 2000). After unit classification,
we reduced the set of potential units through an examination of
the signal to noise ratio (SNR) and the relative timing of neural
events. We removed units from the analysis if their SNR was
less than two; the largest SNR observed was seven. The SNR
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was defined as the ratio of the range of the amplitude of the
template generated by the classification scheme to the range of
the noise signal. The latter is the difference between the 95th and
Sth percentiles of all data points in the first 0.33 ms of the
recorded waveforms. Additionally, if multiple units on an elec-
trode showed significant cross correlation, we removed all but
one of the units from the analysis. A significant cross correlation
likely had one of two sources, either the units were distinct but
exhibited correlated firing or the unit classification method
incorrectly separated a single unit into two or more units. We
chose the more conservative interpretation, assuming the classi-
fication was in error, and removed all but the most active unit.

Data analysis

The reverse correlation method was used to estimate the
receptive field properties (Jones and Palmer, 1987; Eckhorn et
al., 1993). This was done by cross correlating spike times with
the visual stimulus over a range of latencies between the stim-
ulus and the spike. For the latency Ar seconds, the cross corre-
lation resulted in a two-dimensional array of sums. Each sum
enumerated the number of times the particular location of the
screen was illuminated A seconds prior to the occurrence of a
spike. The sums were examined under the null hypothesis that
the stimulus and the spike were not correlated. Under this
hypothesis, each sum would be binomially distributed, being
the result of N independent Bernoulli trials where A is the num-
ber of spikes. As N became large, the sum could be approxi-
mated with a normal distribution having mean N/4 and variance
3N/16. By subtracting out the mean and dividing by the stan-
dard deviation, the resulting statistic was distributed as a stan-
dardized normal random variable and had units of standard
deviations. From the number of standard deviations observed,
the probability of seeing the sum could be calculated under the
assumption that the null hypothesis was valid. A large, positive
value indicated that the location on the screen was illuminated
more often than could be explained by chance and, hence, rep-
resented an excitatory region of the receptive field. To distin-
guish receptive fields from chance large sums, an acceptance
criterion of 4.3 standard deviations was used. This value was
selected as it implies that on average only one of the 115200
sums from six latencies would exceed this limit when the null
hypothesis was true. If the excitatory region was smaller than
0.15 degrees® or seen for less than 25 ms, it was considered a
chance large sum and was removed from the analysis. Further,
we excluded units that did not reliably generate a receptive field
across repeated measurements of the properties. A reliable unit
was defined as one that produced a receptive field in three of the
five measurements of the properties (three animals) or in three
of the four measurements (one animal).

We found 92 single units that had a reliable excitatory recep-
tive field. Of these units, 54 were driven exclusively by visual
stimulation of the contralateral eye, 17 units were driven exclu-
sively by the ipsilateral eye, and 23 units were binocularly
driven. After accepting a region as being an excitatory receptive
field, we parameterized the receptive field by its peak value,
latency to the peak value, size, and location. The size of the
receptive field was defined as the area of the contiguous region
surrounding the peak value and having magnitude greater than
or equal to 4.3 standard deviations. The two-dimensional loca-
tion of the receptive field was defined as the center of mass of
the same region. Both the size and location were calculated at
the latency of the peak value.

Fitting receptive fields

To analyze the visuotopic organization of primary visual cor-
tex, we compared the measured receptive field positions to that
estimated by a linear coordinate transformation (or a linear
map) of the electrode array onto its visual space representation.
The coordinate transformation allowed for five degrees of free-
dom: the magnification along both sides of the UEA (SF, and
SF)), the rotation of the UEA (), and the translation in both
the horizontal and vertical axes (OFF, and OFF,). A non-linear,

least-mean-squared minimization method (FMINS function in
MATLAB®) was used to minimize the difference between the
coordinate transform and measured receptive fields. The elec-
trode position (E, and E,) was related to the visual space posi-
tion (¥, and V,) by the equation

Va
Ve

SF,cos @ SF,sin @
—SF,sin @ SF,cos 6

E,
E,

OFF,
OFF,

(1)

We interpreted our results in terms of linear mapping and
conformal mapping. A conformal map is one that preserved
angles. For example, the transformation on a grid printed on
a rubber diaphragm that has been stretched is a conformal
operation.

Statistical methods of data analysis

The Windows-based SPSS® statistics package (Release 9.0.0)
was used to perform all statistical analyses. A significance level
of 0.025 was used. A multi-way analysis of variance (ANOVA)
with repeated measures, through the General Linear Model
function, was used to compare receptive field sizes within and
between animals. The distributions of the length of the residues
of the fit described above were compared to the estimated mea-
surement error by a two-sample Kolmogorov—Smirnov test. A
multi-way ANOVA with repeated measures was used to com-
pare the length of the residues and the magnification factor
within and between animals. The variances of the residues in
each of the horizontal and vertical axes were compared with a
two-tailed variance ratio test and Kendall’s 7. Each of the res-
idues was compared to a normal distribution by a single-sample
Kolmogorov-Smirnov test. The estimated measurement errors
of the peak value, area, and location of the receptive field were
tested for zero mean through a two-tailed z-test and normality
through a single-sample Kolmogorov—Smirnov test. The varian-
ces of the location measurement error in each of the horizontal
and vertical axes were compared by a two-tailed variance ratio
test and Kendall’s 7. Their distributions were compared through
a two-sample Kolmogorov—Smirnov test. The effect of eye drift
on the error in area measurement was tested through a multi-
way ANOVA with repeated measures.

