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Encoding of Object Presence and Manipulation Affordances in the

Frontoparietal Grasp Network
Rex N. Tien, PhD

University of Pittsburgh, 2021

The ability to grasp and manipulate objects is a fundamental human capacity. Loss of
this function due to injury or disease can result in the inability to independently perform
tasks of daily living. Brain computer interfaces (BCIs), which decode neural activity to
control assistive devices, represent a new class of potential therapies to restore arm and
hand function. Recent efforts to implement BCI control of a robotic hand for grasping have
been hindered by unexpected neural modulations in primary motor cortex (M1) related to
the contextual factor of whether movements were made with or without an object present.

We designed and carried out three experiments in healthy rhesus macaque monkeys to
characterize the influence of various object-related contextual factors on movement features
(MFs — kinematics and muscle activity of the arm and hand) and on neural activity in
three grasp-related brain areas: M1, ventral premotor cortex (PMV) and anterior
intraparietal area (AIP). A novel method was devised to implant intracortical
microelectrode arrays in PMV and AIP for these experiments. In Experiment 1, monkeys
performed similar reaching movements with or without an object present. In Experiment 2,
monkeys performed similar grasps on a set of objects with different grip affordances
(objects could be grasped in multiple ways). In Experiment 3, monkeys performed similar
grasps on two objects with different use affordances (one was stationary and one could be
lifted). All object-related contextual factors were found to evoke small but significant
differences in MFs despite task requirements remaining constant across contexts. These
context-dependent behavioral differences were accompanied by proportionately larger
neural differences in all three brain areas. The presence or absence of an object resulted in
changes in neuronal firing rates that could not be accounted for by linear encoding of MF's.

This object presence signal was found to interact with MF encoding in M1 in a way that
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was detrimental for BCI-style MF decoding. Object grip affordance differences resulted in
similar but smaller neural modulations that did not impact MF decoding. Neural

modulations related to object use affordance were prominent only in PMV.
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1.0 Introduction

The ability to grasp and manipulate objects is a fundamental human capacity that forms
the basis of our technological achievements and is central to many of the tasks of daily living.
The effortlessness with which we regularly grasp and manipulate objects belies the complex
problem that the brain faces in controlling the arm and hand.

While much has been learned about how the brain controls the hand to interact with
objects, a great deal is left to be understood. A frontoparietal network of brain regions
has been identified as critical for the control of visually guided grasp in primates. At the
core of this grasp network are primary motor cortex (M1), ventral premotor cortex (PMV)
and anterior intraparietal area (AIP). These areas are thought to implement a visuomotor
transformation by which visual information about an object is transformed into a motor
command to grasp it.

Understanding of how the brain naturally controls movement has enabled the
development of therapeutic technologies for those who have lost arm and hand function
due to injury or disease. In recent years, brain computer interfaces (BCIs) have emerged as
a promising potential new therapy for individuals with paralysis. These BCIs can restore
function by decoding movement intentions from brain signals, often recorded in M1, to
drive assistive devices such as a computer cursor or a robotic prosthetic arm. While early
BCIs have been largely successful in controlling robotic arms for broad reaching
movements, recent efforts have faced difficulties in implementing BCI control of a robotic
hand to dexterously interact with objects. These difficulties are due in part to unexpected
changes in M1 neural activity which relate to the contextual factor of whether grasping
movements were made on a real physical object or in open space, with no object present.
In order to build future BCI systems that can successfully enable all of the various
grasp-related tasks performed in daily life, such context-dependent neural activity needs to
be understood and accounted for.

Graspable objects, especially those with known uses such as tools, have been found to be

especially strong contextual drivers of activity in the frontoparietal grasp network. Human



brain imaging studies suggest that merely seeing an object or reading the name of an object
can activate grasp network regions. Human behavioral evidence suggests that this activation
relates to the object’s affordances — those actions which are available to be performed on
the object given its perceived properties and the capabilities and knowledge of the grasping
individual. Moreover, contextual factors such as an object’s overall shape, the known uses
associated with the object, or the way in which the object will be manipulated after grasp
all affect how the object is grasped. These contextual effects have rarely been studied at the
level of single neurons and population spiking activity.

The goal of this dissertation is to characterize the influence of object affordance related
contextual factors on grasping behavior and spiking neural activity in M1, PMV and AIP
in a healthy rhesus macaque model (macaca mulatta). Three experiments were designed
and carried out to investigate three possible object affordance related contextual factors.
Throughout all experiments, movement features (MFs — detailed kinematics and muscle
activity of the arm and hand) and neural activity in M1, PMV and AIP were recorded.
The overall strategy of each experiment was the same: to elicit very similar behaviors in
different object affordance contexts in order to isolate and characterize the component of
neural activity related to object context.

In the Object Presence Experiment, monkeys performed similar reaching movements with
or without an object present and also grasped the object. Moderate differences in MFs were
observed between reaches with our without the object present. The presence or absence of
an object evoked proportionately large modulations in neural activity throughout the grasp
network which could not be accounted for by linear tuning to MFs. This object presence
related neural signal interfered with the ability to decode MFs from M1 neuronal firing
rates. We propose a modified decoder architecture to mitigate these effects. Further, when
the object was present, reach behavior and neural activity throughout the grasp network
was biased toward the behavior and activity patterns that were normally observed when the
object was grasped, suggesting that the mere presence of the object activated the neural
representations of the grasp actions afforded by the object, even when it was not grasped.

In the Grip Affordance Experiment, monkeys performed similar grasps on objects with

different grip affordances. Objects could differ in terms of their perceived grip affordances



— the multiple ways in which the objects could be grasped based on their shape — or in
terms of their learned grip affordances — the ways that the objects were habitually grasped.
Small but significant differences in MFs were observed for grasps on the different objects,
despite the fact that the grasped portions of the objects were identical. Grip affordance
differences evoked small but significant changes in neural activity, some of which could not
be accounted for by linear tuning to MFs. This grip affordance related signal did not impact
the ability to decode MFs. There was weak evidence for the automatic activation of grip
affordance representations in background M1 activity.

In the Use Affordance Experiment, monkeys grasped two objects over two separate
sessions. In the first session, both objects were mechanically fixed in place. In the second
session, one object remained fixed, while the other was released and was intermittently
lifted by the subjects. Thus, in the second session, the movable object gained the learned
use affordance of lifting. In the pre-learning session, small but significant differences were
observed in MFs and neural activity when the two objects were grasped. In the
post-learning session, relatively larger differences were observed in behavior and neural
activity for grasps on the different objects. The neural differences in PMV were larger than
could be accounted for by linear encoding of MFs, and thus constituted encoding of the
learned use affordance. Strong use affordance encoding was not observed in M1 or PMv,
suggesting that PMV played a special role in storing and processing the learned use
affordance of the movable object. When the movable object was grasped and held (but not
lifted), behavior and neural activity was similar to that observed when the object was
actually lifted, suggesting that the representation of the lifting affordance may have been
automatically activated when the movable object was grasped.

PMV and AIP were identified as potential sources of object context information in M1.
In a few instances, PMV and AIP units displayed extreme firing rate modulations for
contextual differences. Preparatory activity related to object context was prominent in
these areas, especially with regards to object presence. The relative timecourses of
population modulation in M1, PMV and AIP suggested that contextual information may
be processed in a feedforward manner from AIP to PMV to MI1.



This dissertation represents several novel contributions to the fields of grasp neuroscience
and neural engineering. While many studies have explored the relationship between neural
activity and MF's, fewer have directly inquired into the presence of context-dependent activity
in motor cortical areas. Those studies which have found context-related activity often did
not monitor behavior in detail, and were thus unable to determine the extent to which
neural changes reflected contextual factors or encoding of behavioral differences. In the
experiments of this dissertation, behavioral differences were minimized across contexts and
detailed features of the behavior were recorded, allowing context-related changes in behavior
and neural activity to be measured and compared.

Several novel behavioral tasks were developed and employed in the experiments of this
dissertation. To our knowledge, no published study has examined both grasping and
reaching in free space in the same experiment. This comparison is enabled by the task
design of the Object Presence Experiment. The design of the Grip Affordance Experiment
represents a unique dissociation of perceived and learned grip affordances. The design of
the Use Affordance Experiment reveals the neural changes associated with the learning and
processing of object use knowledge.

Additionally, few studies have recorded neural activity simultaneously in M1, PMV and
ATIP. Those that have were focused on movement-related activity in these areas. The
experiments of this dissertation grant insights into the comparative levels of context-related
activity in these areas as well as the timing and directionality of context-related
information flow through the grasp network.

Lastly, a novel method was devised and used to position and implant penetrating
intracortical microelectrode arrays in PMV and AIP to obtain neural data for the
experiments described herein. PMV and AIP are located in the banks of the arcuate and
intraparietal sulci, which are not immediately accessible on the cortical surface. Magnetic
resonance imaging was used to visualize the morphology of the sulci. Segmentation
software was used to extract this morphological information, which was subsequently
transferred to computer-aided design software. The stereotaxic surgical equipment was
modeled alongside the brain structures in the virtual model, and this information was used

to design and 3D print insertion alignment guides. The guides were sterilized and used



during surgery to rapidly and accurately implant eight microelectrode arrays in PMV and
AIP in two separate procedures. This method represents a low-cost solution for array

implantation in sulcal brain areas which can be extended to other brain regions or devices.

1.1 Structure and Contents of this Dissertation

Chapter 2 contains an in-depth review of the scientific literature relevant to the
experiments carried out for this dissertation. Studies concerning the general aspects of
grasping behavior are presented in Section 2.1. M1, PMV and AIP are then introduced
individually in Sections 2.2, 2.3 and 2.4. The history, anatomical connectivity and function
of each area are discussed. Progress in the field of BCI is discussed in Section 2.2.1. MI,
PMV and AIP are then discussed in terms of their functioning as critical nodes of the
frontoparietal grasp network in monkeys and humans in Section 2.5, with a focus on the
processing of affordances in the grasp network and other frontoparietal networks (Section
2.5.1) and evidence for the automatic activation of affordance representations (Section
2.5.2). Section 2.6 contains a review of studies which describe context-dependency in grasp
behavior. Section 2.7 contains a review of studies which describe context-dependent neural
activity in M1, PMV and AIP, with general cases of context-dependent neural activity
discussed first, and grasp-specific instances of context-dependent neural activity described
subsequently in Section 2.7.1. Finally, the motivations for the three experiments of this
dissertation are presented in Sections 2.8, 2.9 and 2.10, with reference to the gaps in the
existing literature that these experiments address.

Chapter 3 contains a general description of the experimental design of the three
experiments of this dissertation. Section 3.1 concerns the physical setup of the experiment
room and the construction of the behavioral apparatus with which the monkeys interacted.
Section 3.2 describes the behavioral tasks employed in the three experiments, including the
task timing and progression, the visual feedback delivered during the tasks and the
scheduling of task condition blocks within each session. Section 3.3 contains a brief

description of the data streams that were recorded during the experiments.



Results from the Object Presence Experiment, Grip Affordance Experiment and Use
Affordance Experiment are presented in Chapters 4, 5 and 6. These chapters contain
results concerning M1 data, while the results concerning PMV and AIP data for all three
experiments are presented in Chapter 7.

The findings of the three experiments are discussed in Chapter 8. The results are first
summarized and interpreted in Section 8.1. Additional analyses which were run as controls
are noted in Section 8.2. Section 8.3 addresses the limitations of the current experiments.
Future research directions are considered in Section 8.4. Final conclusions are presented in
Section 8.5.

The Appendix contains detailed descriptions of the experimental methods and data
analyses employed for this dissertation. Section A.1 describes the surgical methods used to
implant recording microelectrode arrays in M1, PMV and AIP. The novel method used for
planning and inserting arrays in PMV and AIP is described in detail in Section A.1.2. The
design and fabrication of the instrumented objects is presented in Section A.2. Section A.3
concerns the animal behavioral training strategies that were employed to achieve the
desired behavioral outcomes. Section A.4 contains detailed descriptions of the methods
used to acquire and preprocess the various data streams. The custom software used to
automate the behavioral task is outlined in Section A.5. Finally, mathematical descriptions

of the statistical methods used to analyze the data are presented in Section A.6.



2.0 Background and Review of Related Work

Grasping and using objects can seem routine and effortless. However, this belies the
computational complexity entailed in controlling the intricate musculature and mechanics
of the arm and hand. Over the last century, a large body of research has been devoted
to studying the behavioral aspects of reaching, grasping and object manipulation and the
neural mechanisms which enable and control these behaviors.

The cortical networks involved in grasping appear to be similar in humans and other
dexterous primates such as monkeys. Three cortical areas in particular have been identified
as critical nodes of the cortical grasp network: primary motor cortex (M1), ventral premotor
cortex (PMV) and the anterior intraparietal area (AIP).

This chapter contains a review of the scientific literature concerning grasping behavior
and the three brain areas at the core of the cortical grasp network. A particular focus is
given to contextual effects in behavior and neural activity, as these are pertinent to the
experiments performed for this dissertation.

This chapter is organized as follows. Section 2.1 contains a brief overview of general
aspects of grasping behavior. Section 2.2 contains a review of the anatomical and
functional properties of M1, including an overview of progress in brain computer interfaces
and neuroprosthetics.  Sections 2.3 and 2.4 concern the anatomical and functional
properties of PMV and AIP, respectively. Section 2.5 explores the functioning of M1, PMV
and AIP as a coherent network which implements the visuomotor transformations
necessary for object interaction, including an overview of evidence for the automatic
activation of motor representations in the network when graspable objects are viewed.
Section 2.6 describes the context sensitivity of grasp behaviors. Section 2.7 describes
contextual effects in neural activity in M1, PMV and AIP, with additional discussion of
context dependent activity due to object-related factors in Section 2.7.1. Finally, Sections
2.8, 2.9 and 2.10 contain more detailed discussions of select studies with particular
relevance to the three experiments described in this dissertation, and outlines the

motivations for each experiment.



2.1 Grasping Behavior

The human hand is a specialized, highly complex neuromusculoskeletal system which
enables a vast array of ways to interact with and manipulate the environment. One of
the main ways that this interaction proceeds is through prehension — the closing of the
hand around an object for subsequent transport or use. Despite the variety of potentially
graspable objects and ways they can be grasped, grasping actions are executed with a certain
regularity, and aspects of movement are conserved across different grasping actions.

In an early analysis of grasp in humans, Napier observed in 1956 that grasps could be
classified into two broad categories [1]. He deemed these general categories “precision grip”
and “power grip.” Precision grips are characterized by the use of the pads of the thumb
and one or more of the long digits to pinch the object. Examples of precision grips include
holding a pen for writing and grasping a sheet of paper to feed it into a mail slot. Power
grips are characterized by the long digits pressing the object against the palm, with or
without assistance from the thumb. Examples of power grips include holding a hammer by
the handle and holding a soda can to take a drink. Though these categories describe the two
general classes of grips, a vast array of intermediate and modified versions of these grasps
are observed in human behavior. The particular grasp is dictated by the size and shape of
the object, as well as the intended use of the object.

In the 1980s, Jeannerod published a landmark study in which videos of human subjects
reaching to grasp a series of objects were analyzed [2,3]. It was observed that reach-to-
grasp actions proceeded in two phases: an initial high-velocity phase in which the hand was
accelerated toward the object and the fingers were extended followed by a low-velocity phase
in which the hand was decelerated and the fingers were closed until contacting the object. In
addition, the grip aperture (distance between thumb and index finger) was scaled to the size
of the object to be grasped, even during the early part of the movement. The grip aperture
increased during the reach and reached a maximum after the peak reach velocity, at which
point the aperture decreased until contact was made wtih the object. The object-specific

early scaling of the grip aperture was deemed “preshaping,” and was present even without

visual feedback of the hand.



A later study by Santello and Soechting examined finger kinematic trajectories in
greater detail while subjects reached toward and grasped 15 geometrically complex
objects [4]. Preshaping was found to occur gradually over the course of the reach.
Significant correlation to the final hand posture was observed even at the midpoint of the
reach. The object-specificity of the hand posture increased monotonically throughout the
reach and was maximal at the time of object contact.

Further human behavioral studies have elaborated on these two main concepts (grip
categories and preshaping). Based on photographs of hands grasping objects, Kamakura
described 14 grip patterns in seven different categories [5]. Kroemer identified 10 postural
couplings between hands and objects [6]. An exhaustive list of grasp postures would be
difficult to achieve, as transitions between posture categories are continuous and each
instance of grasping reflects the unique combination of the individual’s idiosyncratic hand
morphology, the object’s physical characteristics and the intended use of the object.
Nevertheless, grasping movement diversity appears to reflect variations on a set of basic
grasp motifs.

Other efforts have been made to mathematically describe grasp movement variability
using dimensionality reduction techniques. While the hand has roughly 25 kinematic
degrees of freedom controlled by some 40 muscles [7], hand movements have been found to
be coordinated along a smaller set of dimensions, or “hand synergies.”  Principal
Components Analysis of detailed hand and finger kinematics revealed that during static
pantomimed grasps, over 80% of the variance in 15 joint angles could be explained by two
dimensions [8]. Analysis of dynamic reach-to-grasp trajectories toward 16 different objects
revealed that over 90% of variance could be explained by a single hand synergy [9]. A
further study revealed that naturalistic hand motions were more complex, with two hand
synergies capturing about 60% of kinematic variance [10]. The number of hand synergies
needed to capture kinematic variance is dependent on the complexity of the task and may
be a hallmark of optimal control [11]. The low dimensionality in hand kinematics may
reflect a combination of biomechanical and neural constraints [12].

Studies of grasping in rhesus macaque monkeys have revealed similar behavioral

strategies to those found in humans. Video analysis of unconstrained monkey behavior



revealed the use of 15 different grip categories [13], as well as preshaping dependent on
objects’ physical characteristics [14]. Monkeys also exhibit object size specific preshaping,
and display low dimensionality in dynamic hand kinematic variability [15, 16]. Monkeys
display hand preshaping and show consistent object-specific kinematics when grasping
different objects [17,18]. Preshaping is evident in muscle activity as well as kinematics, as
EMG recordings in arm and hand muscles of monkeys grasping six different objects were
object specific, even during the early reach phase [19].

In daily life, it is rare to simply grasp and hold objects. Instead, objects are usually used
for a purpose, often as tools. The learned and intended uses of an object affect the way in
which the object is grasped (see Section 2.6). Human tool use is unparalleled in nature in
terms of extent, flexibility and capacity to manufacture novel tools to accomplish specific
goals.

Nevertheless, macaques are capable of cognitive complex object manipulation behaviors
to a degree. Wild long-tailed macaques have been observed using stones to break open nuts
and shellfish against anvils, or to detach shellfish from boulders and trees [20]. The stones
used for the different actions were shaped differently and were grasped according to their
use. In another instance, Tonkean macaques were observed transporting and using a long
pole to scale the wall of a nature reserve [21]. In laboratory settings, rhesus macaques are
capable of learning to use a rake to retrieve food that would otherwise be out of reach,
though induction of this behavior often requires extensive training [22-29].

Controlling the arm and hand to successfully grasp and manipulate objects presents a
difficult problem for the brain to solve. Though limited, the similarities in grasping behaviors
in humans and monkeys suggest that similar neural mechanisms may be employed. Indeed,
studies have identified a frontoparietal network of cortical areas with particular involvement
in grasp and object manipulation in both monkeys and humans. The three critical nodes
of this network are M1, PMV and AIP. The following sections will describe the anatomical
and functional properties of these cortical areas based on results from human and monkey

neuroscience.
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2.2 Anatomical and Functional Properties of M1

In humans and monkeys, M1 is the cortical area most directly linked to the production
of voluntary movement. M1 is located in the anterior bank of the central sulcus and on the
adjacent convexity of the precentral gyrus, and corresponds to Brodmann Area 4 [30].

