Formation of Dimension-Reducing Somatotopic Maps

E. Erwin, K. Obermayer and K. Schulten

Beckman Institute and Department of Physics

University of Illinois at Urbana-Champaign, Urbana. IL 61801
email: erwin@lisboa.ks.uiuc.edu

The somatosensory cortex of humans and higher animals contains a map of
the body surface with a largely topographically ordered connectivity between
tactile skin receptors and cortical neurons. Merzenich, et. al., have extensively
studied the hand region of the somatotopic map in areas 3b and 1 of the cortex
in a number of adult owl and squirrel monkeys [10]. They found that the
maps are highly individual to a particular animal and change even in adult
animals in response to the frequency of sensory stimuli received, although some -
general map characteristics do seem to be constant between individuals. In an
earlier model [14] based on the self-organizing feature map algorithm [5, 6], we
showed that some aspects of the formation of the somatotopic cortical maps
may be explained by an input-driven, self-organizing process. However, our
earlier model treated the hand surface as a two-dimensional object and did not
take into account the interaction between the representations of the dorsal and
glabrous hand surfaces. Here we report on an extended model which considers
the hand as a true three-dimensional object whose surface must be mapped
onto the two-dimensional cortical array. Our model cortical maps reproduce
many features of the experimental maps well. However, in order for the model
to produce maps with the relative locations of map features showing the same
tendency to be correlated as in the experimentally observed maps, it is necessary
that the initial pattern of connectivity contain a bias toward the representation
of the dorsal surface in particular regions of the largely topographic map of the
glabrous surface. This finding then suggests how specific the biological pattern
of connectivity between skin receptors and the cortex might need to be before
an activity-based refinement of the map structure begins. Due to the high

computational requirements, our model was implemented on the Connection
Machine CM-2.

1 Introduction

Feature maps are one of the major architectural features of the cortex. They appear in
their simplest form in the primary sensory and motor areas, but some higher cortical areas
also make use of similar structures. In these cortical regions, the tuning properties of a
subset of the neurons are spatially segregated, forming a map which often preserves much
of the topological relationships of the feature space being represented. Recently, high-
resolution images of the somatosensory [10] and visual [2] feature maps in primate cortex
have become available, making it possible to study the structure of these cortical maps in



detail. Predictions from models of the development of these maps may now be compared
with observed map structures.

Cortical areas 1 and 3b in primates are the primary cortical destination of efferents
from tactile sensory receptor cells on the skin surface. Inputs to these areas are spatially
segregated such that distorted, two-dimensional maps of the skin surface are formed, where
neurons in different regions of the maps process input from different locations on the skin
surface. Merzenich, et. al., have mapped the representation of somatosensory input from
the hand in these cortical areas in a number of owl and squirrel monkeys [10]. Their data
clearly shows that there does not exist one single cortical “hand map” which is identical for
all individuals of a species, but rather that the maps are unique to each single monkey, and -
only some rather general characteristics are shared. Even in adult animals the hand maps
are not constant in their arrangement. The amount of area of the map which responds to a
particular location on the skin surface may increase or decrease depending on the relative
amount of stimulation received by that area [10]. The maps may even show large-scale
rearrangement to adapt to extreme changes in the patterns of nerve stimulation caused by,
e. g., amputation of a digit [11] or other pathological changes [9]. Yet there is a limit to the
amount of rearrangement which can take place, with the plasticity of the maps far greater
during an early, developmental stage of the animal’s life.

These and other observations have led to the generally accepted view that brain maps
are not genetically predetermined, or “prewired”, but rather are only roughly specified
genetically and are refined by an activity-based process during a developmental period.
(See, e.g., [1].) The initial connections which grow in the developing brain could perhaps
be guided by cell-adhesion molecules [4, 19] or by other means to form a rough topographic
order for the somatosensory maps. A second phase of map formation follows which refines
the initially crude map by selective strengthening, weakening or elimination of connections
between the receptors on the skin (or interneurons) and the neurons in the cortical map.
This later phase of map refinement, which in primates may last long after birth, appears to
be driven by temporal correlations in the patterns of sensory input. The hand maps seen
in adult animals are thus the result of both genetic factors and the “pattern of use” of the
hand by the individual [10].