Histology

As the UEA did not conform to the curvature of the surface
of cortex, it was expected that not all electrodes would be in
layer IV when the array was inserted. To verify that the majority
of electrodes were in the desired lamina, we excised the region of
cortex implanted in one of the animals. At the end of the experi-
ment, the array was explanted and the animal perfused with a
solution of 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.45) by cardiac puncture. The brain was prepared for
sectioning by being washed in 0.1 M phosphate buffer for 2 h
and cryoprotected in 15% sucrose for 30 min, in 20% sucrose for
I h and in 30% sucrose for 24 h at 4°C before embedding in
tissue freezing medium. The brain was serially sectioned in the
coronal plane into 20-um sections on a cryostat and the sections
were stained using standard Nissl procedures. The depth and
location of the electrode tips for each electrode were estimated
using the electrode track as a guide under a light microscope.
One fortunate section showing a number of electrode tracks is
shown in Fig. 1A. The tracks appear as the dark, radially ori-
ented lines in this figure, the result of infusion of blood into the
tracks. As we have never observed blood in electrode tracks of
animals that were perfused with the electrodes in situ, we
believed the blood entered the electrode tracks between array
explantation and animal fixation. All of the electrode tips illus-
trated in this figure are in layer IV of area 17 based upon the
identification of the stripe of Gennari in the whole section (data
not shown). A close-up view of the tip of a single electrode,
labeled with an asterisk, is shown in Fig. 1B. We observed no
local injury to this tissue, as indicated by the normal-appearing
neurons near the electrode. A photograph of the implanted
array is shown in Fig. 1C. In this dorsal view of the exposed
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Fig. 1. Coronal transverse section through the left visual cortex (Nissl stain) and location of the array as implanted. (A)
Low-power photomicrograph showing the position of the recording electrodes mainly in layer IV of area 17. Inset shows the
position and orientation of the section. (B) Close-up view of one of the electrode tracks (asterisk). Notice the normal-appear-
ing neurons (arrowheads) in close proximity to the electrode’s active surface and the absence of local trauma. (C) Photograph
of a dorsal view of the array after implanting in the cortex. In this figure, anterior is to the left and posterior to the right.
To assist interpreting the photograph, the midline has been indicated with a solid line and the outline of the lateral and
posterior lateral gyri has been indicated with a dashed line. Additionally, the contrast of the region outside the surgical open-
ing has been reduced to emphasize the array location. The inset illustration shows the approximate location where the array
was implanted relative to the entire cat brain. Scale bars =400 um (A); 50 um (B).
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cortex and array, the midline is shown as a solid line and the
estimated outline of the lateral and the posterior lateral gyri are
shown as dashed lines. For the animal shown here, the contra-
lateral cortical hemisphere was also exposed to allow implanta-
tion of both hemispheres although a second array was not
implanted at the time of the photograph. An illustration of
the location of the array is provided in the inset to assist in
interpreting the photograph. From sections such as shown in
Fig. 1A, we concluded that the inner seven or eight rows of
the UEA were in layer IV or at its borders in the animal studied.

RESULTS
General observations about receptive field characteristics

Figure 2 illustrates a three-dimensional projection of
the four-dimensional receptive field data for three units
that were measured simultaneously. The data for each
unit represent the maximal response across one dimen-
sion, the latency between the visual stimulus and the
occurrence of a spike. The three peaks represent the
location and response magnitude of the receptive field
for each of the three units. Below these peaks, the
same data are represented as contour lines. The outer-
most contour line, at a magnitude of 4.3 standard devia-
tions (the threshold for significance, see Experimental
Procedures), shows the boundary of the excitatory recep-
tive field. The rightmost peak and the center peak come
from two units simultaneously measured on a single elec-
trode, whereas the leftmost peak was recorded from an
electrode 3.4 mm away.

