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In many studies of the mammalian brain, subjective assessments of connectivity patterns and connection
strengths have been used to subdivide the cortex into separate but linked areas and to make deductions
about the flow of information through the cortical network. Here we describe the results of applying
statistical analyses to quantitative corticocortical connection data, and the conclusions that can be drawn
from such quantitative approaches.

Injections of the tracer WGA-HRP were made into different visual areas either side of the middle
suprasylvian sulcus (MSS) in 11 adult cats. Retrogradely labelled cells produced by these injections were
counted in selected coronal sections taken at regularly spaced intervals (1mm) through the entire visual
cortex, and their cumulative sums and relative proportions in each of 16 recognized visual cortical areas
were computed. The surface dimensions of these areas were measured in each cat, from contour lines
made on enlarged drawings of the same sections. A total of 116149 labelled neurons were assigned to all
visual cortical areas in the 11 cats, with 5212 others excluded because of their uncertain location. The
distribution of relative connection strengths, that is, the percentage of labelled cells per cortical area, was
evaluated using non-parametric cluster analyses and Monte Carlo simulation, and relationships between
connection strength and area size were examined by linear regression.

The absolute size of each visual cortical area was uniform across individual cats, whereas the strengths
of connections between the same area pairs were extremely variable for injections in different animals.
The overall distribution of labelling strengths for corticocortical connections was continuous and mono-
tonic, rather than inherently clustered, with the highest frequencies presented by the absent (zero density)
and the very-low-density connections. These two categories could not, on analytical grounds, be sepa-
rated from each other. Thus it seems that any subjective description of corticocortical connectivity
strengths by ordinal classes (such as ‘absent’, ‘weak’, ‘moderate’ or ‘strong’) imposes a categorization on the
data, rather than recognizes a structure inherent in the data themselves.

Despite the great variability of connections, similarities in the distribution profiles for the relative
strengths of labelled cells in all areas could be used to identify clusters of different injection sites in the
MSS. This supported the conclusion that there are four connectionally distinct subdivisions of this cortex,
corresponding to areas 2la, PMLS and AMLS (in the medial bank) and to area PLLS (in the lateral
bank). Even for tracer deposits in the same cortical subdivision, however, the strength of connections
projecting to the site from other cortical areas varied greatly across injection in different individual
animals. We further demonstrated that, on average, the strength of connections originating from any
given cortical area was positively and linearly correlated with the size of its surface dimensions. When
analysed by specific injection site location, however, this relationship was shown to hold for the individual
connections to the medial bank MSS areas, but not for connections leading to the lateral bank area. The
data suggest that connectivity of the cat’s visual cortex possesses a number of uniform global features,
which are locally organized in such a way as to give each cortical area unique characteristics.

Keywords: cats; visual cortex; lateral suprasylvian; connection strengths; Monte Carlo simulation;
non-parametric clustering
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1. INTRODUCTION

Many models of information processing in the mamma-
lian cortex are based on selected organizational features

*Author and address for correspondence: Boston University School of
Medicine, Department of Anatomy and Neurobiology, 700 Albany
Street W746, Boston, MA 02118, USA (claush@bu.edu).
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of long-range corticocortical connectivity, as revealed by
neuroanatomical pathway tracing techniques (e.g. Zeki &
Shipp 1988; Van Essen et al. 1992; Young 1992; Scannell
et al. 1995). Fundamental to these models, regardless of
whether they emphasize the parallel, hierarchical or
network characteristics of the underlying connectivity, is
the belief that the cortex consists of specialized, separate
areas, which can also be identified on the basis of their

© 2000 The Royal Society
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Figure 1. Distribution and extent
21a of tracer injection sites. The
diagram schematically shows the
11 injection sites and the assumed
boundaries of areas 21la, MLS,
AMLS, PMLS and ALLS on a
flattened surface map of the cortex,
in relation to the middle
suprasylvian sulcus (MSS) and the
posterior suprasylvian cortex
(PSS). The left-to-right orientation
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unique complement of cortical connections. Major signifi-
cance 1s usually attributed to distinctions in the strength
of connections between each cortical area and other
specialized cortical regions (e.g. Lennie 1998). Unfortu-
nately, very few attempts have been made to study the
anatomy of corticocortical connections in a quantitative
manner (but see Sherk 1986; Musil & Olson 1991; Barone
et al. 1995; Lomber e al. 1995; MacNeil ¢t al. 1997). The
rarity of such approaches is, however, understandable,
given the enormous number of connections that can be
labelled by modern anatomical tracing methods and the
lack of automated techniques for their subsequent
evaluation. Nonetheless, an urgent need for greater
quantification of cortical connectivity exists, so that the
cornerstones underlying current models of information
processing can be exposed to more critical appraisal.

This requirement is typified by previous studies of the
cortical areas surrounding the middle suprasylvian sulcus
(MSS) of cat extrastriate cortex. This sulcus contains a
complex of areas dedicated to different aspects of visual
motion analysis, perhaps analogous to the superior
temporal sulcus in Old World monkeys (Shipp & Grant
1991; Payne 1993), but their number, boundaries and
relationships to each other remain matters of dispute.
Based on physiological visual field mapping, Palmer et al.
(1978) suggested that the MSS possesses four major subdi-
visions: a large posterior and smaller anterior area in its
medial bank (areas PMLS and AMLS, respectively) and
two similarly situated areas in the lateral bank (PLLS
and ALLS; see §2 for abbreviations of area names). These
suggestions gained subsequent support from a comprehen-
sive connectional mapping study, indicating that the
strength of connectivity between these areas and other
areas of the visual cortex differed sufficiently for each
subdivision to be considered unique (Symonds &
Rosenquist 1984a). Others, however, have argued on the
basis of an almost identical experimental approach that
AMLS, PMLS and area 2la (immediately caudal to
PMLS) share common corticocortical connectivity
strengths, and so should be considered parts of a single
subdivision of the lateral suprasylvian (LS) visual cortex

Phil. Trans. R. Soc. Lond. B (2000)

i of the map corresponds to an
P3 anterior-to-posterior order of the
evaluated sections.

(Sherk 1986; Grant & Shipp 1991). These studies relied
mainly on subjective assessments of connectional data,
and also on the assumption that constancy of connection
strength allows a reliable identification of areas. These
conclusions as well as the underlying assumptions,
however, are called into question by recent quantitative
analyses of connectivity associated with just a small subre-
gion of area PMLS, which demonstrated that the strength
of this region’s cortical connections can vary markedly
between individual animals (MacNeil et al. 1997). Here
we re-evaluate the organization of the MSS region and its
connectivity using systematic statistical analyses of quan-
titative neuroanatomical data.