Our previous efforts in modeling the formation of brain maps in the visual [13, 15, 16],
auditory [8], and somatosensory [14] cortical areas have helped us to understand how a sim-
ple algorithm for modifying synaptic efficacies, based on a Hebbian learning rule, can give
rise to the types of feature maps observed experimentally. Our model visual maps have com-
pared well qualitatively and even quantitatively with experimentally observed maps [13].
To achieve such detailed agreement, it was necessary to assume that the initial connections
between the cortex and retina, which form prior to the start of the self-organizing pro-
cess, be roughly topographic. When it becomes possible to compare model predictions and
experimental observations in more detail, additional mechanisms may also be needed to ex-
plain the formation of the detailed structure of the maps. Genetically prespecified patterns
of cell growth and subsequent refinement of connections by an activity-driven process may
only be two elements in a modular and partially redundant set of processes [12].

Since a simple model could well describe the formation of the visual maps, we wondered
whether the same simple model would be equally capable of explaining the development of



the detailed structure of the somatosensory maps, and if so how specific the connectivity
patterns set up before the self-organizing process of map refinement begins would need
to be. To address this question, it was necessary to extend our earlier model [14] of for-
mation of cortical hand maps to include a three-dimensional, rather than two-dimensional
representation of the hand surface.

The problems which arise in mapping the three-dimensional body surface onto the es-
sentially two-dimensional cortical array are quite different from those arising in the mapping
of the high-dimensional space describing features in visual input onto the cortex. In the
visual cortex, a map of a high-dimensional, continuous feature space, comprising stimu-
lus location, orientation, ocularity, etc., must be formed on a two-dimensional area. Such
mappings from continuous spaces onto a regular lattice of neurons have been successfully
treated by analytical methods [15, 16, 17, 18] as well as by simulations [13, 16]. In the
somatosensory cortex, a map of an irregularly-shaped manifold, the skin surface, embed-
ded in a higher-dimensional space must be formed on the two-dimensional cortical sheet.
This more difficult type of dimension-reducing mapping may currently be treated only by
simulations.

2 Experimentally Observed Maps

Cortical region 3b, which contains one of the primary cortical representations of the skin
surface, has been extensively studied by Merzenich, et. al. They have published detailed
maps of the region of this brain area processing tactile input from the hands for nine
individual adult owl monkeys and five squirrel monkeys, and have also studied the similar
hand maps in cortical area 1 [10]. A few of their maps from area 3b of squirrel monkeys are
reproduced in Figure 1. Although clearly there does not exist one single “hand map” which
is shared by all members of the species, some features of the maps are constant between
individuals. For instance, the position of the hand map in the cortex is constant relative
to the maps of other skin areas. All parts of the glabrous (front) surface of the hand are
usually represented in the map and the representation is roughly topographic, with the
thumb represented in the most medial region and the fingers represented, in order, along
the lateral direction. The tips of the fingers appear in the rostral area of the maps and the
palm is represented on the opposite (caudal) side.

Studying the structure of the maps in detail, Merzenich, et. al., were able to make
several additional general observations: (i) At the finest scale, strict internal topography
is maintained; (ii) The overall size of the representations of individual finger surfaces often
varies severalfold as does the overall size of the complete hand map; (iii) The dorsal (hairy)
surface of the fingers is only partially represented in disconnected, but internally continuous
“islands”, and the hairy surface of the hand itself is never represented in area 3b; (iv) The
largest areas of representation of the hairy finger surfaces tend to occur at the lateral and
medial margins of the map. Although the representation of the hairy surface in area 3b
is never complete, it is more fully represented in area 3b of owl monkeys than in squirrel
monkeys.

Although not emphasized by Merzenich, the “islands” where the hairy surface of the
fingers are represented seem to occur more often at the rostral edge of the map, where the



Figure 1: “Hand maps” from cortical area 3b of five individual adult squirre! monkeys. (Adapted
from [10].) Each region of the cortical maps is labelled to show the location on the hand of the
centers of the receptive fields of neurons in that area. Hatched areas represent cortical cells with
receptive fields on the dorsal (hairy) surface of the hand.

fingertips are mapped, or at the interface between the representations of the glabrous areas
of two adjacent fingers, and rarely occur in the center of the glabrous representation of a
digit. The number of maps studied may, however, be too small to justify this generalization.