The three units illustrated in Fig. 2 were selected spe-
cifically to show three non-overlapping receptive fields.
More typically, the receptive fields recorded either on the
same electrode or with different electrodes overlapped.
Figure 3 shows 12 simultaneously measured receptive
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Fig. 2. Receptive field data for three units measured in parallel.
The three peaks represent the statistic, measured in numbers of
standard deviations, calculated by the reverse correlation method.
The three sets of contour lines represent the same data collapsed
into a two-dimensional representation. The outermost contour line
for each set is the boundary of the receptive field. The small peak
and the center peak come from two units isolated on a single elec-
trode. The third peak is from an electrode 3.4 mm away.
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Fig. 3. Boundaries of 12 simultaneously measured receptive fields
found in a single measurement of the receptive field properties.
The arrow labeled with the letter C indicates the direction of the
contralateral visual field for the particular experiment. In this
example, representative of all the results for all measurements in
all animals, the receptive fields are located near the visual repre-
sentation of area centralis and have a tendency to be in the con-
tralateral visual field.

field boundaries from a single 30-min period of data ac-
quisition for one eye of one animal. Although it is diffi-
cult to distinguish individual receptive field boundaries,
the figure clearly shows substantial overlap in the recep-
tive fields. For example, some regions in visual space are
contained in eight of the 12 receptive fields. Despite the
difficulty in differentiating individual boundaries in the
figure, these data represent one of the easiest to differ-
entiate cases. In other experiments where larger numbers
of receptive fields were recorded, the individual receptive
field boundaries are more difficult to distinguish and
regions of visual space are represented in even greater
numbers of receptive fields.

All of the receptive field boundaries shown in Fig. 3
were within 4° of the visual representation of area cen-
tralis and the majority of the receptive fields were in the
visual field contralateral to the hemisphere implanted.
The locations of the receptive field boundaries in this
figure were representative of the boundaries observed
across all animals and eyes. Across all the measurements,
the receptive fields were within 8° of the visual represen-
tation of area centralis. Further, they either straddled the
vertical meridian or were located entirely in the contra-
lateral visual field. This was expected since the UEA was
implanted on the dorsal surface of the cortex at the
junction of the lateral and posterior lateral gyri. For
this region of the primary visual cortex, receptive fields
should be located in the proximity of the visual repre-
sentation of area centralis. Further, they generally should
be located in the contralateral visual field (Tusa et al.,
1978). On average, the majority of the receptive field
boundaries were contained within a 4° horizontal by 5°
vertical region of visual space, with its absolute location
in visual space varying between animals.

The receptive field size and its trend with eccentricity
were also consistent with that reported elsewhere. Figure
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Receptive Field Size, Degrees

Distance From Area Centralis, Degrees
Fig. 4. Receptive field size as a function of eccentricity. The upper
solid line is the upper limit and the dashed line is the average
observed by Albus (1975b). With few exceptions, all receptive field
sizes were within this upper limit. The average receptive field size
was 2.7+ 1.5 degrees?, equivalent to a width of 1.6+ 0.44°.

4 shows the receptive field size as a function of the dis-
tance of its center from the visual representation of area
centralis. In the figure, the upper bound of receptive field
size of simple cells reported by Albus is displayed as a
solid line and the mean reported by Albus as a dashed
line (Albus, 1975b). With two exceptions, all of the
receptive field sizes were within the upper bound. For
small eccentricities, our data show a tendency for the
average receptive field size to be larger than that found
by Albus, likely the result of two potential sources of
error in our data. First, the large size of each square of
the checkerboard, between 1 and 1.2 degrees?, tends to
limit the lower range of the size estimation. Second, the
method used to establish the location of area centralis
can result in a few degrees of error in the eccentricity.
Hence, the larger than expected sizes observed at a small
eccentricity may actually have larger eccentricities. No
meaningful difference in the size measurement was
observed between repeated measurements within the
same animal and eye, indicating that the size can be
measured reliably (multi-way ANOVA with repeated
measures, o=0.025). On the other hand, there is statis-
tical evidence to conclude that the average size was larger
in animals with receptive fields further from area cen-
tralis (multi-way ANOVA with repeated measures,
P <0.001). Despite the trend for increasing size with
eccentricity, most authors report a single, average size
for all parafoveal receptive fields. Following suit, the
average monocular receptive field size for all cats was
2.7%1.5 degrees’; a good match to the size of 2.8
degrees® reported for layer IV simple cells (Leventhal
and Hirsch, 1978). Assuming a square receptive field,
the average width was 1.6+ 0.44°.

Local visuotopic map

To analyze the visuotopic organization of receptive
fields, we collapsed the three-dimensional representation
of each receptive field into a two-dimensional point in
visual space by calculating the center of mass of the
region contained within its boundary. We then applied
a least-mean-squared-error fit to a linear transformation

from the electrode loci to their representation in visual
space.

Figure 5 illustrates the results of one such fit. The
rectangle of small, open circles represents the outline of
the UEA as mapped into visual space with each symbol
indicating the location of an electrode along the periph-
ery of the UEA. The large filled circle and filled square
represent the electrode sites at the most rostral-lateral
and rostral-medial corners of the UEA, respectively.
The visual space representations of electrode sites having
reliable receptive fields are represented by crosses. Each
of these crosses is connected to an open square that
represents the location in visual space of the center of
mass of the receptive field mapped at the electrode site.
The least-mean-squared-error fit minimizes the root-sum-
squared length of these lines. The inset figure displays a
two-dimensional scatter diagram of the error in the fit.
This is equivalent to plotting the location of the receptive
fields after translating each electrode locus to the origin.
Additionally, the inset figure shows the 99% and
99.9999% probability contours of the measurement
error as two concentric circles about the origin (see
Appendix).