The earliest investigations of the functions of motor cortex involved electrical stimulation
of the brain. In 1870, Fritsch and Hitzig identified an area of the dog brain that, when
stimulated with current from a battery, evoked muscular contractions on the contralateral
side of the body [31]. Stimulating different areas of the cortex reliably caused different
muscles to contract, suggesting an organized map of the different body parts in cortex. In
1875 these results were extended to monkeys in a study by Ferrier [32]. Ferrier noted a
progression through contralateral leg, trunk, arm, hand and face muscle contractions as
the stimulation was applied starting from more medial portions of the precentral gyrus and
moving to more lateral portions. Ferrier also noted that brief stimulus evoked localized
muscle twitches, but stimulus applied for a longer period (several seconds) evoked more
complex, multi-joint movements.

In 1937, Penfield and Boldrey published a detailed functional map of the human motor
and sensory cortices [33]. They stimulated the brains of epilepsy patients and recorded the
resulting muscle contractions and sensations reported by the patient. The authors identified
an organized map of the contralateral side of the body along the mediolateral aspect of the
precentral gyrus, and illustrated a motor “homunculus” to describe this somatotopic map.
They noted that disproportionately large regions of cortex were related to face, tongue and
hand movements.

Subsequent studies in monkeys [34-36] and humans [37] have replicated the ability to
evoke muscle twitches by focal electrical stimulation of M1 at relatively low thresholds.
These studies confirm the presence of a gross homuncular map in M1, but reveal that the
somatotopy of M1 is more complicated than initially believed, as particular muscles can
be activated from multiple separate regions in M1. Recent studies have confirmed Ferrier’s
finding that long duration stimulation of M1 can evoke complex, multi-joint movements

which appear similar to some natural behaviors including grasping [38-40].
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Anatomical tracer histology studies reveal that the hand area of MI1 receives
projections from other areas within M1, a range of premotor areas including ventral and
dorsal premotor cortex, supplementary motor area and cingulate motor areas, primary and
secondary somatosensory cortices, posterior parietal cortex areas including AIP, and the
insula [40,41], as well as the ventrolateral thalamus, which receives cerebellar and pallidal
inputs [42].

The influence of M1 on muscle activity is largely mediated by the corticospinal projections
of the pyramidal tract. Kuypers identified this projection in monkeys by lesioning M1
and observing a degeneration of pyramidal tract axons projecting to the gray matter and
motoneuron pools in the spinal cord [43]. Projections from M1 constitute a large portion of
the corticospinal tract (35-50%) [44-47].

In monkeys and humans, the corticospinal projections from M1 include
“corticomotoneurons” — cells which originate in M1 and synapse directly on motoneurons
in the ventral horn of the spinal cord [48]. Anatomical tracer studies indicate that these
corticomotoneurons are predominantly located in the caudal portion of M1 in the anterior
bank of the central sulcus [49]. The direct synaptic link between these corticomotoneurons
and their target motoneurons and muscles can be revealed wusing spike-triggered
averaging [50-54].

M1 and its corticospinal projections in the pyramidal tract, including the
corticomotoneurons, are particularly critical for producing the individuated finger
movements necessary for grasping small objects [55,56]. Complete bilateral lesion of the
pyramidal tracts in monkeys resulted in a global motor control deficit from which nearly all
movements were eventually recovered except for the fine dexterous control of the fingers
necessary for precision grasps, which remained permanently abolished [57]. Very similar
results were observed when M1 of adult or juvenile monkeys was permanently lesioned [58].
Transiently inactivating monkey M1 hand and arm area using muscimol results in paresis
of the contralateral arm, hand and fingers, marked reduction in grip strength and an
inability to perform precision grips [59-62] or independent finger movements [63].
Similarly, M1 or corticospinal tract damage in humans is associated with hemiparesis on

the contralateral side, reduced independence of finger movements and reduced performance

12



on tasks of daily living [64]. Comparative anatomy studies reveal that the prevalance and
extent of the corticomotoneuronal system in a given species coincides with its capacity for
manual dexterity, especially among primates [65,66].

The connectivity between M1 and spinal interneurons and motoneurons is complex, as
single neurons in M1 can synapse in multiple locations in the spine and the motoneurons of
a single muscle receive input from multiple regions in M1 [67]. Axons from M1 corticospinal
neurons branch in the spinal cord to innervate multiple regions in the spinal gray matter
and the motoneurons of multiple different muscles [68]. Accordingly, spike-triggered averages
reveal that single corticomotoneurons can facilitate a “muscle field” comprising multiple
muscles acting across proximal and distal joints [53,69]. Stimulation in any particular region
in M1 activates a set of muscles acting on multiple joints [70], often including multiple
opposing muscles across a single joint [71]. Retrograde tracers injected in hand muscles
reveal that a single muscle’s motoneurons can receive direct and indirect input from neurons
spanning the entire hand/arm area of M1 [72]. A further complication is that individual
spinal interneurons can influence multiple muscles in complex ways [73-75].

Given the relatively direct anatomical linkages between M1 neurons and motoneurons,
and the readiness with which muscle activity can be evoked by stimulating M1, neural
activity in M1 was initially hypothesized to be directly related to muscle activity and the
production of force. Accordingly, neurons projecting in the corticospinal tract have been
referred to as “upper motor neurons” [76,77]. This designation suggests an overly simplistic
view of M1 neurons, as a large number of electrophysiological investigations have revealed
that M1 neural activity “encodes” not only muscle activity, but many features of movement
at multiple levels of abstraction.

M1 neuronal firing rates (FRs) have been found to encode force, both in terms of grip
force when grasping an object [78-82] as well as directional force applied isometrically
through the hand [83-85]. M1 neural activity is also correlated with muscle
activity [54,86,87] and functional muscle synergies [88]. However, even in early studies, it
was evident that the relation between M1 neural activity and muscle activity was not
straightforward. For instance, corticomotoneurons were often found to have higher FRs

during precision grasps than during power grasps despite muscle activity being much
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higher for power grasps in general [89]. This discrepancy was hypothesized to represent the
contribution of corticomotoneurons to the fractionation of finger movements necessary to
execute the precision grasps [90].

In a series of studies in the 1980s, the Georgopoulos research group showed that M1
neurons encode a more abstract, extrinsic feature of movement: the direction of reach. They
utilized a “center-out” reaching task in which a monkey held a manipulandum and made
outward movements to targets dispersed radially around a central starting location. The FRs
of individual M1 neurons were found to be maximal for reaches in a certain direction (the
“preferred direction” of the neuron), and decreased for movements away from that direction
according to the cosine of the angle between the movement direction and the preferred
direction. This “cosine tuning” was found for reaches in a plane [91] as well as in 3D space
[92]. Based on this property of individual neurons, the intended movement direction could be
“decoded” from a population of M1 neurons by computing a vector sum of the neurons’ FR
modulations projected onto their preferred directions to generate the “population vector”
[93-95]. This encoding of an extrinsic, more abstract feature of movement suggests that M1
neural activity is related to high-level aspects of movement.

In the years since, a flurry of experiments have shown M1 neural activity to be related
to an array of movement features. With respect to reaching movements, these encoded
features include reach target direction and distance [96], reach direction and speed and
their interaction [97], combinations of target direction and hand kinematics [98],
temporally extended movement fragments [99], final limb posture [100, 101] and isometric
loads at the endpoint and across the joints of the arm [102]. In general, during reaching,
hand velocity is encoded more strongly than hand position [103,104]. Direction encoding is
not fixed to a particular reference frame, as different neurons can encode direction in
extrinsic, hand-centered or shoulder-centered frames [105]. Studies comparing the encoding
of intrinsic (muscle-related) features to extrinsic (direction-related) features show that
individual neurons often display one type of encoding, but can encode a mixture of
both, [106-108]. M1 is most strongly activated for reaches of the contralateral arm, though
some activity can be observed during ipsilateral arm reaches [109]. MI1 activity is also

related to the impedance of the arm during interaction with a dynamic object [110,111].
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With regards to reach-to-grasp movements, M1 neural activity has been observed to
coincide with the preshaping, grasping and lifting phases of manipulation actions [112].
Human M1 is active for both real and imagined contralateral hand movements [113, 114].
M1 neurons encode grasp dimension [81], and modulate differentially for different objects,
with maximal discriminability of objects at the time of object contact [115,116]. Individual
M1 neuron FRs relate to combinations of kinematics across multiple joints of the arm and
hand [16, 17, 117-120]. M1 neurons may also encode time-extended, coordinated
trajectories of combinations of hand and arm joint motions [121,122]. In contrast to the
velocity-oriented encoding of reaching movements, hand joint angle positions are encoded
more strongly than joint angle velocities in M1 [117, 120, 123]. M1 activity is not
well-related to the low dimensional grasp synergies that capture much of the kinematic
variance during grasp, suggesting that M1 activity acts to fractionate and elaborate on
these grasp synergies, rather than controlling them directly [124].

More recently, the Shenoy research group has posited that given the temporal
complexity of FR modulation in M1 neurons, perhaps no movement feature encoding
model can adequately describe M1 neural activity [125]. Instead, they propose, M1 may
act as a dynamical system which generates a basis set suitable for driving muscle
activity [126]. In support of this concept is the fact that a large amount of neural variance
in M1 during reaching movements manifests as smooth rotational dynamics [127], though a
recent study has shown that these rotational dynamics are not present in M1 during
grasping behaviors [128].

Although the studies listed above suggest a complicated encoding scheme in M1, they all
generally portray M1 neural activity as directly related to some intrinsic or extrinsic aspect
of the immediate, ongoing movement. However, neural activity in M1 can also be uncoupled
from behavior [129]. In these cases, neural activity may reflect cognitive processing. One
prominent instance of such activity is preparatory activity in the period before movement
onset. Many neurons in M1 begin modulating hundreds of milliseconds before movement,
even when the subject is intentionally withholding movement during a delay period after
presentation of an instruction [130]. This preparatory activity is related to the upcoming

movement [131], though on a population level, it resides in a subspace orthogonal to the
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activity observed during movement [132,133]. The M1 preparatory activity may represent
cognitive processing related to the task, such as mentally rotating the intended movement
direction from an initially presented target [134]. Others have suggested that preparatory
activity may act to set the initial conditions to drive the FR modulation dynamics of the
subsequent movement period [135].

Another instance in which M1 neural activity becomes uncoupled from behavior is when
different neural activity is observed when the same movements are executed in different
cognitive contexts. These instances of context sensitivity are discussed in more detail in
Section 2.7.

In accordance with the corticocortical connectivity between M1 and primary
somatosensory cortex, M1 neurons also respond robustly to cutaneous stimulation, muscle
palpation and passive joint motion of the hand [136-140]. Afferent skin contact and grip
force signals were even present in the M1 of a human with spinal cord injury [141]. These
somatosensory signals are critical to the execution of dexterous movements, as a patient
with a neurodegenerative disease affecting only afferent nerves was unable to manipulate
small or complex objects, though overall strength and motility were spared [142]. In
addition, inactivation of primary somatosensory cortex with muscimol impaired manual
coordination and the ability to accurately place the fingers during grasp and maintain a
grip, though muscle strength was spared [61].

M1 is critically involved in the motor learning that occurs after injury or due to motor
skill acquisition. The homoncular map in M1 adapts after the loss of a body part, with
the representation of adjacent body parts subsuming the cortical area that was previously
linked to the lost body part [143-145]. Learning of new motor skills is associated with
rapid reorganization and adaptation in M1 followed by a longer-term consolidation process
[146-152]. When an action involving a particular body part is practiced for long periods,
the cortical area associated with that body part expands [153,154].

The scientific understanding of M1 gained in the last decades has enabled the
development of assistive devices that allow users to control computers and robots directly

with signals recorded from the brain. These developments are discussed in the next section.

16



2.2.1 Brain Computer Interfaces and Neuroprosthetics

There are over 200000 individuals living with spinal cord injury in the United States [155].
Spinal cord damage can often lead to paralysis and subsequent loss of the ability to perform
the tasks of daily living. Surveys of quadriplegic patients revealed that recovery of hand
function was the most important and desired outcome for quality of life improvement [155,
156]. Advances in the understanding of the motor system as well as chronic electrophysiology
techniques have enabled a new class of therapies for these patients: brain computer interfaces
(BCIs) and neuroprosthetics.

Motor BCIs function by “decoding” an intended movement signal from neural activity
— typically in M1 — and translating this signal to drive the motion of a computer cursor
or robotic neuroprosthesis. The subject must be able to volitionally modulate M1 neural
activity for this method to work.

In a set of pioneering studies, Fetz demonstrated that monkeys could learn to modulate
the FRs of single neurons in M1 on demand to receive a reward [157-159]. The subjects
received auditory and visual feedback linked to the FR of a selected neuron, and were required
to drive the FR past some threshold. This served as a proof of concept for the BCIs, and
laid the groundwork for future progress. The ability of humans, even those with spinal cord
injuries, to volitionally modulate M1 neurons on command was later confirmed [160].

Subsequent studies initially focused on the ability to decode movements “offline.” That
is, neural activity was recorded while the subject performed movements, and the movements
were reconstructed post-hoc. This was initially done with sequentially recorded populations
of neurons and later with simultaneously recorded neural populations. Decoding can be
performed with a variety of statistical and machine learning techniques. For example reach
direction can be predicted offline using the population vector approach [94,95]. Later studies
showed the ability to decode locomotion [161], simplified reach-to-grasp movements [162],
high-dimensional reach-to-grasp trajectories [16,163], detailed hand kinematics during grasp
[123,164-166] and individual finger movements [167-170] offline.

Based on initial successes in offline decoding, a growing number of BCIs have been

implemented to give subjects real-time control of electronic devices. Monkeys have been able
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to control on-screen cursors [171-173], a three degree-of-freedom (DoF') robot arm (remotely)
[174], the aperture of a virtual hand [175], a four DoF robot arm with a gripper [176] and
their own paralyzed hands via functional electrical stimulation (FES) of the muscles [177].
Paralyzed human subjects implanted with recording microelectrode arrays have been able
to control on-screen cursors [160,178,179], a highly constrained robotic arm [160], a cursor
with a “click” function [180,181], a virtual hand controlled with two hand synergies [182],
a four DoF robot arm with a gripper [183], a seven DoF robot arm with a gripper [184], a
robot arm with 10 DoF in the arm and hand [119], the grip force of a virtual hand [185] and
their own paralyzed hand via FES [186-189].

Recent efforts have seen some success in delivering touch feedback to the subject.
Monkeys receiving intracortical microstimulation in primary somatosensory cortex were
able to distinguish between different virtual textures [190]. Supplying human subjects with
touch feedback via vibrations on the skin [141] or intracortical microstimulation in primary
somatosensory cortex [191] increased neuroprosthetic performance.

Along with the promise of restoration of function, BCIs provide a unique opportunity to
learn about the functioning of the motor system. The ability to fully control of the mapping
between neural activity and output in BCIs allows for unique experiments. Perturbing this
mapping and observing the resulting changes in neural activity has provided valuable insight
into how motor learning is implemented in M1 [150-152,192-195].

While most motor BCIs utilize neural activity recorded from M1, recent efforts have
investigated the use of recordings from posterior parietal cortex to create a “cognitive neural
prosthetic” [196]. Signals from parietal cortex may allow rapid decoding of more abstract
action goals [197,198].

While BCIs controlling cursors and robotic arms for reaching have shown promising
success, dexterous grasping neuroprostheses have been more difficult to implement. Most
successful grasping BCls feature a one-dimensional gripper which can simply be opened or
closed. The Battelle NeuroLife research group has achieved decoding of seven different grasp
by using classifiers, but this did not allow continuous control of the many degrees of freedom
of the hand [188]. The recent 10-dimensional robot arm control (three dimensions of hand

control) demonstrated by Wodlinger et al [119] revealed one potential reason for the difficulty
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in controlling hand kinematics for grasping objects. They report a strong influence of context
in the neural signal in M1 specifically related to whether the intended movement was made
in the presence or absence of an object. This result serves as a primary motivation for the

experiments of this dissertation, and is discussed further in Section 2.8.

2.3 Anatomical and Functional Properties of PMV

The term “premotor” was initially used by Fulton in 1935 [199] to describe the part of
cortex anterior to M1, in the anterior portion of the precentral gyrus corresponding
essentially with Brodmann area 6 [30]. Based on cytoarchitectonics, Matelli further
subdivided premotor cortex in the monkey into regions F2-F5 (with F1 corresponding to
M1) [200]. PMV typically corresponds with Matelli’s areas F4 and F5. For the purpose of
this dissertation, PMV is used to refer to Matelli’s area F5, which is located in the
posterior bank of the lower limb of the arcuate sulcus lateral to the spur, and in the
immediately posterior convexity of the precentral gyrus. In humans, PMV can refer to the
inferior portion of Brodmann area 6 as well as the posterior portion of the inferior frontal
gyrus pars opercularis corresponding with Brodmann area 44 and sometimes also includes
Brodmann area 45 [30,201].

PMYV is one of six premotor cortical areas in the frontal lobe which projects to the
digit representations in M1 [202]. PMV is connected corticocortically to M1, the other
premotor areas, AIP and other inferior parietal regions and regions in the intraparietal
sulcus, the superior parietal lobule, secondary somatosensory cortex, the insula, prefrontal
areas in the inferior frontal gyrus including Brodmann areas 46 and 12, and the thalamus
and claustrum [202-208]. PMV also contributes between 4% and 10% of the axons in the
corticospinal tract, though these projections synapse almost exclusively in the upper cervical
segments, with few reaching the cervical enlargement, where they would be able to directly
influence hand and finger movements [44-47,209-213].

Brief electrical stimulation of PMV results in muscle twitches in the contralateral arm,

hand and face, though the size of the stimulus needed to evoke a response is greater for
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PMV than for M1 [34,36,214-217]. Stimulating for a longer duration (> 500ms) results in
coordinated, multijoint movements of the arm, often involving manipulatory actions such
as bringing the hand toward the body and moving the wrist, or moving the hand toward
the mouth and opening the mouth [38-40]. In humans, the muscle activity evoked from
transcranial magnetic stimulation (TMS) of PMV occurs at a longer lag than that evoked
from M1 [37].

Lesion studies suggest that PMV is critical for visually guided dexterous control of the
hand. Reversibly inactivating PMV in a monkey led to an inability to appropriately shape
the hand to grasp objects, though objects could be grasped after some tactile exploration [62].
Lesions of PMV also interfered with the ability to perform a visually cued grasp task [218].
In humans, inactivating PMV using theta-burst TMS resulted in the fingers being placed
inaccurately and inappropriately on the object during attempted grasp [219].

Initial characterization of the functional properties of PMV neurons was carried out by
the Rizzolatti research group in the 1980s. The found that PMV neurons could have sensory
responses to touches of the hand or face [220], or to visually presented objects in the subject’s
peripersonal space [221]. In a later experiment, they showed that PMV neurons fired during
object-oriented grasping movements, and individual neurons preferred certain grips [222].
The most common class of neurons in PMV responded for grasps, but neurons were also
found which preferred actions such as bringing an object to the mouth or manipulating the
object in some way, such as tearing. They initially posited that these neurons encoded the
actions at a high level and were unrelated to the particulars of the movements, and thus
PMV contained a “vocabulary” of manual actions [214].