2. METHODS

This paper analyses the labelling of cortical neurons resulting
from injections of the dye WGA-HRP into the lateral suprasyl-
vian region of the cat visual cortex. Data from injections in 11
cats entered the analyses. The distribution and extent of the
injection sites are shown in figure 1. A detailed description of the
procedures for injecting the dyes and preparing the tissue is
given elsewhere (Grant & Shipp 1991). The injected brains were
serially sectioned at 60 pum thickness in the coronal plane, from
the occipital pole to the anterior commissure. The sections were
divided into four series, at least two of which were processed to
reveal the labelling by WGA-HRP histochemistry (Grant &
Shipp 1991). Other sections were stained for Nissl cell bodies or
acetylcholinesterase (Graybiel & Berson 1980) to show the
laminar and cellular morphology. The WGA-HRP-labelled
sections were examined under both bright- and darkfield micro-
scopy, and large-scale camera-lucida drawings were produced,
plotting the location of labelled cells and terminals.

Based on anatomical landmarks (the position relative to sulci
and gyri), previously described cortical areas were identified in
the sections and marked on the section drawings. Most of the
WGA-HRP labelling found in the sections could be assigned to
one of the following 16 areas: 17, 18, 19, 20a, 20b, PS (posterior
suprasylvian), 2la, 21b/VLS (ventrolateral suprasylvian), DLS/
Peg (dorsolateral suprasylvian/posterior ectosylvian gyrus),
PMLS (posteromedial lateral suprasylvian), PLLS (posterolateral
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lateral suprasylvian), AMLS (anteromedial lateral suprasylvian),
ALLS (anterolateral lateral suprasylvian), 7p, SVA (splenial
visual area) or AEV (anterior ectosylvian visual area). A good
introductory survey of these and other cat cortical areas can be
found in Scannell et al. (1995).

To determine the absolute and relative sizes of the identified
areas, a line running through the middle of the grey matter
(approximating layer 4) and following the contours of all gyri
and sulci was added to every section drawing. The length of the
contour line was measured in each of the cortical areas present
in the sections. Given a standard interval of 1 mm between the
sections, we assumed each section to represent the average of
the whole region 0.5mm anterior and 0.5mm posterior to it.
The total surface dimensions of each cortical area were, there-
fore, estimated by adding the lengths of every contour line
drawn through the given region and multiplying this value by
the Imm of averaged thickness. To measure the lengths, the
contour lines were traced on a digitizing tablet linked to a PC,
using the Sigma-Scan software (Jandel Scientific).

Labelled cells were counted under a light microscope (x40/
% 100 total magnification) in the same sections as represented in
the diagrams, that is, at 1 mm intervals. Large numbers of cells in
the sections, and any conspicuous constellations, were recounted
until a within- or between-observer accuracy of £ 5% had been
reached (for two observers). Additionally, the distribution of
labelled terminals in the processed sections was estimated. The
following analyses will, however, focus on the distribution of
retrograde label, as the latter could be more easily and accurately
determined. Between 25800 (for case M1l) and 4724 (for case
L24) labelled cells were counted for the 11 individual injections,
of which between 1.32% (MI15) and 8.75% (MO04) could not be
reliably assigned to particular visual cortical areas.

In line with the terminology used by Scannell e/ al. (this
issue), we refer to connections unravelled by tracer injections in
the same individual animal as ‘intra-animal’ connections,
whereas connections uncovered by injections in different
animals are referred to as ‘inter-animal’. Consequently, the
present analyses derive conclusions about the features of inter-
animal connections, as the data are based on one injection per
animal, and these connectional features may be influenced by a
range of factors within the individual animal as well as within
the whole population. We describe the statistical methods used
for analysing the data and the results obtained in the relevant
sections of this paper.

3. RESULTS

(a) Constancy of area sizes and variability of
connection densities

The assignment of retrogradely labelled cells to
different areas allowed the creation of label distribution
profiles for each of the 11 injections. Two such profiles are
shown in figure 2, in which the relative surface dimen-
sions of areas and the respective proportions of the total
cell labelling (which we refer to as relative densities) are
given for a medial and a lateral bank injection.

Figure 2 shows that the relative area sizes were constant
in those two cases. Figure 3, giving the absolute sizes of
each individual area for all 11 animals, demonstrates that
this was a consistent feature across individuals. The
average surface area sum of all 16 areas was 1027 mm?
(with a standard deviation of 100 mm?, or a standard error
of 30mm?), of which the largest (area 17) consistently

Phil. Trans. R. Soc. Lond. B (2000)
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Figure 2. Profiles for the distribution of retrograde label
following two different injections in cat LS cortex. Shown are
injection cases (@) ‘M15” and (b) ‘L21°. The diagram gives the
relative distribution of label (connection density) and the
relative size of the area from which the connection originated.
While the relative area sizes are very similar in the two cases,
the connection densities differed greatly.
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Figure 3. Absolute sizes of 16 cat cortical areas (inmm?)
averaged across 11 individual cases. The error bars represent
+1s.d.

accounted for 26-30%, whereas smaller areas such as
SVA, ALLS or 2la contributed only some 1-3%. The
surface dimensions obtained for area 17 (mean 284 mm?,
standard error 7mm?) were significantly smaller than the
value of 380 mm? previously reported by Tusa et al. (1978)
from in vivo measurements in adult cats. This discrepancy
could be explained by a 10-15% shrinkage of our fixed
and histochemically processed material. The consistency
of area sizes emerged even though the area boundaries
were specified only with respect to gross anatomical land-
marks. This finding may also indicate a more general
invariance of cortical dimensions and of the arrangement
of main cortical landmarks in the cat.

All subsequent analyses focused on the relative, rather
than absolute, connection densities, as the latter are
strongly influenced by several experimental factors, such
as the volume of tracer injected and the efficiency of its
uptake, as well as the particulars of the tissue processing
and the counting process (Coggeshall & Lekan 1996).
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Figure 4. Variation of relative anatomical connections
strengths for injections of retrograde tracer into the medial
and lateral bank of the LS cortex in 11 individual cats. The
bars represent the relative amount of labelling, as described in
the text. The different injection cases are plotted in the order:

MO1, M03, M04, M11, M15, M17, M19, .12, 1.21, 1.23, 1.24.

The relative number of labelled cells, on the other hand,
should be much less affected by these factors and so
provide more consistent information on connection
strengths. As shown in figure 4, however, the relative
densities of connections between other visual cortical
areas and the LS region varied dramatically across the
individual cases. In the next sections, we analyse factors
related to this surprising connectional variability.