Because the locations of the receptive fields and the
transformed electrode sites do not superimpose, the
map from cortical space (the UEA) to visual space
(receptive field locations) is clearly not linear. Further-
more, the map is not conformal as can be seen by inspec-
tion. Since some measurement error is expected, we
would not anticipate perfect overlap but instead would
expect to observe a small scatter in the receptive field
locations around the transformed positions of the elec-
trodes. Empirically, one can see that this is not the case
by examining the scatter diagram inset of Fig. 5. Of the
25 receptive fields displayed, 80% have receptive fields
that are located outside the 99.9999% probability of
occurrence of measurement error. Statistical evidence
supports the conclusion that the distribution of the
observed radii of the residue vectors is not a result of
measurement  error  (Kolmogorov—Smirnov  test,
P <0.001). As the receptive fields were recorded simulta-
neously, the scatter is not a result of eye drift. Further,
the scatter is not due to the method of selecting the
receptive field center. Alternative methods of deriving
the center, such as the centroid of the receptive field or
the location of the peak in the receptive field, result in a
similar degree of scatter. The most plausible explanation
is that the map is neither linear nor conformal. The lack
of linearity or conformality was observed across all mea-
surements in all animals.

A closer examination of Fig. 5 indicates the degree of
the non-linearity of the visuotopic projection. In some
instances, one example being the electrode site labeled
a, the receptive field center nearly overlies the electrode
position. There are other cases, two examples being the
electrode sites labeled b and c, where the receptive field
center was separated from the electrode position by a
number of degrees. Toward the center of the array
were two receptive fields with similar locations, yet the
electrodes associated with these receptive fields, labeled d
and e, were separated by almost 1.8 mm. At the electrode

NSC 5019 16-7-01



High-resolution visuotopy of cat striate cortex 25

Vertical Position, Degrees

T T T T

W7BP0907

B
Elevation Residual, Degrees

| -2
-2 0 2

Azimuth Residual, Degrees
| . | .

T T

0 2 4

Horizontal Position, Degrees

Fig. 5. Visual space representation of the electrode array resulting from a least-mean-squared-error fit of the electrode
loci to their associated receptive field positions. The small open circles signify the electrode loci along the periphery of
the electrode array. The larger filled circle and filled square indicate the rostral-lateral and rostral-medial corners of the
array, respectively. Each cross and unfilled square connected by a line represent the position of an electrode and its
associated receptive field, respectively. The inset figure presents the residuals as unfilled squares. The concentric lines
represent two isoprobability levels of the measurement error, 99% and 99.9999%. The scatter in residues cannot be
explained as a result of measurement error, indicating the map is not linear. By inspection, the map is not conformal.

labeled e, two units were found on the same electrode,
yet their receptive fields locations were separated by
almost 2°.

Although individual receptive fields do not follow a
linear or conformal map, one does see the global orga-
nization described elsewhere (Tusa et al., 1978) when
examining the average organization described by the fit
across a large number of receptive fields. This can be
seen by examining the outline of the array as mapped
into visual space. As one progresses from the caudal to
the rostral side of the array, the receptive field locations
are generally at lower elevations. Similarly, as one pro-
gresses from the lateral to the medial edge of the array,
the locations generally are located further into the con-
tralateral visual field from the vertical meridian. In gen-
eral, the average organization observed in all animals
followed the organization given by Tusa et al. (1978).
It should be noted that the orientation of the array typ-
ically was not aligned with the rostral to caudal and
medial to lateral axes. Instead, it was placed based
upon the available space from the craniotomy and cor-
tical vasculature. Typically, it was oriented within 20° of
the principal axes of the animal.

Repeated measurements of the receptive field positions
were made within an animal over a 5-10-h period, and
the average organization such as that shown by the array
outline in Fig. 5 could be reproduced very reliably. Fig-
ure 6 shows the outline of the array mapped onto visual
space for each measurement of the receptive field orga-
nization for three of the four animals. The upper two sets
of outlines, labeled A and B, came from the positions

measured with the contralateral and the ipsilateral eyes
in the same animal, respectively. The lower two sets of
outlines, labeled C and D, came from the positions mea-
sured with the contralateral eye in two other animals. In
the case labeled D, the symbols indicating the location of
electrodes on the periphery of the array are not illus-
trated to ease comparison of the outlines for this animal.
In most cases, the outlines have similar orientations and
positions within an animal. The small shifts in orienta-
tion and position observed are likely the result of not
using identical units for all fits within an animal. Recall-
ing that a reliable unit is one that generated a receptive
field in at least three measurements, it is possible to use a
different set of units in each of the fits within an animal.
This effect is the source of the single thin outline seen in
the group of outlines labeled B. A change in the position
or orientation of the array outline without a concurrent
change in the size suggests that eye drift occurred
between the measurements. While this is not apparent
for the three animals represented in Fig. 6, significant
eye drift did appear to have happened in a fourth animal
(data not shown).