In a more comprehensive study, Murata et al described the types of “canonical” neurons
in PMV [223]. In their experiment, monkeys were presented with a set of objects which they
subsequently grasped. They found three classes of neurons that had task-related activity:
visual neurons, motor neurons and visuomotor neurons. Visual neurons responded most
strongly during the visual presentation of objects, whereas motor neurons responded during
the movement made to grasp the objects. Visuomotor neurons were active during both visual
presentation and movement. Neurons of all types showed preference for either a single object

or a group of objects that were grasped similarly.
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PMV neuronal preference for certain grip types during both object presentation and
movement has been confirmed by several subsequent studies [224-226]. Similar activation of
PMV for grasps has been observed in humans [227]. In a study in which a monkey grasped
50 differently shaped objects, PMV activity was preferentially related to the grip required to
grasp the object, rather than object shape, suggesting that PMV neurons encode the motor
act of grasping rather than the visual appearance of the object [116,228]. PMV neurons are
also modulated by the orientation of the object to be grasped [224,225,229], and the 3D
visual contours of the object [230]. Visual and visuomotor responses are only present when
the object is within reach of the subject [231]

Despite the initial proposal by Rizzolatti et al that PMV neural activity represents only
the overall grasp or manipulation goal [214], further experiments have revealed that PMV
neurons encode the details of ongoing movements. Neural activity patterns in PMV is
strikingly similar to that observed in M1 during the execution of grasping movements [81].
PMV neurons encode grasp force [79,80,82], limb biomechanics [232], and hand movement
direction [215,217,233,234]. Continuous kinematic trajectories can be decoded from PMV
at an accuracy only slightly worse than that obtained from M1 decoding [116,162,163,166].

In contrast to M1, PMV neurons often encode the outcome of a movement moreso than
the details of the movement. Studies in which the visual outcome of motion is dissociated
from motion itself reveal that PMV neuronal activity is more closely associated with the
visual feedback of motion than with the actual movement [235,236]. In addition, in a study
where wrist movement direction was dissociated from muscle activation, PMV neurons were
found to mostly encode the extrinsic feature of movement direction as opposed to the intrinsic
features of the muscle activations [237]. This suggests that PMV is selectively involved in
the visual guidance and coordination of movement [238], and may implement a visuomotor
transformation [108] in that it transforms visual stimuli into appropriate motor commands.

Furthermore, PMV neurons are often sensitive to abstract aspects of a task. PMV
neurons respond differently when the same movement is made with a different end goal
in mind (e.g. eating vs. placing an object) [239-241]. PMV is also involved with linking
arbitrary cues to movement, as PMV neurons respond to visual, auditory and vibrotactile

cues that have been learned to be associated with certain motor responses [242].
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To an apparently greater extent than M1, neural activity in PMV can become dissociated
from immediate movement. One dramatic instance of this dissociation is the existence of
“mirror neurons” in PMV, which are active during both observation of an action and when
the subject performs that same action [243-250]. Mirror neuron activity is discussed further
in Section 2.5.2.

Whereas mirror neurons represent activity which is present in two vastly different
contexts, PMV neural activity is also context sensitive in that different activity can be
observed when the same movement is made in different contexts. These instances of
context sensitivity are further discussed in Section 2.7.

Finally, a growing literature suggests that PMV area F5 may be further subdivided into
a more cognitive area Fba and a more motor area Fbp [251]. Differential cytoarchitecture
204, 252] and anatomical connectivity [253] support this division. Functional studies of
neural activity in the two areas suggest that neural activity in Fba is more closely related to
the visual stimulus or outcome of action, and neural activity in F5p is more closely related

to the movement, similarly to M1 [116, 163,228, 230,251].

2.4 Anatomical and Functional Properties of AIP

AIP is one of several areas in the intraparietal sulcus of the posterior parietal cortex
which are involved with sensorimotor transformations for action [254-256]. AIP is located
in the anterior extent of the lateral bank of the intraparietal sulcus in both monkeys and
humans [257].

ATP is anatomically connected with areas PF and PFG in the convexity of the inferior
parietal lobule, the rostral lateral intraparietal area, areas in the caudal intraparietal sulcus,
PMV, secondary somatosensory cortex, areas in the superior temporal sulcus and middle
temporal gyrus, the frontal eye fields and areas 46 and 12 in the prefrontal cortex [258].
While corticospinal projections have been identified originating from the interconnected and
adjacent intraparietal region PEip [259] AIP appears to contain very few, if any projections

to the spinal cord [45,47].
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Lesion studies reveal that AIP plays an important role in matching the shape of the
hand to features of a graspable object. In monkeys, broad lesions of posterior parietal cortex
resulted in disuse of the contralateral arm and inability to accurately reach to or grasp
objects [260]. More focal, transient lesions obtained with microinjections of muscimol in
monkey AIP caused deficits in hand preshaping during grasp, though the reaching component
of the movement was preserved [261]. In humans, damage to AIP results in an inability to
properly shape the hand for grasp [262,263]. Additionally, a patient with bilateral inferior
parietal damage was unable to properly grasp and manipulate novel objects [264]. Virtual
lesions of human AIP using theta-burst TMS disrupts object-specific hand muscle activation
during grasp [265], accurate finger placements and grip force scaling [266], grasp kinematics
in general [267], as well as the ability to correct for rapid perturbations in object orientation
or size [267-269).

The presence of grasping related neural activity in AIP was first identified by
Mountcastle et al in 1975 [270]. The experimenters recorded single neurons in areas of the
posterior parietal cortex of monkeys while the subjects executed different eye, arm and
hand movements. They found that AIP contained many “hand-manipulation” related
neurons, which were active for specific reach-to-grasp and manipulate actions such as
grooming or tactile exploration of an object in a box. They posited that these neurons
were related to the overall goal of the movement, rather than the specifics of the action
used to obtain that goal.

The classes of neuronal responses in AIP were further characterized by Sakata and
colleagues. They recorded from single neurons as monkeys viewed and subsequently
grasped a set of objects. They identified three classes of neurons, similar to those classes
observed in PMV (see Section 2.3). The classes were “visual-dominant” neurons, which
responded preferentially during visual presentation of the object, “motor-dominant”
neurons, which responded preferentially during the movement phase of trials, even when
movements were made in the dark, and “visuomotor” neurons, which responded both
during presentation and movements made with lights on [271,272]. Importantly, these
neurons showed sustained firing for just one object, or a set of objects which were shaped

similarly and thus required a similar grip. A further investigation suggested that the
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visual-dominant neurons distinguished objects based more on their geometry and
orientation, where motor-dominant neurons distinguished objects based more on the hand
movement required to grasp them [273]. Many neurons showed sustained activity during a
delay period in the dark, suggesting a potential role for AIP in short-term memory or
motor planning [274].

Later studies have largely confirmed and extended these findings. Many AIP neurons are
sensitive to fragmented images of 3-dimensional visual contours and edges, both naturalistic
and synthetic [275-278]. Object identity and orientation can be decoded with high accuracy
from AIP, even during the pre-movement delay period [116,229,279]. Additionally, human
brain imaging suggests that AIP is active during both tactile exploration of objects and
visual object perception [280].

Despite the initial proposal that AIP neurons only encode the overall action goal, several
studies have shown that AIP neurons are sensitive to detailed aspects of movement. AIP
activity is time-locked to movement, and activity is generally maximal at the time of object
contact [281]. AIP neurons also encode grip force [82] and target position [234], and detailed
continuous grasp kinematics can be decoded from AIP, albeit at a level slightly lower than
decoding from PMV or M1 [163].

ATP is integral to the learning and comprehension required for tool use. When monkeys
were trained to use a rake in order to retrieve food, structural [27, 28], histochemical [26]
and functional [24] changes were observed in AIP and in adjacent parietal areas. In humans,
functional brain imaging studies suggest that AIP is selectively involved with linking tools
to the appropriate use actions [282], and for understanding both the identity and functional
use of tools [283].

As in PMV and M1, context-dependent activity has been observed in AIP, where
different neural activity is observed for the same movements made in different contexts.

These observations will be discussed further in Section 2.7.
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2.5 The Cortical Grasp Network in Monkey and Man

In Sections 2.2, 2.3 and 2.4, cortical areas M1, PMV and AIP were introduced and
reviewed independently. This section contains a review of data supporting the idea that
these networks act together as a coherent cortical grasp network which implements the
visuomotor transformations necessary for successful grasping behavior.

M1, PMV and AIP are considered part of the “dorsal visual stream,” which extracts
spatial features from vision for pragmatic use in generating appropriate actions, as opposed
to the “ventral visual stream” which performs object recognition for semantic
understanding [284-286]. M1, PMV and AIP constitute one of several parallel but
interconnected parietofrontal pathways of the dorsal stream which implement visuomotor
transformations for grasps, reaches, saccades and defensive movements [287, 288].
Jeannerod et al provided an early description of M1, PMV and AIP as the essential nodes
in a network which performs visuomotor transformation for grasping [255]. This framing is
now largely accepted (see [117,247,289] for reviews), though additional parietal, prefrontal
and temporal cortical areas are involved with some aspects of grasping behavior [40,290].

Monkey functional brain imaging studies reveal that M1, PMV and AIP are preferentially
engaged during grasping as opposed to reaching [291] and that different grasps could be
decoded from activity in these areas [292]. Similarly, human functional brain imaging studies
reveal that AIP and PMV are preferentially activated together when grasping actions are
performed [262, 293, 294] and specifically when small objects are grasped [295], complex
objects are manipulated [296], or when precision grips are executed in a controlled manner
[297,298]. Further studies in humans show that these areas are also activated simply by
imagining or observing grasping actions [299,300]. AIP and PMV are active even when
making judgments about appropriate use actions for tools [301] or simply viewing and naming
images of tools [302] (see [201,303,304] for review), suggesting a role for AIP and PMV in
object use affordance comprehension, in addition to the on-line control of grasp.

Substantial evidence suggests that the AIP-PMV-M1 network acts in a hierarchical,
feedforward manner in that the visuomotor output of the network proceeds from AIP through

PMV to M1, which outputs the resulting motor command to the arm and hand muscles.
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The relative prevalence of corticospinal projections originating from M1, PMV and AIP
also suggest that corticospinal motor output driving hand muscles is primarily mediated by
M1. AIP has few if any corticospinal projections [45,47]. PMV contains some corticospinal
neurons, though these neurons project primarily to the upper cervical segments, whereas
hand muscle motoneurons are primarily located in the cervical enlargement [44-47,209-213].
Contrastingly, projections from M1 constitute approximately half of the corticospinal tract
[44-47] and in primates this projection includes corticomotorneurons which synapse directly
on spinal motoneurons which drive hand muscles [48, 55, 56].

Anatomical studies in monkeys show that AIP projects strongly to PMV [205,207,305]
and PMV projects strongly to M1 [305-308] in a topographically organized manner [309],
while M1 receives only sparse projection from AIP [308]. Stimulation in area PF (adjacent to
ATIP) can directly excite PMV neurons, and stimulation in PMV can antidromically activate
neurons in AIP [305]. Similarly, PMV can be activated antidromically from stimulation in
M1 [305]. When electrical stimulation is applied in PMV, rapid excitation can be observed
in M1, followed by slow inhibition [310-312]. However, bidirectional feedback connections do
exist between the areas, and stimulation in M1 can excite PMV neurons at short lags [312].

Stimulation in PMV evokes weaker muscle activity at a longer lag compared to equivalent
stimulation in M1 [37,313]. Detailed stimulation studies have revealed that the primary
route by which PMV influences hand muscle is through facilitation of M1 corticospinal
output. This is revealed by studies in which the strength of motor evoked potentials (MEPs)
due to stimulation in M1 is measured with or without a preceding conditioning stimulus
in PMV. When PMV is stimulated just before M1, the MEP in thumb muscles can be
greatly facilitated [314]. These influences can also be inhibitory, and the timing of the effect
suggests that the increase in MEPs is mediated by PMV-M1 corticocortical interactions as
opposed to direct corticospinal output from PMV [315]. This enhancement of M1 output by
a conditioning stimulus in PMV is muscle- and grasp-specific, in that the size and pattern of
the effect changes when the conditioning and test stimuli are applied during the preparation
and execution of different grasping actions [316]. In further support of the necessity of M1
to mediate PMV output to hand muscles, MEPs evoked from stimulation only in PMV are
largely abolished when M1 is inactivated with muscimol [216,315].
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Very similar effects are observed in humans when M1 is stimulated with TMS with
or without a conditioning TMS stimulation in PMV. The effect of conditioning stimuli in
PMV on MEPs evoked from M1 is inhibitory during rest, neutral during power grasps and
excitatory during precision grasps [317]. When the stimuli were applied during the grasp of
different objects, the effects were found to be object-specific [318]. Furthermore, disruption
of AIP using theta burst TMS reduced the facilitatory effect of PMV conditioning stimuli
on M1 evoked MEPs [265]. Disruption of AIP during the pre-movement period decreased
the usual reduction of beta oscillation magnitude in M1 [319]. Finally, conditioning stimuli
in AIP could facilitate M1 output to hand muscles, and this effect was abolished when PMV
was inactivated using theta burst TMS [320].

The functional properties of neural activity in M1, PMV and AIP further support the
hierarchical structure of the grasp network. The correlations between movement parameters
and neural activity are strongest in M1, followed by PMV and then AIP. This order holds
for correlations with grip force [82], hand and arm kinematics [163] and hand direction in M1
and PMV [233]. Conversely, visual information is most strongly represented in AIP, followed
by PMV and then M1. Selectivity for 3D visual contours was present mostly in AIP and area
Fb5a of PMV, and absent in area F5p of PMV [230,321]. Responses to visual presentation of
objects are most common in AIP, present in PMV but largely absent in M1 [115,214,272].
AIP neurons tend to cluster objects based on their visual appearance, whereas M1 clusters
objects based on the kinematics necessary to grasp them, and the PMV representation is
intermediate between visual and motor [228].

Finally, the relative timing of neural activity in M1, PMV and AIP further suggests a
predominantly feedforward relationship between the areas. AIP shows the earliest onset of
modulation after visual presentation of the object, followed shortly by PMV activity, which
subsequently becomes correlated with M1 activity just before movement [228]. Selectivity
for objects during the pre-movement period is greater in PMV and AIP than in M1 [115,116].

In the Results Section 7.4, the timing of modulation in M1, PMV and AIP populations is
examined for evidence that information related to object context is transmitted sequentially

from AIP to PMV to M1.
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2.5.1 Affordance Processing in Frontoparietal Areas

The functional properties of M1, PMV and AIP and the deficits resulting from damage
to these areas have led to theories which posit that the grasp network extracts and selects
grasp affordances. As first defined by Gibson, affordances are the actions made possible by
the combination of the physical features of the environment and the subject’s capabilities
and knowledge [322]. Any manipulable object has a number of grasp affordances based on
it’s shape and has a further set of use affordances, especially if the object is a tool.

One prominent theory for how affordances are processed in frontoparietal networks is
the “affordance competition hypothesis,” first put forth by Cisek in 2007 [323]. Based on
neurophysiological data [279, 324] (see [325] for review), this theory posits that multiple
potential action affordances are extracted in parallel from sensory data. The representations
of these potential actions compete within the frontoparietal dorsal stream brain regions, with
further sensory information and internally generated goals biasing neural activity toward
one particular action, which eventually wins out to become the enacted behavior. This
hypothesis is supported by experiments such as that of Baumann et al [279], in which an
object with multiple grasp affordances (power grasp and precision grasp) was presented,
followed by a grip cue. During the time before the grip cue was presented, neural activity
in AIP represented both the power grasp and the pinch grasp. Only after the grip cue was
delivered did neural activity converge to the representation of the single, cued grasp. This
experiment is discussed further in Section 2.9.

A number of computational theories have been developed to model the affordance
processing in M1, PMV and AIP (for review, see Thill et al [326]). The FARS model by
Fagg and Arbib posits that AIP extracts the grasp affordances of the object based on it’s
visual appearance, and the appropriate grasp is selected via interaction with
PMV [247,327]. The selection of the appropriate grasp action may be influenced by
information from other brain areas in prefrontal cortex [290]. The TRoPICALS model by
Calligiore et al posits that potential affordances are automatically extracted and the
appropriate action is selected by dynamic neural competitions that integrate these

affordances with top-down information about goals and context from the prefrontal
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cortex [328]. The TRoPICALS model is heavily motivated by findings that the motor
representations in the grasp network are automatically activated by object-related stimuli.

This “automatic activation” of the grasp network is discussed in the following section.

2.5.2 Automatic Activation of the Grasp Network

An array of behavioral and neurophysiological data indicate that the grasp network motor
representations of an object’s affordances are automatically activated when that object is
perceived. One main line of evidence for this automatic activation is human behavioral
studies showing compatibility effects between stimuli and the motor responses required to
complete the task. An early example of this stimulus-response compatibility effect is the
“Simon effect,” as first described by Simon and Wolf in 1963 [329]. In that task, subjects
were seated, with each hand on a button, in front of a board with two lights attached to
it. The subjects were simply required to lift their left hand off of the button if the left-
hand light came on, or lift their right hand if the right-hand light came on. However, the
board with the lights could be rotated, such that the left-hand light cued the subject to
lift their right hand and the right-hand light cued the subject to lift their left hand. In
the case that the stimuli and responses were compatible (left light-left hand, right light-right
hand), the subjects’ reaction times were shorter and they made few errors. When the stimuli
and responses were incompatible (left light-right hand, right light-left hand), the subjects
displayed longer reaction times and made many more errors.

The classical Simon effect concerns the spatial compatibility of the cue and response.
A number of behavioral studies have shown that a similar effect can be observed when the
stimulus is a large or small object and the subject must respond by making a power grasp or
a precision grasp. In one early study showing such effects, subjects were required to judge
whether images depicted man-made or natural objects by executing either a power grasp
or a precision grasp on a handle [330]. Subjects responded more quickly and accurately
when the object was large and the response required a power grasp and when the object
was small and the response required a precision grasp. Conversely, responses were slower

and more error prone when a large object required a precision grasp response and when a
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small object required a power grasp response. Importantly, the subjects were not explicitly
instructed to judge the size of the objects or imagine grasping them, but simply to judge
whether or not they were man-made objects. The authors suggest that the representations
of the grasp actions afforded by an object are integral to that object’s representation, and are
automatically activated when the object is perceived [330]. When the action afforded by the
presented object is compatible with the required response, that response is facilitated. When
the action afforded by the presented object is incompatible with the response, it interferes
with and slows that response.

Subsequent studies have shown that grasp related stimulus-response compatibility
effects can be observed in a wide range of situations. The grasp compatibility effect was
observed when subjects planned certain grasps, and images of objects with congruent or
incongruent affordances were shown in order to trigger the action [331]. Grasp
compatibility effects were observed when using grasps to respond to an auditory tone while
passively viewing images of objects, even though the objects were completely irrelevant to
the behavioral task [332]. Grasp compatibility effects were present even when images of
objects were flashed only briefly [333]. Images of objects are not required to trigger grasp
compatibility effects; the effect can be observed even when subjects simply read words
corresponding to large or small objects [333,334]. Grasp compatibility effects were present
even when the images of objects were masked and presented so briefly that they were not
consciously perceived [335]. Grasp compatibility effects depended on how the stimuli
objects were habitually grasped by the subject, indicating the activation of stored object
use knowledge along with the visually extracted grasp affordances [336]. Grasp
compatibility effects were also observed when stimuli were not images of objects but were
instead images of hands performing power grasps or precision grasps [337]. Additionally,
similar compatibility effects have been observed for wrist rotation responses when the
stimuli were images of congruently or incongruently oriented bars [338, 339] or
objects [340]. Grasp compatibility effects could be observed not only in reaction time and
error rate but also in grasp kinematics. Such effects are discussed in Section 2.6.

Human functional brain imaging studies have contributed further evidence of automatic

activation in the grasp network. Several of these studies found that simply viewing images
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of tools or naming tools, without the intention to grasp, resulted in activation of PMV
and AIP or surrounding regions in the inferior parietal lobule [341-343]. While images
of graspable objects in general could drive activation, images of tools activated a greater
cortical area [344]. Automatic activation was observed even when the images of manipulable
objects were suppressed from conscious awareness using continuous flash suppression [345]
or binocular rivalry [346]. In some studies, automatic activation from observation or naming
of tool images was only observed in PMV [215,347,348]. In addition, when subjects were
engaged in a stimulus-response compatibility task, AIP and PMV were activated when the
grasp affordance of the stimulus object was incompatible with the response behavior [349].