(b) Regional parcellation based on connectivity
profiles

Within the scope of our study, which draws on a distri-
bution of inter-animal connections, the observed varia-
bility of densities can be due both to factors contributing
to the variation of densities within an individual animal
and to additional differences between individuals in the
population. We first investigated the possibility that some
part of the inter-animal connectional variability might be
attributable to the placement of tracer into different areas
of the LS complex. In that case, what appears to be varia-
bility, may arise only from pooling together injections
that were made into disparate cortical subdivisions with
different connectivity profiles. This source of variation
can be reduced by grouping the different injection cases
on the basis of similarities in their labelling profiles. The
resulting grouping of cases can, moreover, be used to
conclude that the respective injections were made in the
same cortical subdivisions. Such a criterion of differential
connectivity has been used frequently to distinguish
between neighbouring cortical regions (Van Essen 1985;
Sherk 1986).

It is apparent from figure 4 that, although the distribu-
tion of relative connection densities covers a wide range, the
majority of densities are low (between 0% and 5%), so that
their distribution is strongly skewed. To spread the data
more equally across a metric scale and to avoid misinter-
pretations of the density distribution, the relative densities,
x, were converted by a logarithmic transform In(x + 1).

To look for similar profiles in the transformed data, we
performed a non-parametric cluster analysis (NPCA) of

Phil. Trans. R. Soc. Lond. B (2000)

the transformed values, using the MODECLUS procedure
of the SAS statistical software (SAS Institute, Inc.). Briefly,
NPCA seeks to identify the proximity and grouping of
data points in an n-dimensional metric coordinate space
by estimating the density distribution of the data points
throughout the space. The estimate is based on either a
specified number of data points or a given radius within
which data points might be found. For the present case, the
problem was to find the proximities of the 11 different
injection cases, based on their profiles of label distribution
in 16 areas. These profiles could thus be considered as
coordinates in a 16-dimensional coordinate space. Since it
is impossible to visually display the clustering of points in
the 16-dimensional space, the cluster results are given in
series of tables outlining the number and composition of
clusters resulting from different MODECLUS parameter
settings (table I).

We used three different methods, provided by the SAS
software, of estimating the density distribution of the
coordinate points. The first method based the estimate on
the given number of nearest neighbours, K, for any data
point. The latter two methods used set radii, R, for the
cluster-density estimation. Whereas the second method
allowed clusters consisting of just one injection case, the
third method required that at least two injections be
found in any cluster. For both these methods, kernel radii
were varied by increments of 0.25. The results of the
different computations are presented in table la—c.

The results of all three computational approaches
consistently demonstrated that the injections could be
grouped into two principal clusters, corresponding to
injections into the medial, ‘M’, and into the lateral bank,
‘L, of the MSS cortex. One could, therefore, distinguish
two general categories of injections, or assign the injec-
tions to two broad regional subdivisions.

The results from the second clustering approach, shown
in table 15, suggest further differentiation of these regions.
Reducing the clustering radius to exclude the most
dissimilar cases led to the separation of the injections
MO01, M04, M1l from the general division of ‘M’ and ‘L2
cases, at a radius R=4. Inspecting the distribution of
injection sites (figure 1), it is notable that the injections
making up the most stable ‘M’ cluster (consisting of M03,
M15, M17 and M19) were adjacent and overlapping, in
the caudal medial bank of the MSS. Similarly, the four
stable ‘I cases (L12, 121, .23 and 1.24) were also in close
spatial proximity in the lateral bank of the MSS. The
remaining three injections that form individual clusters
were MII, situated caudally and non-overlapping with
the other medial bank injections, and partly overlapping
injections MOl and MO4, situated far rostrally in the
medial bank (figure 1).

Reducing the radius further (at R between 2.75 and 3)
separated the ‘I cases, which signals that the injection
cases that make up the ‘L’ cluster are more dissimilar
among each other than the four cases that form the stable
‘M’ cluster. Moreover, it can be seen that the four injec-
tion cases M03, M15, M17 and M19 are more similar to
each other than the remaining injections, which separate
into individual clusters. This indicates that spatial
proximity and overlap of the injections did not necessarily
lead to similar labelling profiles. While table l¢ also
supported the clear distinction between medial and
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Table 1. Cluster structure of injection cases by connection
densuity profiles

(The independent parameter is given in the first column, the
resulting cluster number and structure in the second and third
column, respectively.)

(a) Clustering injection profiles with K-nearest-neighbour density
estimates

number of number

nearest of

neighbours (K')  clusters cluster structure

<5 2 {MO1, M03, M04, M11, M15,
M17, M19}, {L12, L21, L.23, .24}

=5 1 {MO1, M03, M04, M11, M15,

M17, M19, L12, 121, 23, L.24}

(b) Clustering injection profiles using uniform kernel density estimates
(with kernel radius R ranging between the values given in the first column)

number
of

radius (R) clusters cluster structure

<2 11 {MO1}, {MO03}, {M15}, {M04},
{MI11}, {M17}, {M19}, {L12},
{L21}, {123}, {124}

2-2.5 10 {M17, M19}, {MO1} , {MO03},
{MO04}, {M11}, {M15}, {L12},
{L21}, {123}, {124}

2.75-3 8 {MO03, M15, M17, M19}, {MO1},
{MO04}, {M11}, {12}, {L.21},
{123}, {L24}

3.25-3.75 7 {MO03, M15, M17, M19}, {L12,
L21}, {MO1}, {MO04}, {M11},
{L23}, {L24}

4 5 {MO03, M15, M17, M19}, {L12,
L21, 123,124}, {MO1}, {M04},
(MI1)

4-5 2 {MO1, M03, M04, M11, M15,
M17,M19}, {12, .21, 1.23, 1.24}

=5 1 {MO1, M03, M04, M11, M15,

M17, M19, 112, 121, 1.23, 1.24}

(¢) Clustering using uniform kernel density estimates (with kernel
radius R)

(This approach is very similar to the one that produced the
results shown in table 14. Here, however, the clustering neigh-
bourhoods extended to the second nearest neighbour (MODE-
CLUS parameter CK =2). This means that any cluster had to
contain at least two elements.)

number
of

radius (R) clusters cluster structure
1.5-2.5 3 {MO1, M03, M15}, {M04, M11,

M17, M19}, {L12, L21, L.23, .24}
2.75-5 2 {MO1, M03, M04, M11, M15,

M17, M19}, {L12, 121, L.23, L24}
>5 1 {MO1, M03, M04, M11, M15,

M17, M19, L12, 121, .23, 1.24}

Phil. Trans. R. Soc. Lond. B (2000)

Table 2. Assignment of injection cases to cortical areas based
on profiles of label distribution

injections assigned to area
Mil 21

Mo4 AMLS

MO01, M03, Ml15, M17, M19 PMLS

L12, L21, L.23, 1.24 PLLS

lateral bank cases, it suggested a different grouping of
some ‘M’ cases for low clustering radii. Interestingly, the
grouping of these injection sites appears to be based on
their depth in the MSS with M01, M03 and MI5 close to
the fundus of the sulcus, and M04, M11, M17 and MI9
further up. However, this particular clustering approach
might suffer from the additional constraint that any
cluster had to be made up from at least two individual
cases.

