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6.1 INTRODUCTION

Visually guided reaching is a natural motor task performed regularly by primates in
order to reach for and interact with objects of interest in the environment. The well-
defined goal, moving the hand to a spatial location, makes it a popular paradigm
for exploring sensorimotor function.! In general, the problem solved by the brain is
how to convert visual information about the target location, initially sensed by
receptors in the retina, into motor action generated by temporal and spatial patterns
of muscle activities so as to stabilize the body and move the hand to the target. This
conversion of sensory to motor signals involves many cortical and subcortical regions
of the CNS, and a major focus of research is to identify the role played by each of
these regions.

0-8493-1287-6/05/30.00+$1.50
© 2005 by CRC Press LLC 157

%

410



% é 1287_book.fm Page 158 Thursday, November 18, 2004 4:27 PM

158 Motor Cortex in Voluntary Movements

The basic question posed by studies that record neural activity during behavior
is this: What type of information is conveyed by the discharge pattern of individual
or populations of neurons? While cells are unlikely literally to code any engineering-
inspired variable, it is nonetheless valuable (and even necessary) to relate neural
activity to some features of behavior reflecting sensory, cognitive, or motor aspects
of the task.

How one chooses which variable to correlate depends highly on the conceptual
framework used to develop the experiment. This chapter starts with the important
issue of how theoretical concepts guide experimental design and data analysis.? Such
frameworks can be explicitly defined, or in some cases, only implicitly imbedded
in the experiment and analysis. I will describe two conceptual frameworks for
interpreting neural activity during reaching: sensorimotor transformations and inter-
nal models. Both frameworks address the same biological problem: How does the
brain control the limb to reach toward a spatial target? The key difference is that
each framework focuses attention on a different aspect of the motor task and thus
each leads to different experiments. The sensorimotor transformations framework
has been used extensively over the past 20 years to guide neurophysiological exper-
iments on reaching, whereas the internal models framework has only recently had
an impact on experimental design.

The second half of this chapter illustrates how the notion of internal models can
be used to explore the neural basis of movement. A new experimental facility is
described that can sense and perturb multiple-joint planar movements and this is
followed by a brief description of the mechanics of limb movement. Finally some
preliminary observations are presented on neural correlates in the primary motor
cortex (M1) of the mechanical properties of the limb and of external mechanical
loads.

6.2 CONCEPTUAL FRAMEWORK
6.2.1 SENSORIMOTOR TRANSFORMATIONS

The most common framework for exploring the neural control of reaching has been
based on the idea of coordinate frames and sensorimotor transformations.’> The
brain is assumed to convert visual information on target location into forelimb muscle
activation patterns through intermediary coordinate frames first through various
kinematic representations of movement followed by kinetic representations. One
putative series of transformations is shown in Figure 6.1A, where spatial target
location is sequentially converted into hand kinematics, joint kinematics, joint mus-
cle torques, and, finally, muscle activation patterns. The use of intermediary repre-
sentations to plan and control movement seems like a reasonable assumption, par-
ticularly given the ubiquitous observation that hand trajectories are relatively straight
for point-to-point reaching movements.%’

Based on the concept of sensorimotor transformations, it seems obvious that the
key neurophysiological question is which coordinate frame is specified by the dis-
charge patterns of individual neurons in each brain region. Over the past 20 years
this framework has spawned myriad studies. As described below, some experiments
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FIGURE 6.1 Two alternate frameworks for interpreting how the brain performs visually
guided movements. (A) The notion of sensorimotor transformations assumes that information
on spatial targets is converted into muscle activation patterns through a series of intermediary
representations. This framework leads to the scientific problem of identifying how these
representations are reflected in the discharge pattern of neurons in different brain regions.
(B) The idea of internal models is that neural processes mimic the properties of the muscu-
loskeletal system and physical objects in the environment. This framework leads to the
scientific problem of identifying how information related to the motor periphery and physical
loads is reflected in the discharge pattern of neurons.

have been designed to dissociate different variables, or levels of representation. In
other cases, a specific class of variable has been chosen a priori, either based on
the results of previous studies or simply for technical reasons.

One of the first studies to record neural activity in the motor cortex during
reaching found that cell discharge was broadly tuned to the direction of hand motion.?
This study showed that the cell discharge rate was maximal for movements in one
direction, the preferred direction (PD), and that the cell’s activity decreased as the
angle between movement direction and the cell’s PD increased. Further, the direction
of hand motion could be predicted from the discharge pattern of an ensemble of
neurons; this was termed the population vector hypothesis.>!°