3 A Model for the Formation of Somatosensory Cortical
Maps

3.1 The Two-Dimensional Model

Earlier [14] we studied the activity-driven formation of the somatotopic representation of
the hand in the somatosensory cortex, using a model based on the self-organizing feature
map algorithm of Kohonen [5, 6, 7]. In the model, cortical cells, which represent a small
column of neurons, are located at points (7, 7) on a two-dimensional lattice, and a number N
of sensory receptor cells are distributed at random locations on a two-dimensional area in
the shape of a hand with five fingers, Figure 2. Locations on the hand surface are color
coded for easy identification.
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Figure 2: The two-dimensional model Figure 3: Each cortical cell in a 128 by
hand surface. Small regions of the hand 128 two-dimensional lattice receives input
are color-coded for easy identification. The from all of the receptor cells. The variable
small, black squares represent the locations strengths of these connections are given by
of the 800 sensory receptors. the weight vectors ;;.

All cortical cells are assumed to be able to receive input from each of the sensory cells.
(Figure 3.) The strength of the connection between a cell at the lattice location (3, 5) and
the m-th receptor at location 7y, on the hand surface is denoted by Wijm. The set of all
connection strengths to an individual cortical cell are collectively called a weight vector,

-

Wij = (W1, W2y .., Wmy. ., WN). (1)

The weight vector w;;, together with the receptor locations 7, describes the receptive field
of cortical cell (z, 7).

After setting the weight vectors to some initial values, formation of the map proceeds
by an iterative process. A localized stimulus, representing a touch, is presented at some
random location on the hand surface. The intensity distribution of the stimulus on the
receptors may be expressed in the same vector form as the weights:

7= (v1,v2,...,Um,...,UN). (2)

We chose to use stimuli with Gaussian intensity distributions of a constant width, with the
probability of a stimulus being centered at any location on the hand surface made constant.
The output o;; of each cortical cell is computed as a sum of the stimulus intensity at each
receptor weighted by the connection strengths between the neurons and receptors:

— — - 3
0ij = ) WijmVm = Wij - ¥ 3)
m

The cell with the highest output at each time-step is chosen as the “winner” neuron, and
its coordinates are labelled (49, jo). The outputs of all cells are replaced by the values h;; of



a Gaussian output function, the neighborhood function, centered at the selected cell (%0, J0),
hij(t) = ezp[—((i — i0)* + ( — jo)®)/o*(¥)]. (4)

This neighborhood function represents the “activity bubbles” seen experimentally in the
cortex in response to stimuli [3, 7). Weight values of every cell in the network are next
changed according to the update rule,

Wijm(t + 1) = Wijm (2) + €@ hi(2) - 1o/ ‘/Z(w,-,-,m(t) +eOhii) )2 (5)

which represents a Hebb-like modification of synapses and, due to the definition of hij (4),
makes cells which are nearby in the cortical array tend to respond most strongly to similar
inputs. The term in the denominator simply normalizes the weights after each update step
so that they remain bounded.

The learning step width €(t) and the width o(¢) of the output function h;; may be kept
constant or may decrease during a simulation. A decreasing learning step width €(t) is
used to model the decrease in plasticity of the cortical maps during the early, develop-
mental period of an animals life. Likewise, a decreasing width of the output function o (t)
allows neurons to gradually specialize to respond to different sub-regions of the input space.
However, with the two-dimensional model we were also able to demonstrate that the self-
organizing feature-map algorithm, with o(¢) and €(t) set to small constant values, can mimic
the plasticity of cortical maps in adult animals. With o(¢) and €(t) set to small values, the
map structure is fairly constant, but can change slowly in response to changes in the distri-
bution of sensory inputs, as in our simulation [14] of an amputation experiment performed
by Merzenich, et. al. [11].

In our simulations of map formation with the two-dimensional model, we found that
an ordered cortical map would form even when the initial weight values were selected at
random, as long as the value of o(t) were sufficiently large initially. Figure 4 shows the
development of one model map starting with initially random connections. The cortical
map is represented by coloring the cell locations in the two-dimensional cortical array with
the color of the location of the centroid of the receptive field of that cell, 3°,, wij m7m. The
genetically-specified initial connections between the cortex and skin surface which are set
up before any supposed self-organizing process begins are of course not completely random.
Initially each neuron is likely to be connected primarily to receptors in only a small area
of skin surface, and the activity-based learning process merely refines this initial crude
mapping. The initial connections must at least enforce a preference for the map to have
a particular orientation, since the overall orientation of the hand-maps is observed to be
constant between individuals.