Based on their close relative similarity, we assigned the
caudal medial injections M03, M15, M17 and MI9 to area
PMLS and the caudal lateral injections L12, 121, 123
and L24 to area PLLS. Medial case MOI, which spatially
overlapped with the injection M04 (figure 1), was never-
theless dissimilar to it in all reduced-radii clustering
configurations, indicating that the placement of tracer
was made into a different cortical area. The only likely
possibility was that MOl belonged to area PMLS, even
though it separated from the other PMLS cases for most
of the reduced-radii clusters. Palmer et al. (1978) have
suggested on the basis of visual field mapping that PLMS
may consist of rostral and caudal subdivisions with differ-
ential visuotopic organization, which could explain this
discrepancy (also see §4). Similarly, case M04 most likely
involved area AMLS, and the very caudal injection (case
MI1), which also was dissimilar from the main PMLS
cases, was assumed to be located in another distinct
cortical region, corresponding to area 2la. Table 2
summarizes the assignment of the 1l injection cases to
four different cortical areas.

The variability of the relative densities was reduced by
grouping them according to the injected area. The stan-
dard deviation of densities within the cases assigned to
area PMLS was, on average, reduced by 43%, and within
the PLLS cases by 23%, compared to the standard devia-
tion of the same connections across all injections. The
difference between the two groups again indicated the
larger dissimilarity of the lateral bank cases. However,
there remained considerable variability even within the
cases that had been brought together by the similarity of
their connection density profiles. Figures 5 and 6 show this
intra-group variation for the compiled injection cases
PMLS and PLLS, respectively, and demonstrate that the
standard deviation of the connection densities for many
areas remained equal to or greater than their means. Thus,
the great variability of inter-animal connections may not
be fully explained by injection site location. We consider
alternative explanations in § 4.

(c) Density of corticocortical connections
As individual corticocortical connections possess
considerable variability and are difficult to characterize
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Figure 5. Variation of density in the connections terminating
in cortical area PMLS, identified by five different
inter-animal injections. () The injections are displayed in the
order MO1, M03, M15, M17 and M19. (b) Average
connection density values for the five connections. The error
bars represent £ 1 s.d.
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Figure 6. Variation of density in the connections terminating
in cortical area PLLS, identified by four different inter-animal
injections. () The injections are displayed in the order L12,
121, L23, L.24. (b) Average connection density values for the
connections. The error bars represent £ 1 s.d. It is noteworthy
that the intrinsic connectivity, which is marked by label
uptake outside the injection side, but within the injected
cortical area, appears to be much more variable within area
PLLS than within PMLS.
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Figure 7. Scatter plot of relative label distributions for all
injection cases. From left to right, the cases are M01, M03,
MO04, M11, M15, M17, M19, LL12, .21, .23, 1.24, as well as
the pooled data from all of the single cases.

by a unique value, we wondered whether they could be
fitted into broad descriptive categories of connection
strength. Categories such as ‘weak’, ‘intermediate’ or
‘strong’ have been used frequently in the anatomical
literature (e.g. Symonds & Rosenquist 19844; Grant &
Shipp 1991; Scannell e al. 1995) and in modelling studies
(e.g. Hilgetag et al. 1999) to characterize the magnitude
of connections. The data presented in figures 5 and 6
appear to suggest that some individual connections
cannot even be confined to such wide ordinal classes.
Consider, for example, the connection originating in area
19 and terminating in area PMLS (figure 5), which in
one instance has a relative density of well below 10%
(‘weak’ to ‘intermediate’?), but in another case of 25%
(‘strong’?). Similarly, the connection from area PS to
PMLS is all but absent in most cases, although it rises to
about 12% (‘intermediate’) in one instance.

How can the strength of a particular corticocortical
connection (that is, between the same pair of cortical
areas in different animals) be defined reliably? How
many descriptive classes would be needed, and how
should they be defined? 1o approach this problem, we
first looked for inherent classes or clusters in the distribu-
tion of all connection densities. In the absence of such
clusters, one would have to conclude that the distribution
of densities is continuous and hence non-categorical.
Figure 7 gives a scatter plot for the relative connection
densities in all individual, and in the pooled, injection
cases. It 1s clear that the majority of densities was small
(less than 5%) or non-existent and that some of the
distributions for single projections appeared to be
grouped 1n a small number of clusters. For example, in
most cases, the majority of connections formed a rela-
tively compact group, whose members possessed less than
15% of the relative label, while only a few singular
connections were stronger than this.

The pooled distribution of all cases, however, appears
more continuous, and it is not obvious how general
density classes could be defined from these data. As
before, we transformed the pooled connection densities
logarithmically to account for the skewed and wide-
ranging distribution of data points, using a transform
y;=In(;+ 1), where x; 1is the original and y; the

Phil. Trans. R. Soc. Lond. B (2000)
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Figure 8. Scatter plot of the logarithmically transformed
pooled connection densities from figure 7.

transformed :th connection strength. (A simple In(x;)
transform would have yielded difficulties in the cases
where x;=0.) The result of the transform is displayed in
figure 8, which demonstrates that the distribution of
connection densities is more homogeneous than first
assumed. All following analyses are based on the trans-
formed distribution.

We next plotted the distribution of connection densities
in frequency histograms with various bin widths. Figure 9
shows a frequency histogram with bin width 0.1. This bin
setting provided a good compromise between showing the
distribution in sufficient detail and leaving most of the
bins filled. If distinct classes of densities existed in this
distribution, these classes should be separated signifi-
cantly by empty bins or bins with only very few members.
Even if such classes were found in the data, it also had to
be established whether a similar arrangement could have
arisen by chance, simply by random sampling from a
smooth monotonic or unimodal gradient of densities. We
tested the latter possibility by pursuing a systematic
simulation approach (that is, a Monte Carlo simulation).
The approach proceeded by fitting a simple theoretical
distribution to the experimental distribution. Different
random samples were then drawn from the theoretical
distribution and were compared with results from the
actual data.