There is statistical support for the empirical conclusion
that there is no meaningful difference in the size of the
outline between the repeated fits of the array to visual
space. An analysis of the length of the residue vector
within an animal indicates that there is no meaningful
difference between repeated measurements of the recep-
tive field properties (multi-way ANOVA with repeated
measurements, &=0.025). As this analysis examines the
residue vectors, changes in the absolute position in visual
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Fig. 6. Visual space representation of the outline of the electrode array for a series of measurements of the receptive field
properties in three animals. The upper two sets of outlines, labeled with the letters A and B, come from measurements in the
contralateral and ipsilateral eyes in the same animal, respectively. The other two sets of outlines, labeled C and D, come
from measurements in the contralateral eye in two other animals. The smaller unfilled symbols indicate the locations of the
electrode loci on the periphery of the array. These symbols were not drawn for the set of outlines labeled D for figure clarity.
The larger filled square and filled circle are drawn at the electrode sites representing the most rostral-medial and rostral-
lateral corners of the array, respectively. These data demonstrate the stability of the cortical to visual space mapping
technique.

space of the array, the result of eye drift, do not affect
the result. On the other hand, there is statistical evidence
to conclude that the length of the residues differed
between animals (P <0.001, multi-way ANOVA with
repeated measurements). The single animal where the
UEA overlays area centralis appears to have significantly
smaller residues in comparison to the other three ani-
mals. When this animal is removed from the analysis,
no significant difference is seen between animals.

Magnification factor

The length of the side of the array outline when

mapped into visual space gives an indication of the linear
magnification factor from cortical space to visual space.
The magnification factor has been quantified both as an
areal magnification, having units of mm? of cortex per
degree? of visual space (Tusa et al., 1978), and as a linear
magnification, having units of mm of cortex per degree
of visual space (Albus, 1975b). Table 1 summarizes the
average magnification factor, in both forms, for our data
in each animal. Due to the nature of the fit from cortical
space to visual space, our approach averages the magni-
fication factor along the side of the array. This approach
is similar to that used by Tusa et al., who calculated the
magnification factor after mapping the average receptive

Table 1. Magnification factor for each animal presented as a mean = S.D.

Animal Eye Eccentricity (°) Areal Linear
Horizontal Vertical Rostral-caudal Medial-lateral
1 Contralateral —1.6 0.1 2.56+0.43 1.82+0.10 1.41£0.25
Ipsilateral 1.0 —0.7 7.30+£2.38 4.21%2.80 221+1.16
2 Contralateral (A) —2.8 5.1 1.22+0.32 1.24+0.23 0.97£0.09
Ipsilateral (B) 2.9 4.3 1.80£0.93 245+1.43 0.76 £0.08
3 Contralateral (C) —0.50 —0.92 2.75+0.28 1.54+0.04 1.79£0.16
4 Contralateral (D) —0.19 0.98 22.8+2.53 3.05+0.15 7.52+0.98

The magnification factor is presented both as an areal magnification (mm? of cortex per degree® of visual space) for comparison to Tusa et al.
(1978) and as a linear magnification (mm of cortex per degree of visual space) for comparison to Albus (1975b). Our results are similar to
those found by both these authors. The letter shown after the type of eye (ipsilateral or contralateral) corresponds to the set of outlines in

Fig. 6.
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Fig. 7. Distribution of residuals resulting from least-mean-squared-error fit of electrode loci to associated receptive field posi-
tion. (A) Residuals presented as two-dimensional scatter diagram. (B) Residual in the vertical axis. (C) Residual in the
horizontal axis.

field location onto the electrode position. In contrast,
Albus calculated the magnification factor as the average
of the magnification factors between pairs of cells. Our
data are consistent with those of both Tusa et al. and
Albus.

Both Albus and Tusa et al. have shown that the mag-
nification factor decreases with eccentricity with a steep
slope within the first 10° from area centralis. We also
observe this effect. The clearest indication of this is
seen in Fig. 6. The transformed electrode array outlines
located further from area centralis are larger, indicating
a smaller magnification factor. Although the change in
magnification factor with eccentricity appears striking in
the two sets of outlines labeled C and D in Fig. 6, the
large difference for what appear to be similar eccentric-
ities is likely an artifact of the imprecision in calculating
the eccentricity. As the location of area centralis can only
be estimated to within a few degrees when using retinal
landmarks (Nikara et al., 1968), the case labeled C could
be further from area centralis. A statistical analysis of
the areal magnification factor indicates that there is no
meaningful difference between repeated measurements
within an animal (multi-way ANOVA with repeated
measurements, o=0.025). On the other hand, there is
statistical evidence that the factor differed between ani-
mals for the same eye (multi-way ANOVA with repeated
measurements, P<<0.001).