Intracortical electrophysiology in monkeys can reveal the signatures of automatic
activation at the level of individual neurons. While it is well established that
object-selective visually responsive neurons exist in AIP [272] and PMV [214], the studies
which identified those neurons involved behavioral tasks in which the subjects were always
required to grasp the objects. Thus, it cannot be ruled out that the visual responses
observed in those neurons represented an early phase of motor planning. A recent study
utilized a modified version of the task such that on some trials the subject was required to
reach out and grasp the object after it was presented (“go trials”), but on other trials,
before the object was presented, the subjects were instructed to not move (“no-go trials”).
Neurons in PMV that were found to have motor responses during go trials displayed
similar but slightly weaker object-specific responses even for no-go trials, suggesting they
were activated by vision of the objects even when no motor intent was present [350,351].

Another aspect of neural activity that is related to automatic activation is “mirror
neuron” activity. Mirror neurons were first identified by the Rizzolatti research group and
first described in a study by Di Pellegrino et al in 1992 [243]. The authors observed that a
subset of neurons in PMV area F5 which fired when the monkey performed a certain
goal-direct action (such as grasping, holding or tearing) also fired when the monkey
observed the human experimenter executing the same action. Crucially, the monkey made
no movement of its own body. Further studies have affirmed the presence of mirror neuron
activity in monkey PMV [244-248 250] as well as in area PF of the monkey inferior
parietal lobule adjacent to AIP [208], monkey M1 [352-354] and human M1 [355].
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In the Results Sections 4.7, 5.7, 6.7 and 7.5 of this dissertation, evidence is considered
for the hypothesis that neural activity in M1, PMV and AIP populations reflect automatic

activation of the perceived and learned affordances of objects.

2.6 Context-Dependent Grasp Behavior

Behavioral studies of grasping performed in different contexts reveal that grasp
kinematics consistently differ in a context-dependent manner. This contextual effect on
grasp kinematics is revealed in experiments where the overall requirements for a grasping
movement are held constant and the context within which the movement is performed is
altered.

One relevant contextual factor is the artificiality or naturalness of the movement.
Grasp kinematics were different when humans performed repetitive, stereotyped grasping
movements typical of laboratory experiments compared to more unconstrained functional
grasping movements akin to those performed regularly in daily life [356]. Grasp kinematics
were also different when grasping a real object compared to pantomiming the same grasp
next to the object [357].

The kinematics of a grasp movement can also be affected by the presence of other,
ungrasped objects in the workspace. Grasp kinematics were different when subjects had to
avoid an obstacle placed between their hand and the object, despite the object remaining the
same in the two conditions [358]. Grasp kinematics were also affected by the visual presence
of distractor objects in the workspace, even when they did not present an obstacle to the
target object [359]. The timecourses of reach and grasp kinematics and the size of peak
grip aperture were altered when “flanker” objects were placed adjacent to the object to be
grasped, indicating a possible avoidance strategy [360]. When grasping fruits in the presence
of other, ungrasped fruits, grasp kinematics were altered when subjects were required to
attend to the distractor fruits by counting how many times they were illuminated, indicating
potential automatic activation of the representations of the grasp affordances of the distractor

fruits [361]. Similarly, grasp kinematics were different when identical grasp targets were
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attached to differently shaped objects [362]. This experiment is discussed further in Section
2.9. Grasp kinematics could also be affected by semantic information; subjects displayed
smaller grip apertures when reaching to grasp an object with the word “small” printed
on it, and larger grip apertures when reaching to grasp an object of the same shape, but
with the word “large” printed on it [363]. This suggests the potential that grasp movement
representations can be automatically activated by perceived objects.

Many studies of human behavior have identified alterations in grasp kinematics
dependent on the subsequent intended use of the object after it is grasped, even though the
requirements of the initial grasping phase of the movement are the same. Even in the early
study of Napier, it was noted that where the subjects placed their thumbs when grasping
objects depended on the intended action to be performed with the objects [1]. Studies in
which objects were grasped and transported suggest that objects are initially grasped in
such a way to maximize comfort in the final posture after the transport action [364-366]
(see [367] for review).

Other studies have shown that initial grasp kinematics vary based on a wide array of
subsequent intended manipulation actions. When grasping an object prior to transport,
grasp kinematics depend on the proximity of the final transport target [368] or the height
of the final transport target [369]. When grasping an object to lift it, grasp kinematics
depend on whether the object was lifted in isolation or lifted in order to show it to another
person [370]. Objects are grasped differently when they were subsequently lifted, or placed
into a small or large receptacle [356]. When grasping a bottle, grasps differed depending on
whether the subject intended to subsequently drink from, hold, throw, move, pour or pass
it [371]. Grasps on a food morsel were different depending on the object was to be eaten
or moved [372]. Although these kinematic differences are typically small in magnitude, they
can be detected by human observers, who can reliably identify the intended use of the item
based only on the initial grasp kinematics [373,374] or kinematics after object contact [372].
The observation of these grasps and detection of intention appears to involve regions in the
inferior parietal lobule, based on human brain imaging studies [375].

Intrinsic object properties can also affect grasp kinematics. Reach trajectories were

different when grasping fragile or robust objects [376]. Differences in grasp kinematics can
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also be observed even for seemingly arbitrary differences in object characteristics. In a study
where subjects grasped objects that were colored red or green, but were otherwise identical,
larger peak grip apertures were observed for the red object [377].

In the three experiments of this dissertation, significant differences in grasp kinematics
and muscle activity were observed when similar grasps were performed in different object
contexts. These results are presented in Sections 4.1, 4.2, 5.1, 5.2, 6.1 and 6.2.

The consistent differences in grasp kinematics suggest that grasping behaviors performed
in different contexts were driven by different central neural signals. Evidence for context-

related differences in neural activity relating to object context is reviewed in Section 2.7.1.

2.7 Context-Dependent Neural Activity in M1, PMYV and AIP

Though neural activity in M1, PMV and AIP reliably encodes an array of movement
features (see Sections 2.2, 2.3 and 2.4), the instantaneous relationships between neural
activity and movement features have been found to be labile across contexts. Many studies
have shown evidence for context-dependent activity in M1, PMV and AIP in which neural
activity differs for the same or similar movements, muscle activity or behaviors performed
in different contexts. This flexibility of the relationship between neural activity and
behavior is possible due to the redundancy of the cortical motor system (there are many
more neurons in cortex than there are muscles in the arm and hand) and the indirect, and
divergent-convergent nature by which cortex influences the spine and muscles (individual
corticospinal neurons synapse in multiple locations in the spinal gray matter, individual
corticomotoneuronal neurons branch to synapse on multiple motoneurons driving different
muscles and spinal interneurons and individual motoneurons receive input from many
cortical and subcortical neurons and spinal interneurons) [67,129]. In addition, motor
cortex projects to many other cortical and subcortical structures. This means that any
given motor act is realizable by multiple different patterns of cortical activity.

This section contains a review of studies that show evidence for context-dependency in

M1 and PMV as defined by instances in which cortical activity in M1 or PMV neurons differs
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for similar behaviors performed in different contexts. Section 2.7.1 discusses studies which
reveal context-dependency of M1, PMV and AIP activity with specific regards to grasping
behaviors.

A number of studies have shown that the linkage between M1 cortical activity and muscle
activity is malleable to an extent. Natural M1 neuron to muscle correlations can be abolished
using operant conditioning [158]. Conversely, the throughput from an M1 corticomotoneuron
as measured by spike-triggered averaging can be increased with operant reinforcement [378].
In a task in which monkeys made wrist movements, many corticomotoneurons were found
to be “functionally tuned” to muscle activity in that the linkage between specific neuron-
muscle pairs was only evident when the muscle was used for a specific function such as
accelerating, braking or stabilizing [379]. In another study of wrist movements, M1 neuron
correlations with EMG were found to vary based on the underlying instantaneous EMG
of the muscles [380] or on the concurrent posture of the arm and hand [118]. In chronic
M1 and EMG recordings, neuron-muscle correlations were found to change depending on
whether the monkey subjects were engaged in a structured behavioral task, unconstrained
free movements or sleep [381]. Similarly, in mice, focal inactivation of M1 using optogenetic
techniques revealed that M1 only directly influenced muscle activity during a trained, difficult
task and not during treadmill walking [382].

Other studies have shown that behaviors are encoded differently when they are embedded
in a sequence as opposed to performed in isolation. 40% of M1 neurons displayed different
activity when reaching to targets as part of a highly practiced memorized sequence vs.
performing the same movements in a randomly cued fashion [383]. Metabolic activity in
M1 was also reduced during execution of the memorized sequences [384]. The correlational
structure in a population of M1 neurons differed between performance of a sequential vs.
cued reaching task [385]. This sequence vs. cued contextual effect was also observed in the
preparatory period before movement onset [386,387]. Another study found that a sequence
effect was not detectable in M1, but was present in PMV, which was preferentially active
for visually cued movements over sequences [238]. When potential targets were presented
sequentially, many M1 neurons encoded the serial order of target presentation along with

target direction [388].
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Contextual effects also emerge when the location of a visual cue is dissociated from the
instructed movement direction. In a task where arm movement was instructed to the left
or right using either congruent cues (same side as required movement) or incongruent cues
(opposite side from required movement), in the preparatory period, 40% of M1 neurons were
tuned to the cue position and 15% were tuned to movement direction, and in the movement
period, 14% were tuned to the cue position and 71% were tuned to the actual movement [389].
In a similar task in which colored lights on the left or right cued whether the movement
should be made toward or away from the light, the majority of M1 neurons showed different
firing rates for the same movement depending on how it was cued [390]. In a center-out
reaching task, when the cue was presented at a location rotated a consistent amount from the
required movement direction, activity in many M1 neurons reflected the cue position during
the preparatory period and a smaller number of neurons retained this cue sensitivity during
the movement [391]. During a similar visuomotor cue-target dissociation adaptation task,
half of M1 neurons altered their relationship to hand movement direction [392]. Many M1
neurons changed their relation to hand movement direction when switching from a standard
center-out task to a task in which the color of the cue, and not the location, instructed the
movement direction [393]. Some of this color sensitivity remained when the task was reverted
to the standard center-out paradigm, even though color was no longer task-relevant [393].

The relations of M1 neurons to hand movement direction can also change when the
posture of the arm is manipulated. In reaching and isometric force tasks, M1 preferred
directions (the correlative relationship between M1 neuron FRs and hand movement
direction) changed depending on whether the arm was held with the elbow against the
body or abducted to the side [394,395]. M1 preferred directions also changed when center
out movements were performed with the entire target set centered around different regions
of space in front of the subject [396]. Similar location-dependency of preferred directions
was observed in an isometric force task [397]. In addition, visuomotor rotation learning
effects were only found in M1 in the region of space where the perturbation was practiced,
and the skill did not generalize to movements made in distant regions in space [398]. M1
preferred directions and baseline firing rates also changed when viscous loads were applied

to the elbow and shoulder joints during reaching [399].

36



BCI experiments have also revealed contextual effects. M1 preferred directions changed
when progressing from controlling a cursor using the hand to controlling the cursor directly
with brain signals [171]. This change reflected a transition from encoding of hand motion
to encoding of cursor motion [400]. M1 preferred directions also changed when learning a
new neuron-to-cursor BCI mapping after practicing another BCI mapping [192]. M1 neurons
displayed dynamic range adaptation when moving from a 2D cursor control task to a 3D
cursor control task [401].

Contextual effects are also observed when different effectors were used to complete an
action. M1 preferred directions changed when behaviors were performed using the ipsilateral
or contralateral arm [109], and when monkeys performed unimanual or bimanual BCI tasks
[402].

Finally, the relationship between M1 neural activity and movement parameters can
change over the different behavioral epochs of a single action. M1 activity is markedly
different when the arm is at rest compared to when it is actively controlled for reaching,
with some neurons increasing their activity during rest periods [403]. During the transition
from the preparatory period to movement onset, M1 population correlational structure
undergoes a large change [133] and neural correlations with the upcoming movement
direction change [132,232]. Large-scale modulation in M1 FRs is observed between the
acceleration and deceleration phases of a movement [404]. In a center-out reaching task,
M1 neurons were found to have multiple sequential periods of stable cosine tuning
corresponding roughly to preparation, early reach and target acquisition, with preferred
directions of individual neurons changing between each period [405]. The final phase of
tuning stability was largely abolished when visual feedback of the hand position was
withheld [406]. These changes in preferred directions over the course of a reach may be
related to the evolving dynamical biomechanics of the limb [232]. Responses of M1 neurons
to loads applied to the shoulder and elbow joints were different depending on whether the

subject was moving dynamically or holding a static posture [407].
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2.7.1 Grasp-Specific Context-Dependent Neural Activity

The previous section concerned context-dependent neural activity during the
performance of similar behaviors in different behavioral contexts with reference mostly to
M1 activity during reaching behaviors. In this section context-dependency in M1, PMV
and AIP is discussed when the contextual behavioral difference is related to grasping.
Object differences appear to be particularly potent drivers of contextual effects in the
cortical grasp network.

Human brain imaging studies have highlighted differences in neural activity that occur
during grasping actions made toward real objects as opposed to pantomimed grasping
actions. Grasping real objects evoked greater activity in AIP as opposed to pantomimed
grasping, and AIP and M1 were preferentially activated for grasps on real objects vs.
reaches toward that object, but not for pantomimed grasps in empty space vs. reaching
into empty space [408]. AIP was found to be preferentially active when planning grasps on
real objects vs. planning pantomimed grasps to pictures of objects [409].

The importance of a presence of a real object has been noted in monkey electrophysiology
studies. In PMV, the number of neurons with mirror responses was lower when monkeys
observed grasp actions without an object present [248]. In AIP, preparatory tuning to grip
type was only present at a very weak level when grip was cued without a visible object, and
activity increased when an object became visible [279)].

Human BCI studies have suggested an effect of object presence on neural activity in
M1. In a 10D robot arm control task, a decoder trained on isolated hand movements with
no object present performed poorly when used to grasp real objects, indicating differential
neural activity for real grasps vs. pantomimed grasp actions [119]. This effect was ameliorated
by training grasp decoders in a virtual environment with objects present. In a human BCI
experiment where FES was used to activate arm and hand muscles to execute grasps, grasp
decoders were most successful when trained with a real object present [189]. Analysis of
neural activity in human M1 during real and pantomimed grasps revealed a global increase

in M1 firing rates when grasps were made toward real objects [410].
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Several studies have identified facilitation of the throughput from cortex to muscles
specifically during grasp or preparation for grasp. In monkeys, 20% of
corticomotoneuron-muscle linkages changed sign or disappeared, and many others changed
magnitude when comparing linkages during an isometric push-pull task and a
reach-to-grasp task [411]. In humans, M1 throughput to intrinsic hand muscles as evoked
by TMS was greater during precision grips than during more simple finger abduction tasks
which required similar magnitudes of EMG [412-415]. This increased throughput was
found to be object- and muscle-specific and was only present during preparation for grasp
on real objects [416,417] and required vision of the object [418]. Another study found that
throughput from M1 to muscles varied over the course of a reach-to-grasp movement;
low-intensity TMS delivered to M1 during the transport phase excited shoulder, arm and
extrinsic hand muscles, while the same stimulus delivered at the time of object contact
preferentially excited intrinsic hand muscles [419].

The functional linkages between neural activity and movement parameters have also been
found to change during the execution of different types of grasps on different objects. Many
corticomotoneurons in M1 display higher FRs during precision grasps compared to power
grasps despite power grasps requiring greater overall EMG activity [89,90]. The muscle
fields of M1 corticomotoneurons were largely consistent between precision and power grips,
but corticomotoneuron-muscle pairings had greater spike-triggered average amplitude and
peak to noise ratio during precision grips [52]. Muscle activity could be decoded with high
accuracy from M1 neurons when training and testing the decoder only on precision grasp
data, but when testing the same decoder on power grasp data, performance was degraded
[86]. Similarly, in a task where a monkey grasped four different objects, training a kinematic
decoder on grasps of only three objects and testing on data from grasps of the fourth object
resulted in significant drops in performance [121], though this effect was not observed in a
subsequent study [122]. In a study where monkeys grasped several different objects, encoding
and decoding models which incorporated object-specific changes in ensemble M1 activity
performed better than static models [420].

Grasp-related neural activity can differ when two similar grasps are made with a different

intended end goal. Even in Mountcastle’s early investigation of AIP, neurons were identified
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that were engaged during grooming but not for similar movements made in an aggressive
context [270]. In PMV and areas PF and PFG of the inferior parietal lobule, different FRs
were observed in many neurons when the same grasp was followed by an eating action vs.
a placing action, even when the placing receptacle was located near the mouth in order to
make the kinematics of the subsequent actions similar [239-241,351,421]. PMV neurons also
showed differential activity when grasping an object in order to place it in a receptacle or
to give the object to an experimenter [422]. In humans, functional brain imaging reveals
that AIP and PMV are differentially activated for grasping and holding actions compared
to grasping and manipulating actions [423], even during the preparatory period [424]. In
a human BCI subject, M1 activity was found to differ for grasp-to-hold actions and grasp
actions followed by transport of the object [186].

Neural activity has also been found to differ based on the intrinsic properties and learned
uses of the grasped object. PMV neural populations distinguished between the same grasp
actions made on objects with multiple different grasp affordances [425]. PMV and inferior
parietal lobule neurons were modulated by object identity (food vs. synthetic) even when
the objects were grasped and transported in the same way [239, 241, 421] — though this
effect was not observed in two studies [240,426]. Similar effects were observed in neurons in
inferior parietal lobule region PF [421]. In humans, larger regions of parietal and premotor
cortex were activated for imagined grasps of tools with known uses compared to neutral
objects [344]. Similar effects were observed when viewing novel objects that had only recently
been learned to have tool functions as opposed to viewing novel non-tool objects [427].

Context dependency was also observed in a grip-force step tracking task [80]. Neurons
in M1 and PMV encoded the same grip force differently depending on the serial order of the
grip force steps or the direction of the steps, despite EMG showing no such context effect.
The neurons displayed signatures of dynamic range adaptation. Greater contextual effects
were observed in PMV compared to M1.

Goal-directed tool use in particular can be a strong driver of context-related changes in
neural activity. Correlations between many corticospinal neurons in M1 and muscle activity
were different when monkeys performed a simple precision grip or used a rake object as a tool

to retrieve food [29]. In a task where monkeys were trained to use normal pliers (opening
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the hand opened the pliers) and reverse pliers (opening the hand closed the pliers), nearly
all PMV neurons and about half of M1 neurons were found to preferentially encode the
motion of the tool tip, while only half of M1 neurons were more closely related to the actual
hand motion [428]. When humans observed the use of similar normal and reverse pliers,
TMS-evoked thumb muscle activity reflected the tool tip motion when observing the pliers
used to grasp an object, but reflected the actual observed hand movement when the pliers
were operated in empty space.

Many of the experiments reviewed in this section have direct implications for the
experiments performed in this dissertation. In the following sections, the studies with
particular relevance to each experiment are discussed. The motivations for each experiment
are then put forth with reference to how these experiments will contribute to the existing

literature.

2.8 Motivation for the Object Presence Experiment

For the Object Presence Experiment of this dissertation, kinematics and EMG of the
arm and hand and neural data in M1, PMV and AIP were recorded while monkeys grasped
an object in two ways, reached toward but did not grasp that object, and reached into empty
space with the object absent from the workspace.