We used the freeware program PeakFitter (v. 1.1) to
approximate the distribution of experimental data with a
continuous and monotonic function. To account for both
the high peak at zero and the remainder of the distribu-
tion in a simple way, we used a combination of a hyper-
bolic function and a constant, f(x) =¢/x + ¢y (where ¢ and

Phil. Trans. R. Soc. Lond. B (2000)
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Figure 9. Frequency histogram of the distribution of densities
shown in figure 8. Bin width=0.1. The superimposed curve
derives from fitting the histogram values x with a monotonic
gradient, which has the function ¢;/x + ¢ox + ¢5. The constants
are those whose settings are given in the main text.

¢y are constants). 1o account also for the decrease of
frequency with increasing x, we added a further linear
component. The resulting fitting function f(x) was

J(x) =[x+ epx +c5. (1)

The values of the constants were determined by Peak-
Fitter as ¢ =1.843x107°, ¢,=—0.7705 and ¢;=>5.572.
This curve fit, which is superimposed on the histogram in
figure 9, produced a standard error of 1.977 measured
against the binned frequencies of the density distribution.
In ten different trials, we sampled 176 random data points
from this distribution (that is, the same number as there
were actual values), accounting for the standard error of
the curve fit by probabilistic sampling according to a
normal distribution around the curve. The method of
sampling made sure that the average distribution of the
simulated connection densities was identical to that of the
real data.

We analysed both the experimental and the simulated
distributions with non-parametric cluster analysis. The
data, in this case, were considered as coordinate points
along a one-dimensional axis, and the clustering tech-
nique evaluated their distribution in metric space on the
basis of different given parameters, as outlined briefly in
§3(b). We again used the three clustering approaches
provided by the SAS MODECLUS routine as well as a
wide range of parameters for the cluster-density estima-
tion. The parameters ranged from K=20 to K =60 (at
increments of 2) for the A'th nearest-neighbour clustering
and from R=0.1 to R=7.5 (at increments of 0.05) for the
fixed kernel clustering approaches. Inspection of the
clusters obtained for experimental and simulated data
made it clear that the two sets were indistinguishable in
most respects, as exemplified by figure 10, which presents
cluster configurations proposed for (@) the experimental
and () simulated data. We statistically compared the
number of clusters obtained by the clustering procedures
for real and simulated data. For 41 out of the 49 different
MODECLUS parameter settings, the number of clusters
for the experimental data was contained in the normal
distribution defined by the number of clusters for the ten
simulated data sets, and for the remaining eight settings
no consistent trends were evident. Therefore, the experi-
mental data were no more clustered than would be
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Figure 10. (@) Clusters suggested by the SAS MODECLUS
procedure for the experimental data using a fixed kernel
density estimation approach (extending kernel neighbourhood
to two next-nearest neighbours) and a kernel radius R =0.4.
The three proposed clusters are delineated by numeric labels.
Both axes of the diagram represent the same dimension, x,

the one-dimensional distribution of the logarithmically
transformed connection densities, as in figure 8; 133 of the
data points are hidden in this representation. (b) Clusters
suggested by the SAS MODECLUS procedure for the
simulated data (random sample 7) using the same clustering
approach and parameters as in (a). These data were randomly
sampled from a continuous and monotonous distribution of
theoretical values, yet produced results similar to the ones
presented in part (a) of the diagram; 136 of the data points
are hidden in this representation.

expected by sampling at random from a continuous
monotonic distribution of connection densities.

Importantly, the absent connections were always in the
same cluster as the weakest of the existing connections,
for both the experimental and the simulated data. This
means that no clear dividing line can be drawn between
these two categories of connection densities on theoretical
grounds.

Phil. Trans. R. Soc. Lond. B (2000)

We considered the possibility that the smooth distri-
bution of densities may have arisen from the summa-
tion of several distinct distributions. A likely case in
this event might have been that connections between
identical area pairs in different animals formed charac-
teristic individual distributions. We repeated the Monte
Carlo simulations for the 32 connection means and
medians derived from the grouped PMLS and PLLS
cases. Medians were considered as an additional
measure, because the detailed analyses by Scannell e
al. (this issue) suggest a tendency of connection distri-
butions to be non-normal and skewed. In a procedure
analogous to the simulations described above, we fitted
the histogram distribution of the experimental data
(that is, the means or medians) with a smooth theore-
tical distribution (best fit was produced by a simple
linear, monotonically decreasing function) from which
we sampled randomly. The clusters detected in the
experimental data were again similar to the groupings
found in the simulated samples, and hence could be
explained by the sampling process, rather than by a
clustered distribution of connection densities. However,
as the values for the means and medians were not very
well defined by the small number of cases (npyg=2,
nprrs=4%), the statistical results cannot be entirely
conclusive, and further data will have to be analysed to
confirm or reject these preliminary findings.

(d) Relationships between areas size and connection
density

The preceding analyses demonstrated that there is a
considerable range of connection densities in the cat’s
visual cortical network, as well as great variability in
particular linkages across individual animals. Which
factors influence connection density and variability? As
figure 3 shows, there is also a considerable range of
different area sizes, and a simple hypothesis would be
that the strength of a connection is proportional to the
size of the area from which it originates. The following
analyses demonstrate that size does indeed matter.

Figure lla shows the relationship between all relative
areas sizes and the relative densities of connections origi-
nating from these areas (both for individual and averaged
values). The averaged data (filled symbols) clearly show
the influence of the area sizes on connection densities
R?=0.54; that is, the variability of the area sizes explains
54% of the variability of the relative connection densities.
A similarly strong correlation (R?=0.67) holds for the
medians of the density data (not shown). We were
concerned that the correlation might be unduly influenced
by the two largest areas (areas 17 and 18) and their
connections. Figure 115, however, demonstrates that the
correlations still held even when these areas were excluded.