A criticism often levied upon these studies has been that these hand-based
correlates could be observed regardless of the type of information conveyed by
individual neurons.!'"!3 Variables of movement such as hand and joint motion are
highly intercorrelated, such that even if neural activity coded muscle velocity, one
would find significant correlations between cell discharge and hand motion. More-
over, the population vector will point in the direction of hand motion if three
conditions are met: (1) neural activity is symmetrically tuned to the direction of
movement; (2) the PDs of neurons are uniformly distributed; and (3) there is no
coupling between a cell’s PD and the magnitude of modulation during movement.!!
Any population of neurons that satisfies these conditions will predict the direction
of hand motion regardless of the underlying information conveyed in its discharge
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patterns. A recent theoretical study by Todorov!3 reiterated this point by illustrating
how a broad range of observations between hand movement and neural activity, both
at the single-cell and at the population level, could be explained if cells were simply
coding multidimensional muscle activation patterns. While the correct explanation
of the precise details of all hand-based correlations is a matter of debate,'*!7 the
article by Todorov illustrates how difficult it is to interpret the discharge of neurons
with simple correlation methods.

In spite of these concerns, a school of thought was created around the population
vector hypothesis and the notion that neural activity in M1 during reaching should
be interpreted using hand-based variables. Studies illustrated that neural activity in
M1 and other sensorimotor areas correlates with the direction of hand motion, hand
velocity, movement extent, and end position.!#-2! These studies illustrate that neural
activity certainly correlates with these hand-based or end-point variables, but in
many cases such activity may actually reflect relationships to the sensory and motor
periphery such as motor patterns at a single joint or multiple joints.!!:!3

Few believe neural activity in M1 is coding the activity of single muscles, but
the hand-based framework makes a substantive leap away from the motor periphery.
In the extreme, descending commands are assumed to convey only the direction of
hand movement that gets converted into motor output at the spinal level.?? The shift
away from the motor periphery has been extended further to suggest that M1 may
be involved in cognitive processing such as mental rotation?3?* although such inter-
pretations remain controversial.>>-?’

A key feature of many studies has been to dissociate explicitly different features
of the task, such as sensory versus motor,?®?° global variables (hand-target) versus
joint-muscle,3*-3¢ or kinematic versus kinetic variables.’”-* For example, we per-
formed an experiment where reaching movements were performed to the same target
locations but with two different arm postures: first, in a natural arm posture where
the elbow tended to remain directly below the hand and shoulder, and second, in an
abducted posture with the shoulder abducted and with the elbow almost at the level
of the hand and shoulder.3! This task dissociated global features of the task related
to the spatial target and hand motion, which remained constant, from joint-based
variables related to joint motion, joint torque, or muscle activity, which varied
between arm orientations. We found that most neurons showed changes in activity
either by changing their directional tuning or by modulating the overall level of
activity, suggesting that neural discharge was related in some way to the motor
periphery. Some cells, however, showed no changes in activity when movements
were performed with the two arm orientations. Such invariances could reflect that these
cells are specifying global features of the task, although it is still possible that such
cells could reflect joint-based information. (See Scott and Kalaska.3")

A cleaner dissociation between muscle- and hand-based features of movement
was provided in a study where wrist movements were performed with three different
forearm orientations: neutral, supinated, and pronated .3* They found that some cells
varied their directional tuning in a manner that was similar to the variation observed
for muscles, whereas others showed no change in directional tuning, as would be
expected if neurons reflected the spatial direction of the task. However, most of these
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latter spatial/hand cells still showed changes in the magnitude of activity for move-
ments with different forearm orientations.

All these studies illustrate that primary motor cortical activity correlates to
almost every imaginable task variable, including spatial target location, hand move-
ment direction and extent, hand velocity, joint velocity, force output, and muscle
activity, to name a few.!?%40 The obvious conclusion is that there appears to be no
single unified coordinate frame in M1. This of course causes considerable problems
for the population vector hypothesis, which presupposes that a global signal related
to the direction of hand motion is created across the cell population. In M1, cells
respond to many different variables, with some cells largely reflecting kinematic
features of the task and other neurons reflecting kinetic features. Whenever force
but not kinematic motion is modified, these latter cells, which modulate their activity
with force output, will alter estimates of hand motion.

While most agree that neural activity in M1 reflects a mixture of different
kinematic and kinetic features of movement, the notion that the brain performs a
series of sensorimotor transformations to execute reaching movements assumes a
certain relationship between these representations. Specifically, cells insensitive to
force output are assumed to reflect a higher level representation of movement which
gets converted by cortical processing into a lower level representation; cells sensitive
to force output are classified as this lower level representation. Are cells that are
insensitive to force output necessarily reflecting a higher level representation than
cells that are sensitive to force output? This assumption would seem reasonable, if
muscle activity (electromylography [EMG]) were the only feature of motor behavior
controlled by the brain.