Though reaching and grasping have both been studied extensively in isolation, relatively
few studies have compared reaching and grasping directly. Those few studies which have
compared neural activity during reaches and grasps have use whole-brain functional imaging
techniques in monkeys [291,292] or humans [357, 408, 409] or were focused on subcortical
brain regions such as the cerebellum and red nucleus [429,430], and thus leave open the
question of how neural activity differs between reaches and grasps on the level of single
neurons and populations of single neurons in M1, PMV and AIP. Extant monkey intracortical
electrophysiology studies which purport to find signals related to reaching and grasping in

grasp network regions (e.g. [122,217,234,431]) only examined reaching movements which
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were embedded within a reach-to-grasp movement. In the Object Presence Experiment,
neural activity, kinematics and EMG during reach-to-grasp and isolated reaching behavior
are directly compared.

The trial conditions of the Object Presence Experiment were designed to elicit very
similar reach-only behaviors in two different contexts: in the presence or absence of a
previously grasped object. Several studies have highlighted the importance of the presence
of a real, physical object in driving neural activity in the cortical grasp
network [279, 409, 416, 417] and mirror neuron activity [248]. Of particular interest are
recent BCI experiments which have identified object-related changes in M1 neural activity
that, if left unaccounted for, degrade reach and grasp decoding performance [119, 189].
Preliminary analysis of M1 activity revealed a global increase in FRs when grasps were
performed on an object as opposed to pantomimed in free space [410].

The analyses of data collected in the Object Presence Experiment were designed to
more comprehensively characterize the object presence effect. The magnitude of the object
presence effect, its interaction with movement feature encoding and its impact on decoding
are established with the goal of confirming and elaborating on the human BCI findings
(119,189, 410]. Critically, detailed kinematics and EMG of the arm and hand were also
recorded during the behavior in order to separate the neural modulation due to object
presence from the encoding of movement features, revealing robust object presence encoding.
A novel decoder architecture is proposed to retain high-accuracy decoding across object
presence contexts. Unfortunately, the exact task used in human studies [119,410] could not
be replicated, as monkeys were unable to be trained to pantomime grasps (see Section 8.3).
However, the results from the Object Presence Experiment remain highly relevant to future
BCI implementations.

Finally, the question of what information may be represented in the object presence
signal remains an open one. Several studies have suggested that vision of graspable objects
and especially tools can automatically activate motor representations of the object’s
affordances in the cortical grasp network (see Section 2.5.2). In a particularly relevant
experiment, Baumann et al showed that presentation of an object with multiple grasp

affordances before any action cue was given caused AIP and PMV neurons to represent
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both of the possible grasps of the object [279]. However, the structure of their task did not
allow them to determine whether these effects persisted throughout movement, nor did
they examine potential activation of grasp affordance representations in M1. Additionally,
in an experiment in which objects were presented without a required action, the same
PMV neurons were active in much the same way as when a reach-to-grasp action was
required [350, 351]. This suggests that PMV neurons automatically encode the
representations of the grasps afforded by objects even when they were not grasped, though
this study could not determine whether such activation persists throughout a reaching
movement in which no grasp is performed. In the analyses of the Object Presence
Experiment, neural activity in M1, PMV and AIP is examined for evidence of automatic
activation of the grasp affordance of the object when the object was present and reached

toward, but not grasped.

2.9 Motivation for the Grip Affordance Experiment

In the Grip Affordance Experiment of this dissertation, kinematics and EMG of the arm
and hand and neural data in M1, PMV and AIP were recorded while monkeys grasped
objects with different perceived and learned grip affordances. These objects were shaped so
that they could afford only a power grasp, or only a precision grasp (simple objects) or both
types of grasp (compound objects) based on their perceived shape. Two of the compound
objects were only ever grasped with one grip type, meaning that these objects had two
perceived grip affordances and only one learned grip affordance. The third compound object
was regularly grasped using both grip types, and thus had two perceived grip affordances and
two learned grip affordances. The objects of the Grip Affordance Experiment are depicted
in Figure 5.1.

Only a few studies have examined grasping under circumstances in which the grasped
portion of two objects is identical, but the ungrasped portions of the objects differ. One
behavioral study of particular relevance is that of Gentilucci 2002 [362]. In this series of

experiments, humans grasped two identical sticks that were attached to the tops of differently
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shaped objects. In the first experiment, the sticks were attached to the tops of two pieces of
fruit (an apple and a strawberry) where the stems would otherwise be located. In subsequent
experiments, the two identical grasped sticks were attached to a variety of differently shaped
objects such as a tall and short stick, and a large and small sphere. The shape, size and
familiarity of the ungrasped portion of the object was found to have an influence on grasp
kinematics. When the grasped stick was attached to a large object, maximum grip aperture
was larger than when the grasped stick was attached to a small object, even though the
grasped sticks were identical on the two objects. This behavioral difference suggests that the
central neural command differed for the two grasps. This influence of the ungrasped portion
of the object on neural activity in M1, PMV and AIP is directly addressed in the analyses
of the Grip Affordance Experiment. Additionally, more detailed grasp kinematics as well as
EMG were collected for the Grip Affordance Experiment, allowing verification and further
exploration of the behavioral differences evoked by differences in the ungrasped portions of
compound objects.

Another highly relevant study by Vargas-Irwin et al in 2015 examined neural activity
in PMV during grasps of two objects which featured identical upper power grasp portions
and differing lower portions; the lower portion of one object was a pinch grasp tab, and
the lower portion of the other object was a disk which afforded a key grip (with the thumb
opposed against the side of the pointer finger) [425]. It was found that individual PMV
neurons and the PMV population as a whole distinguished between power grasps executed
on the two objects, even though the portions of the objects that were grasped with a power
grasp were exactly the same. This differential neural activity for the two objects began
early after object presentation and persisted throughout the entire grasping movement. The
Grip Affordance Experiment expands on these findings in three ways. First, kinematics
and EMG were not recorded in that study, and so it was impossible to determine whether
the power grasp behaviors differed systematically for the two objects, and therefore it was
also impossible to determine how much of the difference in neural activity for the different
objects was due to a “true” context effect or was due to encoding of differences in movement
features. Recording of detailed arm and hand kinematics and EMG for the Grip Affordance

Experiment enables such analyses. Second, as neural activity was recorded in M1, PMV and
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AIP for the Grip Affordance Experiment, it can be determined whether similar contextual
effects can be observed in the other core nodes of the cortical grasp network. Third, perceived
and learned grip affordances were not dissociated in the study of Vargas-Irwin et al; each
object had two perceived grip affordances and two learned grip affordances. Thus, the study
could not determine whether the differences in neural activity were due simply to the shape
of the object or due to association of the object with a certain set of grasp behaviors. In
the Grip Affordance Experiment, more object conditions are utilized to determine whether
contextual effects of grasp encoding are driven by perceived grip affordances, learned grip
affordance or both. The importance of habitual favoring of one possible grip affordance over
others is evident in human behavior; humans spontaneously grasp the “handle” portion of
tools, even when no specific grip instruction is provided and when the handle is positioned
in such a way that its grasp would result in an uncomfortable posture [432].

Finally, in the analyses of the Grip Affordance Experiment, neural activity in M1,
PMV and AIP are examined for evidence that the neural representation of the unused grip
affordance is automatically activated. In the study of Baumann et al 2009 [279], it was
noted that preparatory activity in AIP reflected both potential grasps (power grasp and
precision grasp) which had been learned to be used on the object. However, the structure
of the task did not enable the experimenters to determine whether activity related to the
unused grasp persisted throughout movement. Evidence for automatic activation of the
ungrasped affordance of compound objects throughout the preparatory and movement

periods is considered in the Grip Affordance Experiment.

2.10 Motivation for the Use Affordance Experiment

In the Use Affordance Experiment of this dissertation, kinematics and EMG of the arm
and hand and neural data in M1, PMV and AIP were recorded while monkeys grasped to
hold two objects, both of which afforded a power grasp and a precision grasp, over two
separate sessions. In the first session, the two objects were both mechanically fixed in place

and were identical other than their color. In the second session, one object remained fixed,
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while the other object was released from fixation and allowed to slide up and down on guide
rods. In the second session, the subjects simply grasped and held both objects with both
types of grasp, and additionally grasped the movable object with a power grasp and lifted
it. Thus, in the first session, the same grasps were executed in the two different contexts of
differently colored objects. In the second session, the same grasps were executed with the
additional contextual factor that one object had a newly learned use affordance in that it
could be lifted.

In the first session of the Use Affordance Experiment, the objects differed only by color.
Human grasp kinematics have been found to be different for objects of different color. In a
study in which subjects grasped red or green objects with a precision grip, grip apertures
were larger during reach for red objects [377]. Analyses of kinematic and EMG data from the
first session of the Use Affordance Experiment allow this effect to be verified, and analyses of
the neural data from the first session of the Use Affordance Experiment reveal the potential
neural signatures of this color context effect.

In the second session of the Use Affordance Experiment, the objects differed by color and
in their learned use affordances; one object was mechanically fixed while one object had been
learned to be lifted. Human functional brain imaging studies suggest that use affordance
knowledge may be stored and processed in the cortical grasp network. Imagining grasping
tools with known uses compared to neutral objects activates larger regions of premotor and
parietal cortex [344]. Viewing novel objects for which a tool use had been learned compared
to novel graspable objects without a known use also activated larger regions of premotor and
parietal cortex [427]. The analyses of the Use Affordance Experiment allow this effect to be
examined on the single neuron and population level in M1, PMV and AIP.

Natural grasping behavior reveals the influence of learned use knowledge on grasp
planning. When tools with known uses were presented to human subjects, they naturally
grasped the tools in a way that was appropriate to their use (usually, by the handle), even
when such a grasp resulted in an uncomfortable arm posture [432]. Interestingly, this
natural behavior was abolished when subjects were engaged in a task with high cognitive
load, suggesting that the integration of use affordance knowledge into the grasp action plan

may rely on high-level cognitive resources. The kinematics and EMG recorded in the Use
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Affordance Experiment allow verification of this habitual, spontaneous use-associated grasp
behavior. Additionally, analyses of the neural data from the Use Affordance Experiment
were designed to find signatures of use affordance knowledge encoding during grasp
planning in M1, PMV and AIP.

Learned information about object characteristics may be retained and processed in M1.
In one study, human subjects lifted a set of objects which differed in weight but were
otherwise shaped the same and visually identical. The objects were presented in a random
fashion and thus the subject did not know on each trial whether the object would be heavy
or light. Hand muscle activity evoked from TMS applied to M1 revealed that the cortical
excitability of M1 was greater if the object lifted on the previous trial was heavy, even just
after the object was presented and before movement onset [433]. The Use Affordance
Experiment was designed to look for similar effects of retention of object properties
(mobility vs. fixation) in M1, PMV and AIP.

Many studies have shown that when similar grasps were part of different grasp-and-
manipulate action chains with different goals, differences are observed in grasp behavior [356,
368-374] and neural activity in M1 [186], PMV [239-241,351,422-424], AIP [270, 423, 424]
and areas of the inferior parietal lobule adjacent to AIP [240,421]. However, in most of
these experiments, object identity was not dissociated from behavior, and thus neural and
behavioral differences may have been evidence of preparatory motor planning related to
the entire action chains, as opposed to a “true” contextual effect of object identity based
on learned use knowledge. Important exceptions are the studies of the Rizzolatti group
[239-241,351,421,426]. In these experiments, a monkey was trained to grasp a food morsel
and subsequently eat it or to grasp a synthetic pellet and subsequently place it in a receptacle
near the mouth. Critically, on some trials, monkeys were instructed to grasp a food morsel
and place it into the receptacle instead of eating it. Thus, in the trials in which both food
morsels and synthetic pellets were grasped and placed in the receptacle, the only difference
was the contextual difference of the identity of the object to be grasped. In some instances,
neurons in PMV and inferior parietal lobule were found to fire more for grasp-and-place
actions made with the food compared to the same actions made with the pellet object

239, 421], though such effects were not found in other studies [240,426]. These findings
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indicate potential encoding of object identity based on learned use affordances in these
neurons. However, though the overall requirements of the grasp-and-place actions were the
same for food and pellet items in these trials, the researchers did not record kinematics or
EMG of the arm and hand, and thus subtle variability in behavior may have accounted for the
neural differences. Additionally, neural activity was not recorded in M1. The analyses of the
Use Affordance Experiment were specifically designed to find and characterize contextual
encoding of object identity based on learned use affordances in M1, PMV and AIP, and
to measure and account for the neural differences that were attributable to encoding of

differences in kinematics and EMG.
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3.0 Experimental Approach

Three novel experiments were designed for this dissertation: the Object Presence
Experiment, the Grip Affordance Experiment and the Use Affordance Experiment. All
experiments were designed with the same basic goal of evoking very similar reaching or
grasping behaviors in different object contexts while recording detailed kinematics and
muscle activity of the arm and hand and neural activity in M1, PMV and AIP. By holding
overall behavioral requirements constant and varying only contextual factors, the
behavioral and neural differences related specifically to these contextual factors can be
isolated and characterized.

This chapter contains general descriptions of the three experiments. More specific
descriptions of the behavioral outcomes of each individual experiment are presented in the
Results Sections 4.1, 5.1 and 6.1. Section 3.1 describes the physical apparatus and
equipment used in the experiments. Section 3.2 describes the behavioral tasks employed in
the three experiments, including the progression of the task phases and the visual feedback
shown to the subjects. Section 3.2.1 describes the task presentation block structure and

schedule. Finally, Section 3.3 describes the data recorded during each experiment.

3.1 Physical Apparatus

The experiments were performed in a dedicated room outfitted with laboratory Biosafety
Level 2 precautions. The primate chair, object, feedback monitor and kinematic motion
tracking cameras were all mounted in an aluminum frame (80/20 Inc., Columbia City, IN).
A photograph of Monkey R in the experiment room is shown in Figure 3.1.

Monkeys sat in a custom primate chair, with one arm free and the other restrained in a
tube. A plastic barrier was placed around the monkey’s head in order to protect the neural
recording hardware. A drink tube was affixed in front of the monkey’s mouth to deliver

rewards. A start button was placed on the side of the chair, near the monkey’s waist.
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Figure 3.1: Monkey R in the Experiment Room. Subject is shown performing a Power

Grasp in the Object Presence Experiment.
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In each experiment, monkeys grasped or reached toward an object or set of objects.
Each object was presented about 25 cm directly in front of the monkey at chest height. The
distance to the object was adjusted for each monkey to accommodate the different sizes of the
monkeys. The objects were designed to elicit power grasps, pinch grasps, or both. Objects
were manufactured using 3D printing and CNC milling and were instrumented with force
sensors to detect the appropriate grasps. The design of the objects is detailed in Section A.2,
and descriptions of the objects are also provided in the Results Sections 4.1, 5.1 and 6.1. The
objects were mounted on the aluminum frame and fixed in place (save for Object 2 in the Use
Affordance Experiment post-learning session, which was designed to slide vertically). The
objects were always presented in the same location, in order to promote consistent behavior
between the different objects. Different objects were presented sequentially in blocks. The
block scheduling is detailed in Section 3.2.1.

An LCD monitor was mounted 50 cm directly in front of the monkey at eye level. The
monitor was used to deliver visual feedback during the task. Details of the visual feedback

are presented in Section 3.2.

3.2 Behavioral Task

The tasks employed in the three experiments were variations of a simple delayed reach-
to-grasp task. For all experiments, objects were grasped and held with a power grasp or a
pinch grasp. For the Object Presence Experiment, subjects either grasped and held a single
object with a power grasp or a pinch grasp, reached into a target area in space next to the
object, or reached into the same target area in space with no object present. For the Grip
Affordance Experiment, the subjects grasped a series of objects with power grasps or pinch
grasps. For the Use Affordance Experiment, the subjects grasped two objects with power
grasps and pinch grasps, and in the post-learning session, also lifted one of the objects. The
lights in the experiment room were on and the object was visible throughout all trials and

inter-trial periods. The phases of the task are depicted in Figure 3.2.
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Start Hold Reach Target Hold
800-1200 ms < 2000 ms 800-1200 ms
Start Go Cue| |Reach Target| |Target Reward
Button Start Contact Threshold
Pressed Surpassed

Figure 3.2: Task phases, reach and reach to grasp and hold trials. Top: still frames

of Monkey R performing the different task phases. Bottom: Timeline of task phases and

task events (not to scale).
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Each trial proceeded as follows. The subject initiated the trial by pressing the start
button, entering the “Start Hold” phase. The subject was then required to hold the start
button down for 800-1200 ms (time drawn from a uniform distribution on each trial). After
the delay period, a “Go Cue” was delivered, initiating the “Reach” phase. The subject was
required to reach forward and grasp the object (or reach into the target sphere in the reach
trials of the Object Presence Experiment). For grasping trials, the subjects were required to
apply a small force to the appropriate part of the object, corresponding with the instructed
grasp. For the reach trails of the Object Presence Experiment, the subject was required to
bring the hand into a 3 cm radius target sphere in space.

Monkeys were required to initiate grasp or enter the target sphere within 2000 ms after
the Go Cue, initiating the “Target Hold” phase. The subject was then required to maintain
the grasp or maintain the hand within the target sphere for 800-1200 ms, after which a
reward was delivered through the drink tube.

For the lift trials of the Use Affordance Experiment post-learning session, an additional
“Lift” task phase was appended after the Target Hold phase. The lift was required to be
completed within 2000 ms. The task progression of lift trials is displayed in Figure 3.3.

Start Hold Reach Target Hold Lift
800-1200 ms < 2000 ms 800-1200 ms < 2000 ms
Start Go Cue| [Reach  Target| |Target Lift Cue Reward
Button Start Contact Threshold
Pressed Surpassed

Figure 3.3: Task phases, lift trials. Timeline of task phases and task events (not to scale).

The task progression was controlled automatically via custom software which detected
behavioral events and tracked elapsed time to step through the task phases. Details of the
task control software are provided in Section A.5. Trials were automatically aborted if timing

requirements were not met or if inappropriate grasp force sensors were activated.
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Visual feedback was provided to the subject via an LCD monitor. Depictions of the
visual feedback are shown in Figure 3.4.

During the inter-trial period, the screen was gray with a white central circle. During
the Start Hold phase, a green central circle was displayed and the background changed to a
color. The background color cued the grip type or reach that was required for the task. Blue
or turquoise colors were used to cue power grasps, red or orange colors cued pinch grasps,
and yellow or white colors cued reaches with no grasps (in the Object Presence Experiment).
At the end of the Start Hold phase, the central circle switched from green to black, serving
as the “Go Cue,” instructing the subject to begin the reach.

For all grasp and hold trials, as the subject began to apply force to the object, a green
feedback circle appeared in the center of the display and grew in size. The radius of the green
feedback circle was proportional to force sensor signals. The outer black circle represented
the target force threshold. For the reach trials of the Object Presence Experiment, the
radius of the green feedback circle was proportional to the inverse of the distance between
the current hand position and the center of the target sphere. In those cases, the black circle
represented the positional target threshold.

After the target force or position threshold was attained, a smaller black circle was
superimposed over the green feedback circle. The green feedback circle radius remained
related to the force sensor signal or inverse distance between the current hand position and
the target. The black circle indicated the lower threshold that the subject was required to
hold above. After successful completion of the Target Hold phase, the reward was delivered
and the monitor displayed the inter-trial pattern, indicating the end of the trial.

For the lift trials of the Use Affordance Experiment, an additional triangular shape was
displayed on the feedback monitor. These modified displays are shown in Figure 3.5.

This triangle was present throughout the entire trial for lift trials. The triangle remained
black and stationary throughout the Start Hold, Reach and Target Hold periods. At the
end of the Target Hold period, the triangle changed from black to green, serving as the “Lift
Cue.” At this point, the height of the triangle on the screen was linked to the sensor from the
linear potentiometer lift sensor. As the subject lifted the object, the triangle moved upward.