The relative size of an area, therefore, 1s an important
factor in determining the strength of connections it sends
to other cortical regions, its variation accounting for
more than 50% of the averaged densities’ variation. Why
should this be so? Neither relative nor absolute connec-
tion densities are strictly limited by the size of the
originating area. Even relatively small areas are capable
of sending dense connections (see figure 11). The answer
may be related to the fact that cortical areas make a large
number of connections with other areas in the network,


http://rstb.royalsocietypublishing.org/

b

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

Charactertstics of corticocortical connectivity  C.-C. Hilgetag and S. Grant 15

relative density (%)

40
(b)
30 5
g 3
2 o
@ 20
o
©
(]
> (%Y mO,
i %m 0% —
° oY o o
S o ai™ % %g
&
. ] )n‘ > o0 X
0GR © o °
0 5 10 40
relative area size (%)

Figure 11. Relationship between relative area size and
relative connection density for (a) all available data pairs
and (4) all data except the pairs for primary cat cortical
areas 17 and 18. Open symbols denote individual data points
and black squares indicate averaged values. The equations
and R?-values for the linear line fit for the averaged data

are (a) y=0.5398x +2.876, R? =0.5414, (b) y =0.884x
+1.3101, R?=0.4092. The correlation for the medians of the
densities, with the data for areas 17 and 18 excluded, was

R* = 0.44.

and constraints might exist for the complete set of
connections, rather than for any particular individual
one. To explore this possibility, we calculated not the
average, but the sum of densities for all connections that
an area sends to other cortical regions. For example, in
the case of area 17, we summed its average connection
density to the four PLLS and five PMLS cases together
with its relative densities to the individual 2la and AMLS
cases. We also performed this process for the other 15
areas. Figure 12 shows the relationship between the
relative area size and the relative summed connection
density for all 16 areas. The diagram shows that the
relative size of an area accounts for almost 62% of the
variability in the total density of connections originating
from it. An analogous calculation using median rather
than mean values (not shown) confirms this picture,
yielding a respective R* = 0.61. It has to be kept in mind,
however, that we were only able to assess the outputs to
four different cortical areas, rather than to all 16 areas in
the networks. This raises the possibility that the correla-
tion may have shown a different trend for a larger sample
of targets (see §4).

Despite the elements of uniform cortical organization
revealed in the preceding results, figure 13 demonstrates

Phil. Trans. R. Soc. Lond. B (2000)
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Figure 12. Relationship between relative area size and
relative connection density of the sum of connections
originating from an area. The densities were summed over
all connections leading to areas 21a, AMLS, PMLS and
PLLS (using the averaged values for the latter two cases).
Superimposed is a linear regression curve with parameters

9=2.6489x + 8.4443, R>=10.616.

that the connection patterns targeting individual areas
can, nevertheless, be specific. This figure displays the
correlation between relative area sizes and connection
densities separated according to each of the four areas
that were injected. While the densities of connections
terminating in areas AMLS (figure 134), 21a (figure 135)
and PMLS (figure 13¢) follow the general correlation
between area size and relative connection density
(figure 11), those terminating in area PLLS (figure 134)
clearly do not. For area PLLS, it is predominantly the
smaller areas that provide the strongest input, and any
correlation between area size and connection density
breaks down almost completely.

4. DISCUSSION

Counts of retrogradely labelled cortical neurons can
provide a sound basis for quantifying several aspects of
cortical systems connectivity. One important aspect relates
to the subdivision of cortical regions (Van Essen 1985).
Indeed, the initial motivation for undertaking this study
was to evaluate the wvalidity of various parcellation
schemes for the MSS—LS cortex. There is little doubt that
this region contains distinct medial and lateral bank terri-
tories, as they can be distinguished on the grounds of
differences in their visuotopic organization (Palmer et al.
1978; Zumbroich et al. 1986; Grant & Shipp 1991),
receptive field sizes and response properties (Von Grunau
et al. 1987; Toyama et al. 1990), connectivity patterns
(Symonds & Rosenquist 1984«; Sherk 1986) and perhaps
even in their cytomyeloarchitecture (Sanides & Hoffmann
1969). In particular, in a previous neuroanatomical study
involving counts of retrogradely labelled cells, Sherk
(1986) was able to partition medial and lateral bank MSS
arcas based on a cluster analysis of their quantitatively
distinctive thalamic and cortical inputs. The present study
confirms and extends this finding by conclusively demon-
strating, via independent statistical analyses (see table 1
and figure 13), that the two major subdivisions can be
distinguished by their corticocortical connections alone.
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Figure 13. Correlation between relative area size and relative density of connections projecting to (a) AMLS, (4) 21a, (¢) PMLS,
(d) PLLS. Superimposed on the plots are regression curves that represent a linear fit of the data: (a) y=0.7844x + 1.3474,
R?=0.4061, and (b) y=0.9431x + 0.3559, R*=0.5141. In the plots for the pooled cases PMLS (¢) and PLLS (d), open symbols
represent the individual and filled squares the averaged data. In these plots, the following equations represent the fit for the
individual data: (¢) y=0.978x+0.1375, R?=0.5781, (d) y = —0.196x + 7.4748, R?=0.0328. The averaged data are fitted linearly
with the curves: (¢) y=0.9943x +0.0355, R?=0.7472, (d) y= —0.2048x + 7.5301, R?=0.0506. If medians are used instead of
means (not shown), almost identical R?-values obtain R* = 0.76, for (¢), and R*=0.05, for (d).

There are, however, persistent disputes over the bound-
aries and the number of medial and lateral MSS areas.
Palmer et al. (1978) and Symonds & Rosenquist (1984q)
originally proposed that each bank contains a pair of
separate areas, all confined within the MSS, and with the
sulcul fundus demarcating the major boundary between
them. There is now a broad consensus that Palmer et al’s
‘area PMLS’ actually extends to the caudal pole of the
lateral bank (see figure 1), where its main area centralis
representation is located (Montero 1981; Sherk 1986;
Updyke 1986; Grant & Shipp 1991). Some authors have
also suggested that this area cuts across other boundaries
proposed originally, including rostrally into area AMLS
and caudally beyond the MSS to encompass all or part of
area 2la on the adjoining posterior suprasylvian gyrus
(Sherk 1986; Grant & Shipp 1991).

The results from the cluster analysis presented here
have persuaded one of the authors (S.G.) to revise his
opinion in respect to the possibility that area 2la is an
integral part of PMLS. Despite their close proximity and
their similar thalamic inputs (Grant & Shipp 1991), these
areas can be clearly distinguished on the basis of their
cortical inputs (table 1). The recent electrophysiological
studies by Dreher et al. (1993, 1996) also presented
compelling evidence that the two areas are functionally
distinct.

Phil. Trans. R. Soc. Lond. B (2000)

The question of whether area PMLS also incorporates
part of area AMLS remains open. Although two anterior
medial bank injections (MOl, M04) were adjoining and
overlapping, their connectivity profiles were dissimilar to
each other and to the profile of the PMLS (MO03, MI5,
M17, M19) injections. This could lead to the conclusion
that this region contains three distinct areas, a possibility
entertained by Palmer e al. (1978). However, two
confounding factors have to be considered. First, these
anterior injections may have produced differential spread
of tracer across their mutual boundaries and/or into
neighbouring areas, so creating a mixed-area connectivity
profile. Second, the more posterior of the two injections
(MO1) could have been placed mainly in PMLS, but in a
part with a visuotopic organization that differed mark-
edly from the region of the other PMLS injections.
According to Grant & Shipp (1991) and Sherk &
Mulligan (1993), this injection should encompass the
lower visual periphery, whereas the other four injections
were placed in the representation of more central vision.
Support for this view comes from the observations that
(1) the connection profile of injection MOl differed
principally from the other four PMLS cases by the atypi-
cally dense input from area PS, which possesses only a
lower field representation (Updyke 1986); and (ii) the
case lacked input from areas 20a and 2la, which mainly
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represent the upper visual and central field (Tusa &
Palmer 1980).