Receptive field scatter

The difference between the predicted location of a
receptive field, assuming a linear visuotopic map, and
the actual location measured has been termed the recep-
tive field scatter (Hubel and Wiesel, 1974). In terms of
our data, the scatter for a single unit is the residue vector

for that unit after fitting the array to visual space. A
compilation of the residue data is shown in Fig. 7A.
These residuals are similar to those presented in the
inset of Fig. 5 but contain data across all measurements
in three of the four animals studied here. The residuals
were significantly smaller in the animal where the trans-
formed outline of the UEA overlay area centralis and
these data are not shown in Fig. 7 nor were they used
in calculating the statistics. Histograms of the vertical
and horizontal axis residues are shown in Fig. 7B,C,
respectively. Overlying each of these histograms is the
normal probability distribution that best describes the
data. The standard deviations of the horizontal and ver-
tical axis residues are 0.59° and 0.45°, respectively. As
the residues come from a least-mean-squared-error fit,
the means tend to zero. There is statistical evidence sup-
porting the conclusion that the two standard deviations
differ (two-tailed variance ratio test, P <0.001). This is
simply an indication that the scatter in the horizontal
direction is greater than that in the vertical direction.
Additionally, the two residues are correlated (Kendall’s
7, P<0.001). Although not clear from Fig. 7A, the two
residues tend to share the same sign. There is no evidence
to conclude that either the horizontal or vertical axis
residues are not normally distributed (Kolmogorov—
Smirnov test, ov=0.025). As a result, the residue can be
modeled as a bivariate normal distribution with zero
means, standard deviations of 0.59° and 0.45° in the
horizontal and vertical axes, respectively, and correlation
coefficient 0.32.

As the transformation from cortical space to visual
space is fit to a linear map, one can readily invert the
transformation to find the map from visual space to cor-
tical space. Consequently, the residues can be presented
as a cortical distance. Here, the residue describes the
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difference in the cortical distance between the location of
the electrode and the location one would predict the
electrode to be given the receptive field position in visual
space. In this coordinate frame, the residue is modeled as
a bivariate normal distribution with zero mean, standard
deviations of 1.5 mm in both the medial to lateral and
the rostral to caudal directions, and a correlation coef-
ficient of 0.23.

DISCUSSION

Our results compare well with and further extend the
findings of other investigators. The average monocular
receptive field size for all cats, the majority of which were
in layer IV based on our histological findings, was
2.7%1.5 degrees®. This is in close agreement with the
receptive field size of 2.8 degrees® reported by Leventhal
and Hirsch (1978) for layer IV simple cells but larger
than the median receptive field size of 1.8 degrees’
reported by Gilbert (1977) for layer IV simple cells and
the approximately 2 degrees’> reported by Hubel and
Wiesel (1962) for simple cells of all laminae. Assuming
a square receptive field, the average width was
1.6 £0.44°. The similarity of receptive field size, despite
the clear methodological differences between the refer-
enced studies, which all used a hand mapping technique,
and our statistically driven, reverse correlation technique,
give credence to our statistical argument for the receptive
field boundary. The majority of the units (57%) were
driven exclusively by visual stimulation of the contralat-
eral eye. Other investigators also have reported a pre-
dominance of contralateral input to the central region
of primary visual cortex in the cat (Hubel and Wiesel,
1962; Albus, 1975a). Further, only a small portion of the
units were binocularly driven (24%), a finding in agree-
ment with other researchers (Gilbert, 1977; Leventhal
and Hirsch, 1978).

Visuotopic mapping

In the global sense, our results generally concur with
the visuotopic maps described by Hubel and Wiesel
(1962) and Tusa et al. (1978). That is, units located
more medially and caudally on the array tend to have
receptive fields located in more contralateral and supe-
rior regions of visual space, respectively. However, when
examining pairs or small groups of closely spaced elec-
trodes, we have observed a large degree of non-confor-
mality in the translation from visual space to cortical
space. As a consequence, even if one knows the average
visuotopic organization of the central region of cat pri-
mary visual cortex, the error in estimating the location of
the receptive field position for a particular neuron in the
region is distributed with zero mean and has a standard
deviation of 0.59° and 0.45° in the horizontal and verti-
cal directions, respectively. This scatter in the receptive
field position is clearly not due to either measurement
error, being almost an order of magnitude greater than
the estimated error, or eye drift, as the recordings were
made simultaneously for all active electrodes.