The triangle reaching the top of the screen corresponded with the lift distance threshold.
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Inter-Trial Start Hold

Force Application /
Go Cue / Reach Reach Target Approach

Target Hold Inter-Trial

O
(]

Figure 3.4: Visual feedback for reach and reach to grasp and hold trials. The
blue color corresponded to a power grasp. Other colors were used to cue different grasps or

reaches. Green arrows indicate motion and were not displayed during the task.
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Inter-Trial Start Hold

Go Cue / Reach Force Application

Target Hold Lift

&

Figure 3.5: Visual feedback for lift trials. Green arrows indicate motion and were not

J

displayed during the task.
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3.2.1 Block Scheduling

The objects were presented in blocks in order to keep inter-trial times low and encourage
high trial counts. Objects were changed by the experimenter between blocks, with the
subject’s view blocked by an opaque barrier. Blocks could contain a single trial type, or in
the case that an object afforded multiple behaviors, blocks could contain multiple trial types.
In the case that multiple trial types were presented in the same block, trials were presented
in a pseudorandom interleaved fashion.

The blocks of the Object Presence Experiment were:

1. Compound Object Grasp (Power Grasps and Pinch Grasps interleaved)
2. Object Reach
3. No-Object Reach

The blocks of the Grip Affordance Experiment were:

Simple Power Object (Power Grasps only)
Simple Pinch Object (Pinch Grasps only)
Compound Power Object (Power Grasps only)
Compound Pinch Object (Pinch Grasps only)

AR

Compound Multi-grasp Object (Power Grasps and Pinch Grasps interleaved)
The blocks of the Use Affordance Experiment pre-learning session were:

1. Object 1 (Power Grasps and Pinch Grasps interleaved)
2. Object 2 (Power Grasps and Pinch Grasps interleaved)

The blocks of the Use Affordance Experiment post-learning session were:

1. Object 1 (Power Grasps and Pinch Grasps interleaved)
2. Object 2 (Power Grasps, Pinch Grasps and Lift Trials interleaved)

The analyses conducted for this dissertation critically depend on comparisons of behavioral
measures and neural activity between different blocks. However, behavioral and neural

activity may change during the course of the session due to factors such as motivation,

57



wakefulness [434], impulsivity [435] or thirst and satiety [436]. To mitigate the effects of
such potential temporal drift in behavior and neural activity, each block was presented
twice, with the sequence of blocks in the first half of the session repeated backwards in the
second half of the session, producing a palindromic sequence.

For example, consider a session consisting of three block types, A, B and C. These blocks
were split into halves, Al, A2, B1, B2, C1 and C2. The blocks were the presented in a
balanced order: A1-B1-C1-C2-B2-A2. Thus, the trial types performed at the beginning of
the session were performed again at the end of the session.

Such a structure was chosen to minimized the effect of any slow drift in behavior or
neural activity over the course of the session. For all experiments, 140 trials of each type
were performed in each session (with 70 trials in each half task block), except for Monkey I

in the Grip Affordance Experiment, in which 130 trials of each type were performed.

3.3 Data Streams

Throughout all experiments, neural activity, kinematics of the arm and hand, EMG from
shoulder and arm muscles, and behavioral events were recorded. Kinematic data consisted
of 22 joint angles of the arm and hand (three shoulder angles, elbow flexion, three wrist
angles and 15 finger joint angles) which were obtained using an infrared motion tracking
system (Vicon, Oxford, UK). EMG was obtained from eight sites (pectoralis or trapezius,
deltoid, biceps, triceps, proximal and distal forearm flexors and proximal and distal forearm
extensors) using adhesive skin surface electrodes and a dedicated EMG amplifier (Bortec
Biomedical, Calgary, Canada). Details of the data acquisition and processing for each of the
data streams are provided in Section A.4.

Spiking neural activity was recorded using penetrating intracortical microelectrode
arrays. All M1 recordings were obtained with Utah Arrays (Blackrock Microsystems, Salt
Lake City, UT) and all PMV and AIP recordings were obtained with Floating
Microelectrode Arrays (FMAs; Microprobes for Life Science, Gaithersburg, MD). The

approximate array locations in each subject are portrayed in Figure 3.6.
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AS
AS

e N0

Figure 3.6: Microelectrode array locations. Drawings were traced from photographs

taken during the implant surgeries. Blue: Utah Arrays. Red: Floating Microelectrode
Arrays. A: Monkey R. B: Monkey I. C: Monkey T left hemisphere. D: Monkey T right

hemisphere. CS: central sulcus. AS: arcuate sulcus. IPS: intraparietal sulcus
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The implantation surgical procedures for the microelectrode arrays are detailed in Section
A.1. A novel method was used to target and implant the FMAs in PMV and AIP. This
method is described in Section A.1.2.

Neural data were always recorded from the hemisphere contralateral to the hand used for
the experiments. For Monkey R and Monkey I, neural activity was recorded only from left
hemisphere M1, and the tasks were performed with the right hand. For Monkey T, neural
activity was recorded from M1, PMV and AIP. Neural activity was recorded sequentially
from both hemispheres of Monkey T. Recording microelectrode arrays were implanted in
each hemisphere in separate procedures approximately six months months apart. Thus,
Monkey T performed all experiments twice, once with the right hand and once with the left
hand.

Monkey R and Monkey T completed all three experiments, while Monkey I completed
only the Grip Affordance Experiment and the Use Affordance Experiment. For Monkey T,
left hemisphere M1 data were only obtained for the Grip Affordance Experiment, as the
recording pedestal was damaged, precluding further recordings. The neural data which were

recorded for each subject in the three experiments is summarized in Table 3.1.
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Table 3.1: Neural data streams for each subject in each experiment. Green cells
indicate experiments for which neural data from each brain area were recorded. Gray cells
indicate instances where the subject participated in the experiment, but neural data from
that brain area were unavailable. Blank cells indicate that the subject did not participate
in the experiment. OPE: Object Presence Experiment. GAE: Grip Affordance Experiment.

UAE: Use Affordance Experiment. Pre: pre-learning session. Post: post-learning session.

Experiment
Subject Area OPE | GAE | UAE Pre | UAE Post
Monkey R M1
Monkey 1 M1
M1 Left
M1 Right
PMV Left
PMV Right
ATP Left
AIP Right

Monkey T
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4.0 Results — Object Presence Experiment — M1

The Object Presence Experiment was designed to study how behavior and neural
activity differ when similar reaching actions are performed in the presence or absence of an
object. Two subjects (Monkey R and Monkey T) completed the Object Presence
Experiment. Monkey R completed the task with the right hand, while Monkey T utilized
first the right, then in another session, the left hand. Neural data were always recorded
from the hemisphere contralateral to the hand used. This section describes results from a
single Monkey R session and a single Monkey T left hand (right hemisphere) session only,
for which M1 neural data were collected. The results of this experiment from Monkey T
PMV and AIP are presented in Chapter 7.

The main findings of this chapter are summarized as follows. Subjects performed reaches
to the same spatial location in different object contexts (with or without an object present),
and also grasped the object. The behaviors, in terms of kinematics and EMG, for the two
reach conditions (with and without an object present) were similar. Despite this similarity
in behavior, the spiking activity of the majority of M1 units differed significantly between
reaches made with or without the object present. The difference in population neural activity
observed between the two reach conditions was relatively large compared to the difference
in behavior. This difference in neural activity could not be fully accounted for by fixed
linear encoding of kinematics and EMG, and was therefore taken as evidence for the explicit
encoding of object presence. For the majority of M1 units, activity was better fit by models
in which the linear tuning to kinematics and EMG were allowed to change depending on
object presence, as opposed to being fixed across contexts. Decoding performance decreased
markedly when training a simple linear decoder in one context and testing in the other.
Accurate decoding could be recovered by using a context classifier with context-specific
decoders. When the object was present, behavior and neural activity were biased toward
the activity associated with the grasping actions afforded by that object, even when it was

not grasped.
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Section 4.1 contains a detailed description of each subject’s behavior during the
different task conditions. The behavior is described in terms of the observed movement
features (MFs), comprised of 22 joint angles and joint angular velocities of the arm, wrist
and fingers, 3D hand position and hand velocity, and EMG from eight muscle groups.
Section 4.2 characterizes the differences in the MFs between the different task conditions.
Section 4.3 describes the single unit and population level M1 neuronal firing rate (FR)
responses recorded during the experiment, highlighting the differences in neural activity
between conditions in which the object was present vs. the condition in which the object
was absent. Section 4.4 concerns the relation between the M1 FRs and the MFs, with
specific focus on the evidence for contextual object presence encoding in M1, defined as
neural modulation beyond that which can be accounted for by fixed linear tuning to MFs.
Section 4.5 concerns the interaction between object presence encoding and linear MF
encoding in M1. Section 4.6 characterizes the impact of the object presence encoding signal
on decoding accuracy. Finally, section 4.7 explores the possibility that the object presence
related differences in behavior and neural activity were related to the grasp affordances of

the object.

4.1 Behavioral Results of the Object Presence Experiment

Each subject completed 140 repetitions of each of the following 4 task conditions, for a

total of 560 trials:

Power Grasp
Pinch Grasp
Object Reach
No-Object Reach

Ll

Still images from videos of Monkey R completing each of these tasks are shown in Figure 4.1.
In all conditions, the subject began each trial with its hand on the start button and awaited

the go cue. During this time, the subject was cued as to which behavior was required by a
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colored indicator on the feedback monitor: blue for Power Grasp, orange for Pinch Grasp,
yellow for Object Reach and white for No-Object Reach. After 800-1200 ms, a go cue was
presented, and the subject reached forward to grasp the object or reached into the target
sphere in space. Section 3.2 contains further details of the trial structure, visual feedback
and block schedule.

In the Power Grasp condition, the subject reached forward and grasped the object around
the base with a whole-hand power grip, in which digits 2-5 and the palm were opposed.
Successful grasp required the simultaneous activation of two force sensors embedded in the
left and right sides of the object at a low force threshold, while not activating the pinch
grip sensors (see Section A.2 for details of object design and force sensors). The subject was
required to maintain the grasp for 800-1200 ms to complete the trial and receive a reward.

In the Pinch Grasp condition, the subject reached forward and grasped the upper tab of
the object with a precision grip, in which the thumb and pointer finger were opposed. In this
case, successful grasp required the simultaneous activation of two force sensors on the front
and back of the tab at a low force threshold, while not activating the power grip sensors.
Again the subject was required to maintain the grasp for 800-1200 ms to receive a reward.

In the Object Reach condition, the subject reached forward toward the object but did
not make contact with it. A successful reach was judged by the hand position (defined as
the mean x-y-z coordinates of motion tracking markers HAN1, HAN2, HAN3 and HAN4,
see Section A.4.1) breaching a 3cm radius sphere around the mean hand position obtained
from the Target Hold periods of previous successful Power Grasp and Pinch Grasp trials
(the Mean Grasp Position). After breaching the initial 3cm radius target sphere, the subject
was required to maintain its hand position within a 6cm radius sphere around the Mean
Grasp Position for 800-1200 ms to complete the trial and receive a reward. The trial was
automatically aborted if any force sensor was activated, including the extra strip force sensor
on the back of the object. The task was monitored by video in real time, and trials were
manually aborted if there was any indication that the subject made contact with the object
which the force sensors failed to detect. In addition, videos were carefully reviewed after
each session in order to exclude any trial in which the subject touched the object at all,

though such occurrences were rare.
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Figure 4.1: Task conditions of the Object Presence Experiment. Single frames from

video recordings of Monkey R Session 270 performing successful trials of the four conditions
of the Object Presence Experiment. The object has been highlighted in yellow. A: Power
Grasp. B: Pinch Grasp. C: Object Reach. D: No-Object Reach.

65



In the No-Object Reach condition, the object was removed and the subject reached
forward to breach the initial 3cm target sphere around the Mean Grasp Position. The
subject was then required to maintain a hand position within the 6¢cm radius sphere around
the Mean Grasp Position for 800-1200 ms in order to receive a reward. The target spheres
in No-Object Reach trials were exactly the same as those in Object Reach trials.

For all conditions, the Reach Start time was defined as the time point of the first
kinematic sample in which the hand velocity exceeded 1 mm/s for a sustained period. For
the Power Grasp and Pinch Grasp conditions, the Target Contact time was defined by the
initial uptick of the appropriate force sensors. For Object Reach and No-Object Reach
conditions, the Target Contact time was defined by the first kinematic sample in which
hand position was inside the 3cm target sphere around the Mean Grasp Position. See
Section A.4.5 for more details of data alignment to task epochs.

In each condition, the subject received visual feedback in the form of a variable-radius
green circle on the feedback monitor. In the Power Grasp and Pinch Grasp conditions, the
radius of the feedback circle was linked to the signals from the appropriate force sensors. In
the Object Reach and No-Object Reach conditions, the radius of the circle was proportional
to the inverse of the distance between the current hand position and the Mean Grasp Position.
Thus, in all cases, successful behavior resulted in a sustained increase in the size of the green
feedback circle. Further details of the visual feedback are provided in Section 3.2. Details
on real-time hand position calculation and streaming are provided in Section A.4.1 and
descriptions of the training strategies to induce these behaviors are provided in Section A.3.

The subjects exhibited somewhat different reach times (the time between Reach Start
and Target Contact) for each condition. Monkey R performed Power Grasp, Pinch Grasp,
Object Reach and No-Object Reach reaches in 404.7 + 33.9, 425.0 £ 29.7, 467.8 + 100.2 and
530.4+167.5 ms (mean =+ standard deviation) respectively. Monkey T performed the reaches
in 310.9 £ 33.2, 344.0 + 15.0, 472.4 + 52.9 and 495.7 £+ 189.0 ms respectively. In order to
compare across conditions, trials were resampled at variable rates within the reach period
to produce an equal number of samples for each trial (see Section A.4.5 for details).

Trial-averaged hand positions and hand velocities are shown in Figure 4.2 for both

subjects. The trial-averaged values were calculated by averaging the values at each time
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point across all 140 trials of each condition. The hand position was defined as the average
x-y-z coordinates of markers HAN1, HAN2, HAN3 and HAN4 (see Section A.4.1), relative
to the mean hand position on the start button. The coordinate axes corresponded to the
workspace as follows: positive X pointed to the right of the subject, positive Y pointed
forward from the subject and positive Z pointed upward.

For both subjects, the Power Grasp hand position was lower and further forward than
the Pinch Grasp position, reflecting the spatial separation of the portions of the object being
grasped. For the Object Reach and No-Object Reach trials, Monkey R maintained an hand
position intermediate between those observed in the Power Grasp and Pinch Grasp Trials.
Monkey T’s hand position during Object Reach and No-Object Reach trial was more similar
to the position observed during Pinch Grip trials.

Both subjects exhibited overshoot in the hand Z position, especially for Power Grasps.
This reflected the fact that the hand was initially raised upward to lift off of the start button,
and then brought downward to make contact with the object.

Both subjects displayed slower hand velocities during the Object Reach and No-Object
Reach trials compared to the grasp trials. In addition, both subjects’ hand speeds decreased
earlier during Object Reach, No-Object Reach and Pinch Grasp trials compared to the Power
Grasp trials, reflecting the fact that the subjects had to slow and stop their own movements
during non-Power Grasp trials, whereas the subject could use contact with the object to
stop the hand during Power Grasp trials.

Trial-averaged joint angle trajectories of the arm and fingers are shown in Figures 4.3
and 4.4 for Monkey R and Figures 4.5 and 4.6 for Monkey T. Details of the calculation of
these joint angles are presented in Section A.4.1.

For Monkey R, shoulder angle trajectories were largely similar across all conditions,
reflecting elevation, adduction and inward rotation to raise the arm from a position at the
subject’s side toward the target at the center of the workspace. The elbow flexion angle
remained steady throughout the trials for the Object Reach and No-Object Reach conditions,
while slight flexion, followed by extension before object contact was observed for Power Grasp
and Pinch Grasp trials. The wrist was brought from an extended initial position to a flexed

target position, with less final flexion for Power Grasps. The wrist was abducted (radial
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Figure 4.2: Trial-averaged hand positions and velocities in the Object Presence
Experiment. Hand positions are relative to the mean hand position 400 ms before Reach
Start. A: Monkey R. B: Monkey T. Blue: Power Grasp. Red: Pinch Grasp. Black: Object
Reach. Gray: No-Object Reach.
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Figure 4.3: Trial-averaged arm joint angle trajectories for Monkey R in the Object
Presence Experiment. Blue: Power Grasp. Red: Pinch Grasp. Black: Object Reach.
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deviation) when approaching the target, with greater abduction for Pinch Grasps. The
wrist was initially supinated, then pronated for Pinch Grasp trials and further supinated for
Power Grasp trials, while remaining neutral for Object Reach and No-Object Reach trials.

Finger postures were highly condition-dependent. For Power Grasp trials, the thumb
was extended and abducted at the CMC joint, while remaining neutral at the MCP joint.
This reflected the thumb being placed against the object on the same side as the palm,
rather than wrapping around the object to oppose the palm (Figure 4.1 A). Power Grasps
also coincided with major MCP flexion and adduction (towards the thumb) and moderate
PIP flexion in digits 2-5. For Pinch Grasp trials, the thumb was flexed and adducted at
the CMC joint to bring it under the palm, and flexed at the MCP joint in order to engage
the object. The digit 2-5 MCP joints exhibited much less flexion than in Power Grasp
trials and remained abducted (away from the thumb), while the PIP joints exhibited
greater flexion. For Object Reach and No-Object Reach trials, the fingers remained
extended and abducted, with somewhat greater extension in the MCP joints for Object

Reach trials as the hand was opened to avoid contact with the object.
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Figure 4.4: Trial-averaged finger joint angle trajectories for Monkey R in the
Object Presence Experiment. Blue: Power Grasp. Red: Pinch Grasp. Black: Object
Reach. Gray: No-Object Reach. CMC: carpometacarpal joint. MCP: metacarpophalangeal
joint. PIP: proximal interphalangeal joint. Flex: flexion. Abd: abduction.
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Monkey T exhibited qualitatively similar joint angles to Monkey R with some exceptions.
Monkey T displayed a greater range of elbow motion, with flexion followed by extension for
all conditions. The wrist remained more extended for Power Grasp and No-Object Reach.
During Power Grasps, the thumb exhibited greater MCP flexion, and digits 3 and 4 showed
greater PIP flexion. During Pinch Grasps, the thumb was held in a more extended position,
and digits 2-5 weref adducted (toward the thumb). The most marked difference was that
for the Object Reach condition, Monkey T exhibited PIP flexion in digits 2-5, while keeping
those digits extended in the No-Object Reach condition.

Trial-averaged muscle activity recorded from surface EMG electrodes is shown in Figure
4.7 for both subjects. Details of surface EMG data collection are presented in Section A.4.2.

Monkey R displayed an initial burst of activity in the deltoid and biceps coincident with
Reach Start for all conditions. Power Grasp trials were associated with high activity across all
muscles, especially the deltoid, triceps, and proximal and distal wrist flexors. Pinch Grasps
evoked much less activity in the deltoid, triceps and wrist flexors, and greater activity in

the wrist extensors, likely to help exert force through the thumb and to stabilize the finger
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Figure 4.6: Trial-averaged finger joint angle trajectories for Monkey T in the
Object Presence Experiment. Blue: Power Grasp. Red: Pinch Grasp. Black: Object
Reach. Gray: No-Object Reach. CMC: carpometacarpal joint. MCP: metacarpophalangeal
joint. PIP: proximal interphalangeal joint. Flex: flexion. Abd: abduction.
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Figure 4.7: Trial-averaged EMG muscle activations in the Object Presence
Experiment. EMG values are relative to the mean EMG values 400 ms before Reach
Start. A: Monkey R. B: Monkey T. Blue: Power Grasp. Red: Pinch Grasp. Black: Object
Reach. Gray: No-Object Reach. P: proximal. D: distal.
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posture during grasp. Object Reach and No-Object Reach trials evoked comparable shoulder
and upper arm muscle activities during the course of the reach, and in general much lower
activity in the forearm muscles, with minimal activation of the wrist flexors. Object Reach
trials evoked higher activity during the target hold period in the pectoralis, biceps and wrist
extensors compared to No-Object Reach, likely reflecting the increased need to brake and
stabilize the arm to prevent the hand from touching the object.