3.2 The Three-Dimensional Model

The two-dimensional model gives insight into how a self-organizing process due to Hebb-like
changes in synaptic efficacies could account for the development of topographic somatosen-
sory maps, and the plastic modification of these maps in response to changes in the types of



Figure 4: The development of the cortical map in the two-dimensional model, starting from initially
random weight values, is show in the sequence of images from upper left to lower right. Each pixel
corresponds to one of the 128 by 128 cortical cells, and is given the color of the location of the
centroid of the cortical cell’s receptive field on the model hand surface.

sensory input being processed. This model cannot, however, predict the structure of these
cortical maps in detail. In particular it cannot predict how the inputs from the front and
back surfaces of the hand will be segregated in the cortical maps, since the model includes
receptors on only a single plane surface. Our success in using the self-organizing feature
map algorithm to predict the detailed structure of cortical visual maps led us to consider
whether such a simple algorithm could also be sufficient to explain the development of the
detailed feature maps observed experimentally in the somatosensory cortex, and if so, how
specific the initial pattern of connectivity would need to be. To test the abilities of the
algorithm, we extended our earlier model to include a more realistic, three-dimensional
skin surface.

The self-organizing map algorithm for the three-dimensional model is identical to the
two-dimensional version, except that the vectors, 7, have components in three spatial
directions and represent the locations of the sensory receptors on the surface of a three-
dimensional model hand. In some simulations we employed a collection of blocks and
cylinders to represent the shape of a complete hand, but in the simulations described here
only the fingers and a small fraction of the upper hand were modeled, thereby allowing for
greater receptor density.



It is likely that the experimentally observed disparity in the sizes of the areas of the
cortical map representing input from the front and back surfaces of the hand result from
the lower receptor density on the back (hairy) surface and the more frequent stimulation of
the smooth (glabrous) surface. In our model the front surface of the hand, comprising skin
surfaces forward of a plane located approximately one-third of the distance from the most
forward points to the rearmost points, was distinguished from the back by a higher density
of receptors. Various ratios of the two densities were tested in different simulations. To
represent the naturally occurring stimulus distribution would be impossible in such a simple
model, but it seems reasonable to assume that the glabrous surface of the hand and fingers is
more frequently stimulated during normal hand use. We again used stimuli represented by
a Gaussian distribution of intensity at each receptor, with the constant three-dimensional
width of the distribution chosen large enough that stimuli falling between two fingers could
excite receptors on each finger, but small enough that stimuli falling on the front or back
surface of the hand could not excite receptors on the opposite surface. The centers of the
stimuli could be located at any point on the hand surface, with the probability density of
the stimuli greater on the frontal plane of the model hand.

We intended to investigate with our model how different initial connectivity schemes
affected the types of feature maps formed by the self-organizing process, and to determine
what patterns of initial connections would lead to maps similar to those observed experi-
mentally. In the two-dimensional model, ordered topographic maps would form even when
the initial connections between the cortex and the skin surface were randomly assigned.
However, in the full three-dimensional model, simulations with initially random connec-
tion strengths did not in general produce maps which closely resembled the experimentally
observed maps. Instead maps developed which were locally topologically ordered at most
locations, but which contained topological “defects” on a larger scale.

By appropriately specifying the strength of the initial connections between each cortical
cell and the receptors, essentially any desired initial map pattern can be set. When initial
conditions were specified such that the rough two-dimensional topography was specified,
with the third dimension (front to back) suppressed, final maps developed which more
closely resembled those seen in real monkeys. An example of such a final map is shown in
Figure 5a, using conventions similar to those in Figures 1 and 4. The model map resembles
experimental maps in that the front surface is represented relatively fully and continuously,
while representation of the back surface is relegated to small, internally continuous “is-
lands”. The model map differs from the experimental maps in that these “islands” tend
to occur more often in the center of the representations of the fingers, rather than at the
borders between the fingers, as in the experimental maps. This correlation was found in all
of the model maps developed with widely different model parameters. Although in most of
the experimental maps, the “islands” tend not to be located in the center of the represen-
tations of the fingers, some of the experimental maps do look similar to the model maps.
Compare for instance Figure 5a with the map for monkey “A” in Figure 1.