However, descending commands to the spinal cord must consider more than just
muscle activity.!*42 Alpha motoneurons, which innervate extrafusal muscle fibers
and produce force, represent only one type of motoneuron. In each motoneuron pool,
there is a large number of gamma motoneurons that innervate intrafusal fibers in muscle
spindles,* which may be equal in proportion to alpha motoneurons in some muscles.
There are even beta motoneurons innervating both intra- and extrafusal muscle
fibers.* Another role for descending commands is to modulate and influence sensory
feedback.® Spinal reflexes can also create various contingency plans for unexpected
perturbations or errors,* which must also be selected or modified by descending
commands. It is quite possible that up to two thirds of descending signals from the
cortex to the spinal cord are related to controlling these other features of motor output.
However, little is known about cortical discharge related to controlling gamma-
motoneuron activity and spinal reflexes during volitional tasks since experimental
paradigms, including our own, tend to focus on alpha-motoneuron activity.*’#3 It is
quite possible that neurons related to these other features are relatively insensitive
to variations in force output during motor behavior. Within the rubric of sensorimotor
transformations, such neurons would be assumed to code a higher level representa-
tion of movement related to the kinematic features of the task when in fact they
were simply involved in controlling relatively low-level but non-EMG features of
the task. Furthermore, such discrete segregation between alpha-motoneuron activity
and other spinal processing is highly unlikely and descending signals likely reflect
a mixture of influences on spinal circuitry.
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across a single neural population. A third load condition, where viscous loads were
applied to joints simultaneously (viscous both [VB]), allowed us to examine how
mechanically dependent loads with common features or characteristics are repre-
sented neurally. We found that many cells changed their activity for one, two, and
in some cases all three load conditions as compared to their activity during unloaded
reaching. The representation of VS and VE loads were not completely independent,
but demonstrated at least a partial overlap across the cell population in M1. Of the
51 cells that responded to either loading condition, 27 were sensitive only to VE, 9
were sensitive only to VS, and 15 showed significant changes in discharge for both
VS and VE (p < 0.05, analysis of variance [ANOVAY]). There was a highly consistent
relationship between how a cell responds in VS and VE. Cells that increase discharge
for VS also tend to increase discharge for VE, while decreases in discharge for VS
are likewise associated with discharge decreases in VE.

Perhaps the most important observation was that there was considerable overlap
in the representations of VB and either VS or VE. Almost all neurons that changed
their activity for VB as compared to unloaded movements, also showed significant
changes of activity related to VE or VS. We found that almost all cells showed
similar signs of change across all three load conditions. If a neuron increased its
discharge for a given loading condition, its response to any other load condition
would also be an increase in discharge. If a neuron decreased its discharge for a
load condition, responses to other loads would also tend to be a reduction in
discharge.

With regard to whether the brain uses a single internal model or multiple internal
models for different mechanical contexts, the present results illustrate that neural
activity in M1 appears to reflect a single internal model for both these single- and
multiple-joint loads. However, other regions of the brain, such as the cerebellum,
may use separate internal models for these different contexts. Further, because only
velocity-dependent loads were used in this study, it is quite possible that neural
representations for different types of mechanical loads (i.e., viscous versus elastic)
may be treated separately.”

One of the key differences between the present study and previous studies is
that loads were applied at different parts of the motor apparatus: shoulder versus
elbow. This mechanical segregation allowed us to illustrate that load-related activity
for some neurons was limited to loads at only one of the two joints, whereas other
neurons responded to loads applied to either joint. These results suggest that there
is some separation, but not a complete separation, in neurons responding to loads
at different joints, reflecting a course somatotopic map within M1.7677 We are pres-
ently developing cortical maps of neurons related to the shoulder and elbow joints
to observe if there is any variation in their distribution within the cortex.

The present data on neural responses for single- and multiple-joint loads allow
us to ask how information related to different joints is integrated together. We tested
two possible models, one in which load-related activity related to each joint is
linearly summed across all joints. However, we found this model consistently over-
estimated the response of neurons to multiple-joint loads. We examined a second
model that assumed that the response of a neuron reflected vector summation of its
response to loads at each joint. This vector summation model assumes that activity
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related to each joint can be treated as orthogonal vectors and that multiple-joint
loads reflect the vector sum of these single-joint loads. Our data illustrated that the
response of neurons tended to follow this simple rule. We are presently assessing
whether this integrative feature of multiple-joint loads reflects an inherent feature
of cortical processing or simply parallels the activity of shoulder and elbow muscles
for these movement-dependent loads.

Another of our recent studies examined the response of neurons to constant-
magnitude (bias) loads applied to the shoulder or elbow as the monkey maintained
its hand at a central target.”® The response of many neurons paralleled our results
on viscous loads applied during reaching: some neurons responded to loads at only
one of the two joints, whereas others responded to loads at both joints. Load-sensitive
cells again responded to both multiple-joint loads and at least one of the two single-
joint loads so that there was no segregation between neural responses to single- and
multiple-joint loading conditions. Further, the response of neurons to multiple-joint
loads again could be predicted using a vector summation model from the response
of neurons to single-joint loads.