Monkey T displayed early activity in trapezius, deltoid, triceps, biceps and proximal
wrist flexors and extensors coinciding with Reach Start. In general, Power Grasp activity
was more similar to Pinch Grasp activity in Monkey T, with slightly higher Power Grasp
evoked activity in the triceps, biceps and proximal and distal wrist flexors, while Pinch Grasp
evoked activity was slightly higher in deltoid and proximal and distal wrist flexors. For most
muscle groups, Object Reach and No-Object Reach evoked activity was very similar, with
the exception of the proximal and distal wrist flexors where activity was much higher for
Object Reach trials. This, along with slightly higher proximal wrist flexor activity in Object
Reach trials vs. No-Object Reach trials, likely reflected the flexed PIP, extended MCP finger
posture observed during Object Reach trials in Monkey T (Figure 4.6).

In summary, the hand was brought to a similar point in space for all conditions.
Kinematics and EMG were very consistent across trials within each condition, but differed
between conditions. The Power Grasp and Pinch Grasp conditions evoked divergent finger
postures and muscle activity. The Object Reach and No-Object Reach behaviors were
generally similar to each other, and distinct from the grasping conditions. The next section

contains direct comparisons of the behaviors observed during the different conditions.

4.2 Movement Feature Differences Across Conditions

The Object Presence Experiment was designed to elicit similar reaching movements in
different object contexts (with or without the object present). However, reaching movements
were significantly different depending on whether or not the object was present. The observed

variation in MFs across the experimental conditions is characterized in this section.
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To measure the differences in MFs between different conditions, the Euclidean distance
between each pair of conditions was calculated at each time point in subsets of MFs. The
5 MF subsets considered were the 3D hand position, 3D hand velocity, 22 joint angles, 22
joint angular velocities, and eight EMGs. These distances were calculated only in the peri-
movement time window (from 100 ms before Reach Start to 400 ms after Target Contact).

The trial-averaged MF values were calculated by averaging over all trials within each
condition at each time point. Within each MF subset, each MF was treated as a separate
dimension. Thus, for the 22 joint angles, the trial-averaged values for a single condition at
a single time point constituted a 22-dimensional vector. The Euclidean distance between
a pair of vectors, corresponding to a pair of conditions, could then be calculated in joint
angle space at each time point. For hand position, this distance corresponded to the actual
distance between hand positions in 3D space. The inter-condition MF subset distances Dyps

were calculated according to Equation 4.1:

Nwvrs

Dyrrs;i it = Z (Fipt — Tjps)’ (4.1)

p=1
where Dyirs; j+ is the distance in MF subspace MFS between the values for conditions ¢
and j at time ¢, Nyps is the number of MF's in subspace MFS, m; ,,; is the average value of
MF m,, for condition ¢ at time ¢ and m; ,, is the average value of MF m,, for condition j at
time ¢t. For the hand positions and hand velocities, Nyps = 3, for the joint angles and joint
angular velocities, Nyps = 22, and for the EMGs, Nyps = 8. The resulting inter-condition
MF subset distances are plotted in Figures 4.8 and 4.9 for Monkeys R and T, respectively.

For both subjects, all pairs of conditions began close together in MFs before Reach Start,
as the subject’s hand rested on the start button. Hand positions and joint angles diverged
over the course of the reach, and maintained separation during the target hold period. Hand
speeds were most divergent during the reach, and decreased around target contact, while
joint angular velocities exhibited a sharp peak of divergence around target contact, as the
fingers closed differently for different grasps. For Monkey R, inter-condition distances in
EMG peaked around target contact and subsequently decreased, while for Monkey T, the
EMG distances remained high throughout the target hold period.
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In general, distances between MF values for the Power Grasp and Pinch Grasp conditions
were relatively large (Figures 4.8 and 4.9, purple traces) compared to distances between MF
values for the Object Reach and No-Object Reach conditions (Figures 4.8 and 4.9, black
traces). For instance, for Monkey R, the difference in hand position for Power Grasp and
Pinch Grasp conditions peaked at about 60 mm, whereas the difference in hand position for
Object Reach and No-Object Reach conditions peaked at about 25 mm.

For Monkey R, the Object Reach and No-Object Reach conditions were the most similar
condition pair across all MF subsets, save for the difference in hand positions during the
target hold period, for which the Pinch Grasp and No-Object Reach conditions were slightly
more similar. In addition, the large peaks in distances between conditions with different hand
shapes (Figure 4.8, colored traces) were largely absent for the Object Reach vs. No-Object
Reach distances (Figure 4.8, black traces). For Monkey T, the Object Reach vs. No-Object
Reach distances were relatively larger. This was attributed to the bent-finger posture used
during the Object Reach trials versus the open-hand posture used during the No-Object
Reach trials. Despite this, for Monkey T, the Object Reach vs. No-Object Reach distances
remained small compared to the Power Grasp vs. Pinch Grasp distances.

In order to characterize inter-condition distances across all of the MFs together, the
MFs were combined in a dimensionally-reduced form using Principal Components Analysis
(PCA). To this end, the 3D hand positions, 3D hand velocities, 22 joint angles, 22 joint
angular velocities, and eight EMGs were combined as a 58-dimensional vector of MF's at
each time point. To focus on the differences between conditions, the condition-independent
timecourse in each MF was removed (MFs were centered across time) by subtracting the
average of each MF across all conditions at each time point in the peri-movement time
window. The MFs were then trial-averaged by taking the mean across all trials within each
condition. The resulting trial-averaged, centered MFs were then Z-scored by subtracting the
mean and dividing by the standard deviation.

PCA was performed on the full matrix of Z-scored trial-averaged centered MFs, and
the top PCs explaining 99% of the total variance were extracted. This equated to 16 PCs
for Monkey R and 14 PCs for Monkey T, which formed the bases of the MF PC Space.

Varimax rotation was then applied to the PCs for increased interpretability (See Section
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A.6.1). The resulting varimax-rotated MF PCS (MF VPCs) were sorted by proportion of
variance explained. The scores of the first 12 MF VPCs are shown in Figure 4.10 for Monkey
R and Figure 4.11 for Monkey T, with scores for each condition plotted separately.

For both subjects, the MF VPCs could be grouped into three broad categories. The
first were ‘tonic’ MF VPCs with strong loadings on hand positions, joint angles and EMGs,
in which condition separations began late in the reach and were sustained throughout the
target hold period (MF VPCs 1, 5, 7 and 11, Monkey R; MF VPCs 1, 2 and 5, Monkey T).
The second were ‘phasic’” MF VPCs with strong loadings on joint velocities and EMGs, in
which condition separations began earlier in the reach period, peaked sharply around the
time of target contact and were absent from the target hold period (MF VPCs 2, 3, 6, 9
and 12 Monkey R; MF VPCs 3, 4, 9 and 11 Monkey T). The final group were ‘mixed’ MF
VPCs with loadings on several different MF subsets. The ‘mixed” MF VPCs often reflected
preshaping and differences in reach speed.

In general, separation between Object Reach and No-Object Reach conditions (Figures
4.10 and 4.11 black and gray traces) was relatively small in the MF VPCs, especially for
Monkey R. Though Monkey T displayed moderately more separation between Object Reach
and No-Object Reach conditions, this separation was largely constrained to certain MF
VPCs (i.e. MF VPCs 2 and 10). The Monkey T MF VPC 2 eigenvector suggests that MF
VPC 2 was related to thumb CMC abduction and flexion, digit 2-5 PIP flexion and wrist
extensor EMGs, thus capturing the more closed hand posture exhibited during Object Reach
trials and Pinch Grasp trials as compared to the open hand posture exhibited during the
No-Object Reach trials and Power Grasp trials for Monkey T. Despite this, the separability
of Object Reach and No-Object Reach Trials in Monkey T MF VPCs was still generally
small compared to the separation between Power Grasp and Pinch Grasp conditions or the

separation between Grasp conditions and Reach conditions.
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To characterize the inter-condition variability across all of the the MF PCs, the Euclidean
distance in MF PC space, Dyrpc, was calculated for each pair of conditions according to

Equation 4.2:

1 Nurpc
_ — 2
Dwrpc,ije = TN > Gipt = Sind) (4.2)
p=1

where Dyppc i ;¢ is the Euclidean distance in MF PC space between conditions ¢ and j at
time point ¢, Nyppc is the number of MF PCs, 5, ,,; is the score of MF PC p for condition ¢
at time point ¢ and 5, is the score of MF PC p for condition j at time point ¢. Values were
scaled by 1/+/Nyrpc to facilitate comparison across subjects. The average MF PC distances
5Mppc,i,j were also calculated by averaging Dwppcj: across time in the peri-movement
period. The MF PC distances are shown in Figure 4.12.

Before movement, all conditions began close together in MF PC space, reflecting the fact
that each trial started with the subject’s hand on the start button. The MF PC scores for the
different conditions steadily diverged over the course of the reach, reaching peak divergence
just before target contact, and decreased to sustained levels during the target hold period.
The large peaks in inter-condition distances around target contact corresponded to the large
differences in finger joint angular velocities and in EMGs observed in that period. The
sustained distances during the target hold period corresponded to the consistent static joint
angle and EMG differences.

In general, the largest distances were observed in Power Grasp vs. Object Reach (dark
green traces) and Power Grasp vs. No-Object Reach (dark brown traces). The Power
Grasp vs. Pinch Grasp distances (purple traces) were also consistently large. Distances
corresponding to Pinch Grasp vs. Object Reach (light green traces) and Pinch Grasp vs.
No-Object Reach were moderate.

Critically, the distances between Object Reach and No-Object Reach were consistently
low compared to distances for other condition pairs. In other words, the Object Reach and
No-Object Reach conditions were the most similar condition pair in the MFs. For Monkey
R, Object Reach vs. No-Object Reach always evoked the lowest MF PC distance, indicating

that the kinematics and EMGs observed in these two conditions were very similar. For
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the distances in MF PC space over time. B, D: Dyrpc, Dyvrpc averaged over time. Star:
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Object Reach, Dark Brown: Power Grasp vs. No-Object Reach, Light Brown: Pinch Grasp
vs. No-Object Reach. Gray: mean and upper 95% one-sided confidence interval of within-
condition Dyppc variability. 95% confidence intervals (shaded regions A and C, error bars

B and D) are bootstrap intervals, trials resampled 10000 times.
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Monkey T, the Pinch Grasp vs. Object Reach distance was similar to the Object Reach
vs. No-Object Reach distance, especially during the target hold period, reflecting the fact
that Monkey T exhibited a finger posture with bent fingers during the Object Reach trials,
whereas the fingers were held straight during the No-Object Reach trials.

To determine if the inter-condition distances in MF PC space were due to the
differences in task conditions rather than natural trial-to-trial variability in MFs,
within-condition distances were calculated by comparing halves of trials from a single
condition (Figure 4.12 gray lines). For all condition pairs, the inter-condition distances
were greater than the within-condition distances (p < 0.05), suggesting that MF PCs were
significantly different for the different task conditions, including the Object Reach vs.
No-Object Reach condition pair. Details of the within-condition distance calculations are
provided in Section A.6.6.

In summary, the behaviors in terms of kinematics and EMG during the Object Reach and
No-Object Reach trials were similar, but significantly different. The behavioral differences
in terms of MF PCs between Power Grasp and Pinch Grasp trials were comparatively large
(2.18 and 1.49 times as large as Object Reach vs. No-Object Reach distances on average for
Monkey R and Monkey T respectively, Figure 4.12 B and D purple vs. black bars).

Power Grasps and Pinch Grasps evoked highly divergent hand postures and muscle
activity, whereas the behaviors observed during Object Reach and No-Object Reach trials
were very similar (see Figure 4.1). Based on the hypothesis that M1 neural activity is
closely and directly related to behavior, the difference in neural activity between Power
Grasp and Pinch Grasp trials should likewise be large, whereas the neural activity for
Object Reach and No-Object Reach trials should be similar. However such a pattern was
not observed; Object Reach and No-Object Reach trials evoked very different patterns of
neural activity. This disparity in neural activity differences is described in the following

section.
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4.3 M1 Neural Activity Differences Across Conditions

This section describes the neural activity in M1 recorded during the Object Presence
Experiment, with a focus on the relatively large difference in neural activity observed between
Object Reach and No-Object Reach trials, despite the similarity in behavior during these
two conditions as described in Section 4.2. The hypothesis that M1 neural activity is closely
and directly linked to motor output only would predict that neural activity should generally
be similar for Object Reach and No-Object Reach trials. However, in single- and multi-units
and on a population level, we observed a substantial difference in activity between the two
reach conditions.

After excluding channels with crosstalk and low FR units (see Section A.4.4), a total of
124 and 57 units were analyzed from M1 in Monkey R and Monkey T, respectively. These
units consisted of both multi-unit spiking activity and well-isolated single-units.

Spiking units displayed remarkably varied activity patterns. The trial-averaged FRs of
four example units are plotted in Figure 4.13.

Panels A and B of Figure 4.13 portray units with activity patterns that adhere to the
classical understanding of M1; FRs appear qualitatively similar to EMG (Figure 4.7).
Panel C presents a unit which fired much more during grasp trials and Object Reach trials
compared to No-Object Reach trials. This unit also exhibited marked preparatory activity,
with conditions becoming significantly separable shortly after cue onset (Start) and well
before movement onset (Reach). Panel D shows another unit that strongly distinguished
between the Object Reach and No-Object Reach conditions around the time of movement
onset. This unit displayed a higher FR for No-Object trials. The units in panels C and D
displayed another common feature: the FRs associated with all trials in which an object
was present were similar and distinct from FRs associated with the No-Object Reach
condition.

To assess the overall trends in the population, average normalized (Z-scored) FRs across
all units were calculated for each condition at each time point, and plotted in Figure 4.14.

During Power Grasp and Pinch Grasp trials, both subjects showed a general pattern

of mild increase in FRs before reach initiation, with a much larger peak just before object
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Figure 4.13: Trial-averaged FRs of four example units during the Object Presence
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Monkey T Unit 92.2. Blue: Power Grasp, Red: Pinch Grasp, Black: Object Reach, Gray:
No-Object Reach. Purple horizontal bars: Power Grasp significantly different than Pinch
Grasp. Black horizontal bars: Object Reach significantly different than No-Object Reach
(permutation test of difference in mean FRs, n=10000, p < 0.01)
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contact. Monkey R had similar average normalized FRs for Power Grasps and Pinch Grasps,
while Monkey T had higher average normalized FRs for Pinch Grasps compared to Power
Grasps.

Monkey R displayed higher average normalized FRs for Object Reach trials compared
to No-Object Reach trials. This is in line with the findings from Downey et al 2017 [410];
FRs were higher on average for actions performed on an object, compared to similar actions
performed with no object present. However Monkey T displayed the opposite effect in that
average normalized FRs were somewhat higher before movement and throughout the reach
phase for No-Object Reach trials as compared to Object Reach trials. In addition, in Monkey
R the Object Reach trials were associated with average normalized FRs that were similar to
those attained from Power Grasp and Pinch Grasp trials. In Monkey T, Object Reach trials
were associated with generally low average normalized FRs.

The overall averages portrayed in Figure 4.14 present an overly simplified view of M1
spiking activity. Individual unit FR patterns were heterogeneous, and many individual units
displayed higher firing rates for reaches than for grasps. Figure 4.15 portrays the percentage
of units with preference for each condition, based on which condition evoked the highest
mean FR in the peri-movement period.

To determine the prevalence of condition-dependent differences in the FRs of individual
units, permutation tests for a difference in mean FRs were performed at each time point
between each pair of conditions for each unit (p < 0.01, labels shuffled 10000 times). The
percentage of neurons displaying significant modulation (significantly different mean FRs)
for each pair of conditions is shown in Figure 4.16.

A sizeable proportion (10-40%) of units showed significant modulation during the
preparatory period, especially for Monkey R. In both subjects, the number of
simultaneously significantly modulated units for all condition pairs steadily increased
during the pre-movement period and early reach. For Monkey R, the number of
significantly modulated units peaked around early reach and plateaued through target
contact, then moderately decreased during the target hold period. For Monkey T, the
number of significantly modulated units peaked around the time of target contact and

decreased through the target hold period.
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Figure 4.15: Preferred conditions of individual units. Bars portray the percentage of

units which displayed the highest mean peri-movement FRs for each condition. A: Monkey

R. B: Monkey T.

Surprisingly, for both subjects, the number of units that were significantly modulated for
Object Reach vs. No-Object Reach (Figure 4.16 A and C black traces) was approximately
equal to or greater than the number of units significantly modulated for Power Grasp vs.
Pinch Grasp (Figure 4.16 A and C purple traces) at any single time point. To assess the
prevalence of sustained modulation, the number of neurons that were significantly modulated
for at least 500 ms was calculated (Figure 4.16 B and D). For both subjects, the majority
of units (94/124 or 75.8% for Monkey R, 34/57 or 59.7% for Monkey T) showed sustained
significant modulation for Object Reach vs. No-Object Reach, and a greater number of units
were significantly modulated for Object Reach vs. No-Object Reach than for Power Grasp
vs. Pinch Grasp. This was unexpected, given the much larger MF differences observed for
Power Grasp vs. Pinch Grasp compared to Object Reach vs. No-Object Reach (Figure 4.12).
In addition, the majority of units that showed sustained significant modulation for Object

Reach vs. No Object Reach also showed sustained significant modulation for Power Grasp

vs. Pinch Grasp, and vice-versa.
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Figure 4.16: Percentage of units with significantly modulated activity for each

pair of conditions in the Object Presence Experiment. A, B: Monkey R. C, D:

Monkey T. A, C: percentage of units with significant modulation for each pair of conditions

at each time point (p < 0.01, permutation test, 10000 shuffles). Purple: Power Grasp vs.

Pinch Grasp, Black: Object Reach vs. No-Object Reach, Dark Green: Power Grasp vs.

Object Reach, Light Green: Pinch Grasp vs. Object Reach, Dark Brown: Power Grasp vs.

No-Object Reach, Light Brown: Pinch Grasp vs. No-Object Reach. B, D: number of units

with > 500 ms of significantly modulated activity for Power Grasp vs. Pinch Grasp (purple)
and Object Reach vs. No-Object Reach (black).
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To examine the patterns and magnitudes of FR variability of the neural population as a
whole, varimax PCA was performed on the FRs. Similarly to the varimax PCA performed
for the MFs in Section 4.2, the condition-independent timecourse was subtracted from each
unit’s FR (FRs were centered across time), and FRs were trial-averaged by calculating the
mean FR for all trials in each condition at each time point. The trial-averaged centered FRs
were then normalized and the top components explaining at least 99% of neural variance
due to conditions were extracted. This resulted in 25 components for Monkey R and 26
components for Monkey T. Varimax rotation was then performed on the PCs to generate
the FR VPCs. The scores of the top 16 FR VPCs are plotted in Figure 4.17 for Monkey R
and Figure 4.18 for Monkey T, with the scores for each condition plotted separately.