Since the self-organizing model of map development tended to cause the “islands” of
dorsal skin representation to develop in different locations than those seen in experimental
maps, the model seems to suggest that the initial connections formed during normal brain
development may contain biases favoring development of representations of the hairy surface



Figure 5: Final cortical maps from the three-dimensional model, starting from different initial
connectivity patterns. The 1400 receptors were located on a model hand consisting of cylinders,
representing four fingers, and a small rectangular sheet representing the upper part of the palm.
Each pixel corresponds to one of the 128 by 128 cortical cells. Those with receptive fields centered
on the glabrous hand surface are depicted in various shades. Cortical cells with receptive fields
centered on the dorsal surface are colored black. The palm appears at the left edge of each map.
In map a (left), the initial weights provided the rough two-dimensional topographic order, with the
third dimension suppressed. The value of o(t) decreased linearly from 12 to 9 over 8000 iterations.
In map b (right) the initial connections were specified in detail such that the hairy surface was
represented in the areas between the representations of adjacent glabrous surfaces. The final map
retains a smoothed form of this structure. For this simulation o(t) decreased linearly from 9 to 8 over
8000 iterations. In both simulations €(t) was constant at 0.1, the number of receptors on the front
and back surfaces was approximately equal, and 85 percent of the stimuli were centered somewhere
on the frontmost one-fifth of the model hand.

in certain locations. To test whether the self-organizing algorithm could be influenced by
biases in the initial connectivity pattern to generate maps more like the experimentally
observed maps, we applied the algorithm to maps with highly specified initial connections.
When the initial connections were set up such that the back surfaces of the fingers were
represented at the edges of the maps, as in the map in monkey “E” in Figure 1, the maps
retained this organization during the self-organizing process. We also set initial connections
such that the map was specified to have the glabrous surface of the fingers represented in
topological order, with the hairy surface represented in the space between the representation
of the glabrous surface of adjacent digits. When the algorithm was started from these initial
conditions, the map underwent a rapid rearrangement to smooth out discontinuities, but
soon settled into a stable form shown in Figure 5b, maintaining the representation of the
dorsal surface between adjacent fingers.



4 Discussion

Feature maps are such a common component of many diverse cortical areas that any attempt
to understand the function of the brain must include an explanation of their structure and
function. Higher brain functions depend of course on more than simply mapping some
features to particular cortical locations, but studying how the brain organizes incoming
information into maps, gives an indication of what features are considered most important
by the brain for interpretation of the wealth of information with which it is constantly
barraged. Studies of the way the visual system breaks down the components of a scene
into simple features has already proven useful in constructing models for machine vision,
and will certainly continue to do so in the future. Finding the common aspects of different
models of the formation of these structures could give clues to the purpose served by the
particular forms of the maps which are observed and could help us learn how to train
artificial neural networks to do the same sorts of input decomposition and adaptive control
processes performed by the cortical maps.

We have shown here that the self-organizing feature map model is one model which
can successfully predict the formation of the types of maps observed in the somatosensory
cortex. This model, which is intended to describe the input-driven refinement of an initially
crude map set up by some prior process, successfully predicts the formation of hand maps
which agree with the experimentally observed maps in many details, even when starting
from a very rough initial connectivity pattern. The model correctly predicts that the repre-
sentation of the dorsal finger surfaces will be relegated to small “islands” embedded within
an overall two-dimensional topographic map. However the model maps and experimental
maps disagree in the relative location of the “islands” with respect to other features in the
map. The model consistently predicted that the “islands” should be located in the centers
of the representations of the glabrous surface of the fingers, while in the experimental maps
the “islands” are far more common in the border regions between the representations of
adjacent fingers. However, in simulations where the initial connectivity pattern specifies a
map where the dorsal finger skin is represented between adjacent fingers, the model predicts
that the self-organizing process will lead to a map which maintains a similar organization.
Using initial connectivity patterns that contain a bias toward the representation of the
dorsal skin in certain areas, but where the bias is implemented in a less extreme manner,
would probably lead to formation of maps which agree more fully with the experimental
maps. These simulations suggest that the formation of the experimentally observed maps
requires initial connections which specify at least the two-dimensional topography of the
hand surface and some hint of the three-dimensional structure.
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