These results reinforce the view that connectivity data
have to be interpreted in conjunction with information
about the visuotopic organization of the investigated
cortical areas, especially of those with only partial visual
field maps (Sherk 1986). A more detailed analysis of the
structural organization of the LS region will be presented
elsewhere. The following sections highlight general
conclusions from the quantitative analysis of cortical
systems connectivity.

(a) Variability of anatomical connection strengths

It 1s evident that the density of corticocortical connec-
tions can vary considerably across individual animals,
even if the connections are between identical pairs of
cortical areas. This great variability has been noted before
by MacNeil et al. (1997), who also found that thalamocor-
tical connections, by contrast, have very similar densities
in different animals. The variability of corticocortical
connection densities is intriguing, and potentially impor-
tant both for the study of cortical organization and of
cortical functions, since the latter are thought to be
constrained by the anatomical strengths of connections.

We examined potential sources of this variability. By
grouping together injections with similar connection
profiles, we reduced the variance component that would
have arisen simply from placing tracer in disparate and
differentially connected cortical areas. Yet, much of the
variability persisted. Since the injections in different
animals did not cover exactly identical patches we can,
however, not exclude the possibility that part of the
remaining variability was still due to differential connec-
tivity within the same cortical area; and Scannell et al.
(this issue) present a more detailed discussion of this
possibility. We also showed that the size of a cortical area
contributes significantly to the average strength of
connections originating from it. But as the relative and
absolute sizes of areas were found to be largely invariant,
this factor cannot be the main source of the connection
strength variability. The variability we observed is
unlikely due to be technical factors since MacNeil et al.
(1997) have previously shown a similar order of varia-
bility in cats injected with different quantities of different
neuroanatomical tracers and with a wide range of
survival times. These authors have also presented cogent
arguments that the striking differences in the variability
of thalamocortical and corticocortical connections may
be due to differences in the development of these two
systems and the role of experience in shaping the final
cortical connectivity patterns. A further detailed discus-
sion of this topic is provided in the companion paper by
Scannell et al. (this issue).

What are the practical consequences of the connec-
tional wvariability? One obvious consequence is that
conclusions derived from studies of connection densities in
one or few animals should be treated with caution.
Whereas thalamocortical connection densities, which
show much less variation (MacNeil et al. 1997), may be
adequately described by a singular value, corticocortical
connection densities should be characterized as popula-
tion values. The accuracy of such values can be roughly
estimated by the following approach.

Phil. Trans. R. Soc. Lond. B (2000)

Consider the standard errors s; = 5/4/1 (where s is the
standard deviation, n the number and s; the standard
error of the data) of the density data depicted in figures 5
and 6. Despite the relatively large variability of the single
connections, expressed by the large standard deviations,
the variability of the means for the densities, described by
the standard errors, is less than 5% of relative label-
ling. The means shown in these diagrams are calculated
on the basis on npyg=>5 and npp g =4 cases, respectively.
This reiterates the point that the accuracy of the means,
and their value as a defining measure for the density of a
particular connection, increases with the number, n, of
injection cases tested for the connection. What number of
injections in different animals is required to define the
density of a particular connection with sufficient accu-
racy? The above formula can be used for a first estimate
of the number of cases required for the connections to
PMLS and PLLS. As the standard error of the means
only improves with the square root of the number of
cases, very large numbers are required to achieve high
accuracy. If one attempted to reduce the relative standard
error (that is, s;/¥) to just 1% of the respective mean, not
even 10000 cases would be sufficient for some of the
connections to PMLS or PLLS to achieve this goal.
Numbers as high as these are, in any case, totally unfea-
sible for anatomical studies. On the other hand, if the
goal was only to determine the density means with an
accuracy of £5% of the total cell labelling—an accu-
racy that is sufficient for the practical purpose of
assigning densities to broad density categories—the
number of cases considered here 1s already adequate. A
practical estimate for the number of injection cases that
are required and sufficient to study the density of cortico-
cortical connections would, therefore, start at about five
cases.

Our simple estimate is based on the assumption that
the variation of densities around a mean can be approxi-
mated with a normal distribution. The study by Scannell
et al. (this issue) demonstrates, on the basis of a larger
number of pooled cases, that the variation is better
described with an exponential distribution. This would
make the mean even more difficult to predict from just a
few cases. However, the authors also suggest that a broad
classification of a particular corticocortical connection
can be achieved by studying the connection in five to ten
animals.

(b) Classes of anatomical connection strengths

Two important conclusions can be drawn from the
Monte Carlo simulations presented in § 3(c). First, there is
no inherent class structure in the distribution of connection
densities and second, absent and very weak connections
are inseparable. The latter conclusion makes immediate
practical sense, as it is almost impossible to prove experi-
mentally whether a connection appearing to be absent is
in fact just very weak and so has avoided detection.

The first conclusion is significant for the description of
cortical connectivity. If a categorization of connection
densities 1s needed, it cannot be inferred from the
structure of the data themselves, but rather has to be
imposed on the observed densities. Instead of choosing
such categories arbitrarily, however, we would suggest
defining them relative to other features of cortical
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organization.  Because  corticocortical ~ connection
strengths are strongly influenced by the size of the origi-
nating areas, descriptive categories of connection
strengths might usefully incorporate these relationships
and define connection strength relative to area size. A
connection from a visual area could, for example, be
defined as ‘strong’ if the relative proportion of retrogra-
dely labelled cells in this area is equal to or exceeds the
area’s relative surface size, with respect to the remainder
of the visual cortex. Naturally, the implementation of
such an approach requires quantitative measures of
connectivity and area dimensions.