Scatter also has been expressed as a cortical distance.
This has been done principally in terms of the electrode
separation that assures non-overlapping receptive fields
(Hubel and Wiesel, 1974; Albus, 1975b). In terms of a
cortical distance, the scatter we observed is distributed
with zero means and has a standard deviation of 1.5 mm
in each of the medial to lateral and the rostral to caudal
directions. Here the scatter describes the distribution of
the difference between the actual recording site and the
predicted electrode site, the latter estimated from the
receptive field location. From this probabilistic descrip-
tion of the scatter, the metric described above can be
calculated readily. In order to address the electrode sep-
aration to assure non-overlapping receptive fields, we
converted the average monocular receptive field width
into a cortical distance by multiplying by the horizontal
and vertical cortical magnification factors. We found
that one must traverse 2.0 mm tangentially in cortex
before having an 80% probability of observing non-over-
lapping monocular receptive fields. This value is similar
to values reported by other investigators. Hubel and
Wiesel (1974) reported that one must traverse 1-2 mm
of monkey primary visual cortex to observe non-
overlapping receptive fields. In cat primary visual cortex,
Albus (1975b) reported that one must traverse 2.4 mm
before observing non-overlapping receptive fields.
These results do not imply that electrodes separated
by smaller distances necessarily have overlapping recep-
tive fields. Given the distributions of the scatter and
receptive field size, it is possible to have non-overlapping
receptive fields on two closely spaced electrodes.
An example of this was shown in Fig. 2, where two
non-overlapping receptive fields were observed for two
units isolated from recordings made with a single elec-
trode.

Tiling necessary to assure adequate coverage

From the distributions of the receptive field scatter
and size, one can develop a distribution that describes
the probability that a location in visual space is within a
receptive field, given the expected site of the receptive
field center. After performing a simple Monte Carlo sim-
ulation, we empirically found that this distribution is well
described by a normal distribution centered at the
expected receptive field center and having 0.82° standard
deviation. The coverage afforded by the entire array can
then be calculated as the sum of a series of these distri-
butions, each of which is centered at the regularly spaced
grid of the array, after being translated into visual space.
By this mechanism, one can investigate the changes in
coverage resulting from a change in electrode spacing. In
this analysis, we assumed only a 25% probability of
recording data at any given electrode site, the average
observed in this study. Further, we assumed a magnifi-
cation factor of 1.5 mm of cortex per degree of visual
space, the average across our measurements. For the
present 0.4-mm electrode spacing of a 100-electrode
array, we found that regions of visual space representing
the center of the array will likely be contained in three
receptive fields. At an electrode spacing of 0.75 mm, the
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likelihood drops to the region being in only one receptive
field.

Implications for a vision neuroprosthesis

The results of this mapping study have implications in
the field of neuroprosthetics. The UEA was initially
developed as an intracortical stimulation device under
the hypothesis that patterned electrical stimulation
would evoke patterned perceptions. Our results indicate
that the mapping of receptive fields with respect to the
electrode grid is locally non-conformal when examined
with our present 0.4-mm interelectrode spacing. That is,
although one can predict the average location of a recep-
tive field sensed at a single electrode based upon an aver-
age visuotopic map, the actual location might be widely
distributed about the average point. It is not until one
moves to larger interelectrode spacing that one begins to
observe the roughly conformal visuotopic organization
reported elsewhere (Albus, 1975b; Tusa et al., 1978).

The vision prosthesis work of Brindley and coworkers
indicates that there is also randomness in the location of
phosphenes evoked in primary visual cortex in man.
They reported “Non-adjacent electrodes can give
phosphenes that are very near to each other in the visual
field, and adjacent electrodes can give phosphenes that
are not near to each other” (Brindley and Lewin, 1968).
More recently, it has been reported that stimulation with
intracortical microelectrodes separated by less than
0.5 mm may produce fused phosphenes (Bak et al.,
1990; Schmidt et al., 1996). Consequently, larger inter-
electrode spacing may be necessary to produce distinct
phosphenes — a conclusion supported by our feline phys-
iological experiments. Our results, in concert with the
results of other researchers, recommend an electrode
spacing of 0.5-1.2 mm for a neuroprosthetic application.
The optimal spacing awaits further psychophysical
experiments in humans to investigate whether discrete
or partially overlapping phosphenes provide a more use-
ful visual sense.

Under the presumption that the perceptual phosphene
organization evoked by electrical stimulation follows the
visuotopic organization, one can use the tiling analysis
methodology described above to investigate the electrode

spacing necessary to fully tile visual space for a visual
neuroprosthesis. At this point, one can only speculate, as
the magnification factor and degree of scatter are poorly
quantified in humans. Hence, a number of assumptions
must be made apart from the admittedly poor choice of
the cat as a model of human visual cortex. First, we
assumed a similar magnitude of magnification and scat-
ter as we observed in the cat, an assumption supported
by similarities in our results to those observed in pri-
mates (Hubel and Wiesel, 1974). Next, we assumed a
0.9° phosphene diameter, the middle of the range of
sizes reported by Schmidt et al. (1996). Finally, we
assumed a 66% probability of evoking a phosphene,
the probability of evoking a behavioral response by elec-
trical stimulation of primary auditory cortex in the cat
with the UEA (Rousche and Normann, 1999). Under
these assumptions, an electrode spacing of 1.2 mm or
less will give near unity probability of filling visual
space. At this spacing, a 25X25 grid of electrodes will
fill a 19X 19° field, roughly the size of the display on a
13-inch monitor at arm length. Clearly, the size of such
an array of electrodes, 3X3 cm, prohibits the use of a
single, rigid structure. Instead, multiple, smaller arrays
may be used or a single array with a compliant base.
Even with such architectures, the curvature of the gyri
would generally not allow access to cortex deep within
sulci. At the present 0.4-mm interelectrode spacing, the
UEA is expected to provide redundancy in phosphene
representation. One can take advantage of this redun-
dancy by interleaving stimulation at each of the sites,
thereby opening the possibility of mitigating the poten-
tial deleterious effects of chronic electrical stimulation of
cortex: tissue damage, cortical reorganization, and kin-
dling. The design of a vision prosthetic system will have
to be flexible enough to accommodate the non-confor-
mality in the visuotopic mapping as well as manage
redundancy in evoked phosphenes.
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APPENDIX. PRECISION OF RECEPTIVE FIELD PROPERTY MEASUREMENTS