A key feature of both of these studies was that we could load the shoulder and
elbow joints independently. It seems reasonable to assume that these single-joint
loads would selectively influence the response of muscles that span that joint. We
were mistaken. Many muscles that only spanned one of the two joints modified their
activity for loads applied to the other joint. For example, brachioradialis, an elbow
flexor muscle, increased its activity when the monkey generated either an elbow flexor
or a shoulder extensor muscular torque (Figure 6.7). The greatest activity level was
observed when the monkey generated an elbow flexor and a shoulder extensor torque
simultaneously. At first, this seems paradoxical, but it simply reflects the action of
biarticular muscles that span both joints. Changes in a biarticular muscle’s activity
for loads applied at one joint necessarily create torque at the other joint. As a result,
the activity of muscles spanning this second joint must change to compensate for the
change in activity of the biarticular muscles.”®#

This coupling of muscle activity at one joint to the mechanical requirements of
another joint obfuscates any simple mapping between torque at a joint and the
activity of muscles spanning that joint. This has important implications with regard
to the response of neurons during single- and multiple-joint loads. While the response
of single-joint muscles was almost always greater for loads applied to the spanned
as compared to the nonspanned joint, its effect cannot be discounted. Therefore, one
cannot assume that neurons that changed their activity for loads applied to both
joints are necessarily related to controlling muscles at both joints.

This example underlines the inherent complexity of the peripheral motor appa-
ratus. Our description earlier illustrated that joint torque does not match joint motion
for multiple-joint movements due to intersegmental dynamics. The present observa-
tions on EMG activity related to mechanical loads illustrates that muscle activity does
not match joint torque at a given joint. Therefore, all three levels of description —
motion, torque, and muscle activity — provide unique, complementary information
on limb motor function. Our ongoing studies are continuing to explore limb mechan-
ics including using simulations to better understand the relationship between muscle
activity and motor performance.
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FIGURE 6.7 Activity of brachioradialis, an elbow flexor muscle, when the monkey maintains
a constant hand position, but with different constant loads (0.11 Nm) applied to the shoulder
or elbow joints. Nine different loading conditions were examined, generating flexor, null, or
extensor muscular torque at each joint.”® The central panel shows the activity of the muscle
when no loads were applied to the joints (the solid line is the mean of five repeat trials).
Muscle activity increases when the monkey generates an elbow flexor torque. However, its
magnitude also varies with shoulder muscle torque such that it increases when the monkey
generates a shoulder extensor torque. Therefore, brachioradialis muscle activity varies with
shoulder muscle torque even though this muscle does not span the shoulder joint.

6.6 SUMMARY AND CONCLUSIONS

The goal of this chapter was twofold. The first goal was to describe two conceptual
frameworks, sensorimotor transformations and internal models, for interpreting how
the brain controls visual-guided reaching. This comparison was presented because
it helps to explain how conceptual frameworks, whether implicitly or explicitly
defined, strongly influence the design, analysis, and interpretation of experimental
data. What seems like a logical experiment from one perspective can be irrelevant
from another. My recent experiments have been designed and interpreted based on
the concept of internal models, where the brain mimics or reflects the physical
properties of the limb and the environment. This concept has been very influential
for human studies on motor performance and learning and appears to be ideal, at
this time, for exploring the neurophysiological basis of movement in nonhuman
primates.
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The second goal of this chapter was to describe the results from our recent
studies using a planar experimental paradigm. Our robotic device can both sense
and perturb limb motor function, and our initial studies have illustrated several of
the ways in which the mechanics of the limb and of physical loads are represented
in M1. It is important to realize that the present results do not disprove the notion
of sensorimotor transformations. The present experiments illustrate that both kine-
matic and kinetic information is reflected in primary motor cortical activity, as shown
by other studies. The value of the concept of internal models is that it demonstrates
that body motion and its interaction with the physical world must obey the laws of
Newtonian physics. In effect, motor control is the study of how biological systems
consider and manage these basic laws of physics.

We initially focused on well-learned tasks rather than on the process of learning
such tasks. This was largely a pragmatic approach to the question of how stable
neural states are represented in the brain. However, M1 is clearly involved in motor
learning and adaptive control.3!-3 KINARM can apply loads at the shoulder or elbow
joint based on almost any variable imaginable, and our future studies will focus on
exploring the role of the motor cortex in adaptive motor control.

The robotic device also appears to be well suited for exploring the role of afferent
feedback in motor control. It is known that there is a rough correspondence between
sensory and motor representations in M1.8% Along with the motor tasks described
above, we regularly record the response of neurons during passive limb movements
and to perturbations during postural tasks.®”38 The long-term goal is to compare and
contrast the sensory and motor responses of individual neurons in order to better
understand how afferent feedback contributes to motor function.
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