Concepts for the evaluation of variable connection
densities are also important for theoretical models of
cortical function, which seek to relate the anatomical
strength of different inputs to the functional influence that
they may exert (e.g. Vanduffel et al. 1997). This is not to
imply that any such anatomico-functional relationships
are likely to be simple or direct ones, as the morphology
and neurotransmitter contents of the cortical cells
involved, their laminar origin and termination patterns,
their synaptic distributions, their position within the local
and global circuitry and so on may be of equal or greater
functional consequence. Indeed, there are many prece-
dents in this and other neural systems for believing that
the numerical density of a particular connection (as
defined in the present work) may be unrelated to its func-
tional significance. Examples include the comparatively
small impact of the strongest cortical inputs (from areas
17 and 18) on many of the response properties of area
PMLS neurons (Spear & Baumann 1979; Guedes et al.
1983; Guido et al. 1990), and the singular, yet functionally
powerful, climbing fibre input on to Purkinje cells of the
cerebellar cortex (Ito 1984). Future studies will have to
elucidate under which conditions the functional impact of
a corticocortical connection is determined or restricted
by its anatomical strength, and whether the variability of
cortical connectivity in general has any significance for
the functioning of the brain in individual animals. Again,
however, progress in evaluating these questions will not
be achieved until more quantitative data enter the
analyses of cortical systems connectivity.

(c) General constraints on projection densities

We demonstrated that the size of a cortical area is
strongly correlated with the average density of connec-
tions projecting from it, and even more strongly with the
sum of all connections originating in the area. Since our
data were founded on the distribution of retrogradely
labelled cell bodies, the latter result can also be inter-
preted as a strong correlation between the size of an area
and the total number of neurons within that area that
make long-range projections to the rest of the cortex.
Braitenberg & Schiiz (1998) reviewed evidence from Bok
(1959), Rockel et al. (1980) and Schiz & Palm (1989)
indicating that the total number of neurons under one
surface unit (Imm?) of cortex is remarkably similar
across different cortical areas in the same species. Beau-
lieu & Colonnier (1989) modified this hypothesis in that
such constancy may only hold within particular cortical
regions. They found that the number of neurons per
Imm? column (NC) is smaller for cat motor areas than it
1s for visual areas. The binocular region of area 17 in turn

Phil. Trans. R. Soc. Lond. B (2000)

has a higher NC than other visual cortical regions in the
cat (Beaulieu & Colonnier 1985).

Our results suggest that a similar constancy may hold
for the subgroup of neurons in an area that form long-
range projections to other cortical regions. This would
extend the notion put forward by Braitenberg & Schiiz
(1998) and other researchers that the mammalian
neocortex possesses a structural uniformity, which varies
only in respect to the quantity, and not the quality, of its
features. For our data, this idea 1s exemplified by the
contrast between the general constancy of long-range
projection neurons per cortical surface unit and the
highly specific PLLS projections, whose densities are
unrelated to the dimensions of the originating areas. We
therefore envision that cortical areas possess a relatively
constant ‘store’ of projection neurons from which neurons
can be allocated to particular connections according to
the position and function of the areas in the cortical
network. This view is encouraged by the finding of Beau-
lieu & Colonnier (1985) that the number of cells per
cortical column in the supra- and infragranular layers
(from which most long-range projections originate,
including those to cat MSS cortex (Symonds & Rosen-
quist 19844; Grant & Shipp 1991)) is more stable than in
the granular layers, which may have an area-specific NC.

(d) Limitations of the study

Our approach attempted to improve the reliability of
conclusions about cortical connectivity, compared to
subjective, non-quantitative, evaluations of anatomical
data. It was, however, also limited in a number of ways. We
made great efforts to quantify the visual cortical connec-
tions projecting to the LS region, yet the data presented
here were based on only a statistical sample (<10%) of the
total cell labelling present in all sections through the visual
cortex in each cat. Moreover, the identified connections
represented an incomplete, if large, set of all cortical
connections of the LS region, as other inputs from limbic,
cingulate, insular and frontal cortices were not included in
the analyses. The MSS areas in turn constitute only one
part of the considerably larger cortical network (Scannell
et al. 1995). It must also be appreciated that cell counts
alone can provide only a partial assessment of cortical
connection densities, since wide variations in the size and
morphology of cortical neurons (including their terminal
arbors) may lead to differential labelling of their cell
bodies, a difficulty further compounded by the general
‘patchiness’ of cortical systems connectivity. Additional
information might have been gained by including antero-
grade data in our analyses, but objective quantification of
terminal labelling densities in the cortex remain extremely
problematic.

Our study had further, specific limitations. While the
data provided a comprehensive sample of the visual
cortical origins of MSS connectivity (from 16 different
areas), only four substantially different MSS subdivisions
were injected (table 2), two of which (areas 2la and
AMLS) were represented only by individual cases. This
particularly constrained the scope of our conclusions
about the correlation between area size and cumulative
densities of all originating connections and the suggested
parcellation of anterior MSS cortex. Both issues clearly
require further work.
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Our observations regarding the constancy of area sizes
were encouraging, given that there were some differences
in the degree of shrinkage and in the precise section planes
between individual brains. It is unfortunate, however, that,
aside from the architectonically distinctive borders of areas
17 and 18, we can offer no independent verification of our
methods for assigning most of the area boundaries. This is,
of course, a recurring problem for all studies of cat extra-
striate cortical areas, but we shall seek to verify the relia-
bility of our parcellation elsewhere when we will consider
the issue of visuotopic labelling patterns. With few excep-
tions (areas DLS/Peg, SVA and AEV), for example, there
was clear evidence for correspondence between some area
boundaries determined by gross anatomical landmarks
and mirror-reversals in labelling progressions involving
either the central-to-peripheral or upper-to-lower visual
fields. Future approaches might also use the specific distri-
bution of neurotransmitter and receptor systems (e.g. Gahr
1997; Geyer et al. 1997) to map out cortical areas; and the
accuracy of two-dimensional representations of the folded
cortical sheet might be improved with the help of compu-
tational optimization approaches (e.g. Drury et al. 1996).

Generally, to further evaluate aspects of the complex
cortical connectivity revealed in this study, a wider-
reaching computational approach to quantitative neuroa-
natomy will be required. Such an approach could
combine traditional anatomical tracer experiments with
the automated detection and quantification of labelled
cells and terminals in sections, and the systematic compi-
lation and databasing of the information, followed by
statistical and computational analyses aimed at estab-
lishing global and specific features of cortical organiza-
tion. Companion papers appearing in this issue (e.g.
Hilgetag, Burns, O’Neill, Scannell & Young; Stephan et
al) hint at possible approaches for the various stages of
such a project.

This study has been supported by a Wellcome Trust scholarship
to C.-C.H. We thank Robert Taylor for his heroic contributions
to the cell counts, Jack W. Scannell for brainstorming and
clarifying discussions, and Malcolm P. Young, Bertram R.
Payne, Gully A. P. C. Burns and Huw D. R. Golledge for helpful
comments on the manuscript.
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