To quantify the precision with which we were able to measure receptive field properties, we compared the difference in receptive field
position estimated with odd-numbered spikes to the estimate with even-numbered spikes. As both sets of spikes cover the entire test
duration, they embody the same variability in responsiveness of the unit as well as change in eye position. The difference between the
estimated positions should tend to zero with the magnitude of the difference indicating the precision of the estimate. Due to simultaneous
recording of multiple units, we can make multiple comparisons within a period of data acquisition, all of which represent the same change
in eye position as well as similar variability in the responsiveness. From the distribution of the difference in the estimated receptive field
position, we are able to place a metric onto the variability of the measurement. The mean and standard deviation of these distributions are
provided in Table 2. For all properties, there is no statistical evidence to conclude that average value in the difference is non-zero (two-
tailed z-test comparing mean to zero, &= 0.025). Of the properties, only the peak value exhibits statistical evidence to conclude it comes
from a normal distribution (Kolmogorov—Smirnov test, =0.025). The other distributions are leptokurtic.

Of these data sets, the distribution of the difference in receptive field position is the most germane to our results. The difference between
the standard deviations in the horizontal axis (0.080°) and the vertical axis (0.070°) is insignificant for the sample size (two-tailed variance
ratio test, =0.025), and a pooled variance of 0.075° can be assumed. The distributions of the error in measurement in the horizontal and
vertical axes are similarly distributed (Kolmogorov—Smirnov test, =0.025) and the errors are not correlated (Kendall’s 7, oc=0.025).
Consequently, we can model the distribution of the measurement error as a circularly distributed function with zero mean and 0.075°
standard deviation.

To discern whether there was a systematic effect within our measurements, we compared the receptive field positions estimated with
spikes from the first half of a period of data acquisition to that estimated by spikes from the second half of the period. As a systematic
effect would equally affect all receptive field positions within each half of the period of data acquisition, we collapsed the individual
receptive field positions for each half period into a single, average position. We then analyzed the difference between the averages for the
first and second half of the period of data acquisition. In most cases, the magnitude of the difference could be attributed to the mea-
surement error. On the other hand, in two of the 18 periods of data acquisition, the magnitude of the difference exceeded a 99.9%
probability of occurrence. In these cases, there was likely a systematic variation in the situation over the 15 min that separated the first
and second halves of the period of data acquisition. This variation can result in up to a 0.4° shift in the measured position of the receptive
field. The most plausible explanation of this shift is that, despite the administration of a paralytic agent, there was a change in eye position

Table 2. Statistics of the difference between the receptive field properties calculated with odd-numbered spikes and even-numbered spikes

Item Mean S.D. Units
Change in peak value 0.126 0.952

Change in area 0.024 0.233 Degrees’
Change in horizontal position —0.0045 0.0796 Degrees
Change in vertical position 0.0065 0.0698 Degrees

For all of the receptive field properties, there is no statistical evidence to conclude that the mean is not zero.
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between the first and second halves of the test. This finding is similar to that observed by others (Rodieck et al., 1967; Cicerone and
Green, 1977).

The precision of the estimation of receptive field size is the other measurement error of interest for this analysis. Unfortunately, the eye
drift noted above confounds quantifying this precision. Were there significant eye drift during a test, one would anticipate the drift would
result in an increase in the estimated size of the receptive field. Consequently, the estimate using either the odd- or the even-numbered
spikes should be larger than the estimate using either the spikes from the first or second half of the test. A comparison of these four
different size measurements showed no statistically significant difference (multi-way ANOVA with repeated measures, o= 0.025), likely
due to the large variability in the estimate. The precision of the size estimate was modeled as a normal distribution with zero mean and
0.23 degrees’ standard deviation.

In summary, we have established the precision of our capability to estimate the receptive field position and size. The measurement error
of the position is modeled as the joint distribution of two independent, normal distributions with zero means and 0.075° standard
deviations. The measurement error of the size is modeled as a normal distribution with zero mean and 0.23 degrees® standard deviation.
Further, we noted that there could be significant eye drift over an interval as brief as 15 min.
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