Many of the FR VPCs reflected separation between grasp trials (Power Grasp and Pinch
Grasp) and reach trials (Object Reach and No-Object Reach) in general (FR VPCs 1, 2, 8,
11 and 15, Monkey R; FR VPCs 1, 5, 9 and 15, Monkey T). Notably, a large separation
between Object Reach and No-Object Reach conditions could be observed throughout many
of the FR VPCs (Figures 4.17 and 4.18 black and gray traces), whereas such separation was
rare and small in the MF VPCs (Figures 4.10 and 4.11). Additionally, separation between
conditions was more prevalent during the pre-movement and early portion of the reaches in
FR VPCs compared to MF VPCs, suggesting the presence of preparatory neural activity.
Several FR VPCs differed between No-Object Reach trials and all other trials, suggesting
the possibility of an object presence related signal (FR VPCs 10 and 12, Monkey R; FR
VPCs 8, 10 and 12, Monkey T). Finally, the variations in the FR VPCs were temporally

complex.
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The FR VPCs suggest that neural population activity was markedly different in the
different task conditions. To visualize the magnitude of inter-condition modulation in the
population FRs, the Euclidean distances between each pair of conditions were calculated in
neural state space. The distances were first calculated in full FR space, treating the FR of
each unit as a separate dimension. The result, the population modulation A, was calculated

by combining the individual unit modulations, ¢ according to Equations 4.3 and 4.4.

,]nt |.fznt jnt| (43)

,]t Z 1,5,m,t (44)

where &; ., is the modulation of unit n for conditions ¢ and j at time ¢, f,;, is the mean
FR for unit n at time ¢ over all trials in condition ¢, fmm is the mean FR for unit n at time
t over all trials in condition j, A;,;; is the population modulation for conditions ¢ and j at
time ¢, and Ny is the number of units. The population modulation was scaled by a factor
of (1/4/Ny) to facilitate comparison between subjects. The resulting A values are plotted
in Figure 4.19.

For both subjects, for all condition pairs, A,;;, steadily increased during the
pre-movement period and throughout the reach, peaking just before target contact, and
decreasing thereafter. Power Grasp vs. Pinch Grasp separation (Figure 4.19, purple trace)
was not apparent until 200-300 ms after the cue onset, since these conditions were
presented in interleaved fashion. By contrast, the other conditions, which were presented in
separate blocks, showed some neural separation already at the start of the trials.

For both subjects, AobjectReach,No—ObjectReach,t Was very similar in magnitude to
ApowerGrasp,PinchGrasp ¢, Often greater in the case of Monkey T, except for the period around
object contact. This contrasted markedly with the pattern observed in the MF PCs, where
Dyrpc for Object Reach vs. No-Object Reach was much less than Dyppc for Power Grasp
vs. Pinch Grasp (Figure 4.12). The size of neural modulation between Object Reach and
No-Object Reach trials was surprising, and suggests that neural activity in M1 may relate

not only to behavior but also to the contextual factor of object presence.
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For more direct comparison with the inter-condition distances in MF PC space Dyrpc,

the inter-condition distances were also calculated in FR PC space, according to equation 4.5:

NrrPC
1

DFRPC,i,j,t = \/Nj Z (gi,p,t - gj,p,t)z
FRPC

p=1

(4.5)

where Dprpc,; ;¢ is the Euclidean distance in FR PC space between conditions ¢ and j at time
point ¢, Ngrpc is the number of FR PCs, 5; ,; is the score of FR PC p for condition 7 at time
point ¢ and 5, ,, ; is the score of FR PC p for condition j at time point t. Values were scaled by
1/v/Nrrpc to facilitate comparison across subjects. The average FR PC distances EFRPCM
were also calculated by averaging Drrpc,i ;¢ across time in the peri-movement period. The
FR PC distances are shown in Figure 4.20.

For all condition pairs, mean inter-condition FR PC distances Dprpc were significantly
greater than estimated within-condition Dpgpc variability (Figure 4.20 gray lines).

Comparing the inter-condition distances in FR PC space (Figure 4.20) to the inter-
condition distances in MF PC space (Figure 4.12) reveals key differences. First, in both
FR PC space and MF PC space, inter-condition distances peaked around the time of object
contact. However, this peak was much less pronounced for the distances in FR PC space,
owing to an earlier, more steady rise in distances and less pronounced drop after target
contact. Second, the Object Reach vs. No-Object Reach distances were relatively larger in
FR PC space compared to those in MF PC space. In MF PC space, the Object Reach
vs. No Object Reach distances were consistently lower than the Power Grasp vs. Pinch
Grasp distances, whereas in FR PC space, the Object Reach vs. No Object Reach distances
were comparable to the Power Grasp vs. Pinch Grasp distances, or greater in the case of
Monkey T (Figures 4.12 and 4.20 black and purple traces). On average, FR PC distances
for Power Grasp vs. Pinch Grasp were 1.03 and 0.84 times as large as Object Reach vs.
No-Object Reach distances for Monkey R and Monkey T (compared to 2.18 and 1.49 for MF
PC distances).

In summary, despite the relative similarity of Object Reach and No-Object Reach
conditions in behavior (Figure 4.12 black traces), the majority of units in both subjects

displayed significant modulation in FRs between the Object Reach and No-Object Reach
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Object Reach, Dark Brown: Power Grasp vs. No-Object Reach, Light Brown: Pinch Grasp
vs. No-Object Reach. Gray: mean and upper 95% one-sided confidence interval of within-
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B and D) are bootstrap intervals, trials resampled 10000 times.
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conditions for sustained periods (Figure 4.16 black traces and black circles), and the
magnitude of FR modulation for this condition pair across the population was large
(Figures 4.19 and 4.20, black traces). A useful point of comparison is the neural difference
observed between Power Grasp and Pinch Grasp conditions, which elicited relatively
dissimilar behaviors while holding the object context constant. Thus, the Power Grasp vs.
Pinch Grasp contrast serves as a benchmark of the neural activity difference that can be
expected for largely different behaviors. The number of significantly modulated units and
magnitude of population modulation were remarkably as large or larger for the Object
Reach vs. No-Object Reach condition pair as for the Power Grasp vs. Pinch Grasp
condition pair, despite the similarity of behaviors for Object Reach and No-Object Reach
conditions.

The findings in this section suggest the possibility of a contextual signal in M1 related
to the presence or absence of the object, which acts to separate the neural representations
of the Object Reach and No-Object Reach actions more than would be expected from the
differences in MFs associated with the two conditions. The next section will explore the
relation between neural activity and MFs, with a focus on the finding that a model assuming
linear, fixed tuning of FRs to MF's fails to account for the large neural modulation observed

between the Object Reach and No-Object Reach conditions.

4.4 Evidence for Contextual Object Presence Encoding

Historically, M1 neural activity has been thought to be directly related to movement,
given the direct axonal projections from M1 to motoneuron pools in the spinal cord [55, 56]
and the readiness with which movement can be evoked from electrical stimulation in M1
[34-36] (see Section 2.2). However, many studies have found evidence for contextual changes
in M1 neural activity, where different neural activity was observed in M1 in different contexts,
even when the movements made in each context were similar (see Section 2.7).

As noted in Sections 4.2 and 4.3, both MFs and FRs were significantly different for Object

Reach trials and No-Object Reach trials. However, the differences in FRs were relatively
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large compared to the differences in MF's; relative to the Power Grasp vs. Pinch Grasp
distances, the average Object Reach vs. No-Object Reach FR PC distances were 2.12 and
1.77 times as large as the corresponding MF PC distances for Monkey R and Monkey T
respectively.

This disparity in distances can be visualized using multi-dimensional scaling (MDS),
which takes as input a multi-dimensional dissimilarity matrix and plots classes in a 2D plane
in a way that attempts to accurately capture the relative distances between classes. MDS
was performed separately on the Dyppc values of Figure 4.12 and the Dpgrpc values of Figure
4.20 to generate the plots shown in Figure 4.21.

The relatively large differences between Object Reach and No-Object Reach neural
activity compared to the relatively smaller differences between Object Reach and
No-Object Reach MFs (Figure 4.21 black and gray markers) suggest that the neural
differences not only correspond to encoding of MF differences, but may also include explicit
encoding of the contextual factor of whether or not the object was present.

In this section, evidence is put forth for the existence in M1 of context encoding related
to the presence or absence of an object. For the purpose of these analyses, contextual
object presence encoding is defined as neural modulation due to the factor of whether or
not the object was present, which exceeds the neural modulation that can be explained by
linear neural tuning to MFs. Thus, for the Object Presence Experiment, the key condition
comparison is between the Object Reach condition and the No-Object Reach condition, as
similar movements were made in different contexts (the object was present or absent), but
large differences in neural activity were observed. The evidence for object presence encoding
is presented first from an encoding perspective (Section 4.4.1), in which individual unit FRs
are related to linear combinations of MFs, and then from a decoding perspective (Section

4.4.2), in which MF's are related to linear combinations of FRs.
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Figure 4.21: MDS of MF PC and FR PC inter-condition distances in the Object
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4.4.1 Encoding Perspective

Given the hypothesis that M1 neural activity is simply and directly related to movements
and muscle activity, a common way to model M1 FRs is with a fixed linear tuning model as

that shown in Equation 4.6:

Ny
St = Bon + Z Bren M 47 + €n (4.6)

k=1

where f,; is the FR of unit n at time ¢, 3y, is a constant intercept term, Ny is the number
of movement features, 3y, is a constant weight term, my 4, is MF k at time ¢ + 7 where 7
is a fixed lag, and €, is an error term.

To evaluate the degree to which such a model applies to the current data, for each neuron,
weights By and (5 and noise for each unit were estimated via linear regression, which assumes
a Gaussian error distribution, €, ~ A (0, 62). The terms m,, were replaced by MF PC scores
s calculated by performing PCA on the MFs, and Ny was replaced by Nyppc. Unlike in
Section 4.2, full normalized MF data were used as inputs to the PCA, without subtracting the
condition-independent timecourse or trial-averaging the data. The scores of the top MF PCs
that explained 99% of the variance in MFs were used (Nyppc = 31 PCs for Monkey R and
Nyrpc = 24 PCs for Monkey T). The lag term 7 was set to 40 ms (neural activity preceding
movements), which was found to be an acceptable value in other studies [63, 87,104, 163].
Results were qualitatively similar for other reasonable values of 7.

This resulted in the model of Equation 4.7, which was then used for regression:

Nuvrpo

fn,t = 60,71 + Z (ﬁp,nsp,t+40ms) + €, (47)

p=1

where s, 4, is the score of MF PC p at time t + 40ms.

The regression was performed on data from the peri-movement period, with ¢ ranging
from 100 ms before reach onset to 400 ms after target contact. The resulting R? values from
the regression analysis are reported in Figure 4.22.

The mean regression R? was 0.35 for Monkey R and 0.21 for Monkey T when considering
all datapoints (Figure 4.22 A and C). This measure was dominated by trial-to-trial variability,
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Figure 4.22: Regression R? distributions for the linear tuning of unit FRs to MF
PCs in the Object Presence Experiment. A, B: Monkey R. C, D: Monkey T. A, C
Regression R? values obtained from the full neural data (including trial-to-trial variability).
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as the trial-averaged R? values, R2, (Figure 4.22 B and D), which were calculated from the
squared correlation of trial-averaged FRs and predicted FRs, were much higher on average.

Trial-averaged predicted FRs were calculated via Equation 4.8:

_ Nuvrpo

fi,n,t = BO,n + Z Bp7n§i7p7t+40ms (48)

p=1
where ?mt is the mean predicted FR of unit n for condition i at time ¢, § are the regression
weights, Nyppc is the number of MF PC scores, and §; ;1 is the mean score of MF PC p
for condition ¢ at time t 4+ 40ms. The noise term, €, was excluded for prediction.

The mean trial-averaged R?, R2, was 0.86 for Monkey R and 0.82 for Monkey T. Thus
linear tuning to MF PC scores generally explained a large percentage of FR variance when
averaged over conditions, ignoring trial-to-trial variability.

Relatively large neural population modulation was observed in both subjects when
comparing FRs for Object Reach trials and No-Object Reach trials (Figure 4.19 black
traces and bars) despite the relative similarity of these conditions in MFs. We hypothesize
that along with MF encoding, M1 units additionally explicitly encode the context of
whether or not the object is present, in that the FR modulations observed between the
Object Reach and No-Object Reach conditions are greater than can be accounted for by a
linear MF tuning model alone. Such “extralinear modulation” would manifest as
systematic structure in the residuals of the FR predictions from linear models of the form
described above, in that the predicted FRs would consistently underestimate the actual
separation observed between FRs for Object Reach and No-Object Reach trials.

To test the hypothesis of object presence encoding in M1 units, the extralinear
modulation (modulation beyond that which can be accounted for by linear movement
tuning), £, was calculated for each condition pair for each unit. The extralinear modulation
was defined as the modulation in FRs 0 minus the modulation in predicted FRs )
generated from the linear FR to MF tuning model (Equation 4.8), according to Equations
4.9-4.11. Note that Equation 4.9 is the same as Equation 4.3.
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,]nt |.fznt jTLt| (49)
J"t |fznt jnt‘ (410)

gi,j,n,t - 5i,j,n.t - Si,j,n,t (411)

where 0;;,, is the FR modulation for unit n for conditions i and j at time ¢, f;,, is the

mean FR of unit n for condition 7 at time ¢, f

jn 18 the mean FR of unit n for condition j at

time ¢, d; ;4 is the predicted FR modulation for unit n for conditions i and j at time ¢, ?mt
is the mean predicted FR due to linear tuning to MF PC scores of unit n for condition i at
time ¢, ?jm,t is the mean predicted FR due to linear tuning to MF PC scores of unit n for
condition j at time ¢, as calculated in Equation 4.8, and & j ; is the extralinear modulation
for unit n for conditions ¢ and j at time t. The resulting values were adjusted for bias using
bootstrap bias correction (see Section A.6.6). The average extralinear modulation & for each
condition pair was also calculated by averaging each £ across time in the peri-movement
period.

Figure 4.23 portrays a graphical representation of the calculation of £ as described in
Equations 4.9-4.11 for Unit R 23.1 (the same unit as in Figure 4.13 C). Unit R 23.1 had a
regression R? of 0.58 and R%, of 0.93.

Following Equation 4.11, the extralinear modulation ¢ was calculated for each pair of
conditions for each unit. To achieve a single measure of ¢ for each condition pair for each
unit, E”n was calculated by averaging each §; ;,; in time. The results of these calculations
for Unit R 23.1 are shown in Figure 4.24.

As shown in Figure 4.24 B, Unit R 23.1 had relatively high values of extralinear
modulation in three condition pairs: €0ObjectReach.No—ObjectReach  (Dlack — bar),
gPowerGrasp,No—ObjectReach (dark brown bar) and EPinchGrasp,No—ObjectReach (light brown bar). In
other words, Unit 23.1 displayed a difference in FRs between the No-Object Reach

condition and the conditions in which an object was present that could not be fully

accounted for by linear tuning to MF PCs.
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Figure 4.23: Graphical representation of the calculation of ¢ for Unit R 23.1. The
plots represent the calculation of £ for Unit R 23.1 for the Object Reach (i)) and No-Object
Reach (j) conditions. The terms in the inset panel (top right) correspond to the plots. Top
left: trial-averaged normalized FRs, f for the Object Reach (black) and No-Object Reach
(gray) conditions. The Power Grasp and Pinch Grasp conditions were excluded from these
plots. Middle left: the absolute difference between the mean normalized FRs for the two
conditions. Bottom left: the modulation ¢ for the two conditions. Middle column: same as
the left column, but with f , the FRs predicted from linear tuning to MF PCs (Equation

4.8). Bottom right: the extralinear modulation {opjectReach,No—ObjectReach -
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To determine if the inter-condition values of & were due to the differences in task
conditions rather than natural trial-to-trial variability, the inter-condition & values were
compared to the within-condition & values. To do so, a distribution of within-condition &
values was calculated by comparing randomly selected halves of trials from the same
condition.  For Unit R 23.1, EopjectReach,No—ObjectReachs & PowerGrasp,No—ObjectReach:  and
gPinchGrasp,No—ObjcctReach were significantly greater than the within-condition & values (p <
0.01, Figure 4.24 black, dark brown and light brown bars). The other inter-condition &
values were not significantly greater than the within-condition € values. This implies that
Unit R 23.1 encoded the contextual factor of whether or not an object was present, as the
FR of Unit R 23.1 was modulated between conditions by an amount exceeding what could
be accounted for by linear tuning to MFs, and also exceeding what could be expected from
trial-to-trial variability. Thus, Unit R 23.1 was deemed “object presence encoding.”

The Power Grasp vs. Pinch Grasp comparison can be taken as the paradigmatic case of
conditions in which the object context was the same, but the movement was different. As
seen in Figure 4.24 A, EpowerGrasp, PinchGrasp (PUrple trace) could also exceed 0, especially
around the time of movement onset, when neural modulation was present but the MF PC
scores were still very similar. Thus, some amount of extralinear modulation may be related
to preparatory tuning to movements that occurred later in the trial. As some extralinear
modulation could be due only to movement difference, a second criteria was added: a unit
was considered “robustly object presence encoding” only if EObjoctReach,No_ObjoctReach was
both significantly greater than within-condition ¢ variability (see above) and significantly

greater than Epyyerasp, at the p < 0.05 level (Bootstrap one-sided 95% interval of

PinchGrasp

[§ObjectRoaCh,No—ObjectRoaCh - gPoworGrasp,PinchGrasp] > O) These criteria are denoted by the

significance markers in Figure 4.24 B. This threshold can be considered conservative, as the
behavioral differences observed between Power Grasp trials and Pinch Grasp trials were
relatively much larger than the behavioral differences observed between Object Reach and
No-Object Reach trials. Under these requirements, Unit 23.1 would thus be considered a

“robustly object presence encoding” unit.
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This analysis was conducted for each unit, and the number of object presence encoding
units (units with mean extralinear modulation &gy jectReach, No—ObjectReach Sighificantly greater

than poyerGrasp,PinchGrasp) Was calculated (Table 4.1).

Table 4.1: Number of object presence encoding units based on magnitude of
extralinear modulation. Unit n is considered significantly object presence encoding if
EObjectRoaChNo_ObjectRoaChm is significantly greater than within-condition & variability. Unit n is
considered robustly object presence encoding if EObjeCtReach7N0_0bjeCtReaChm is also significantly

greater than &pgyerrasp, PinchGrasp.n (P < 0.05, one-sided bootstrap interval).

Significant Robust
Subject Area Total Units | Count | Percent | Count | Percent
Monkey R M1 124 49 39.5% 36 29.0%
Monkey T | M1 Right o7 14 24.6% 9 15.8%

Object presence encoding was observed in individual units in both subjects, with 39.5%
of units in Monkey R and 28.1% of units in Monkey T right hemisphere significantly encoding
object presence.

To measure the strength of object presence encoding at the population level, population

extralinear modulation PP was calculated according to Equation 4.12:

1 Ny Ny
pop __ j : ~
i7j7t - /NU n:1(527.]7n7t)2 - n§:1(52,‘],n,t)2 (4.12)

pop
57/ 7j7t

thus corresponds to the separation of the mean normalized FRs for conditions ¢ and j
in Ny-dimensional neural state space which exceeds the separation of the mean predicted
normalized FRs for condition i and j in neural state space. This value was scaled by (1/v/Ny)
to facilitate inter-subject comparisons. The resulting values were adjusted for bias using

bootstrap bias correction (see Section A.6.6).
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The average population extralinear modulation & for each condition pair was also
calculated by averaging each &P°P over time in the peri-movement period. The population
extralinear modulation results are shown in Figure 4.25.

For both subjects, mean population extralinear modulation EgﬁeetRoaCh’No_ObjectRcaCh

exceeded both within-trial £ variability and EEZ{’VMGMW at the p < 0.05 level,

PinchGrasp
indicating that in both subjects, significant and robust object presence encoding was

present in M1 at the population level. For Monkey R, 51 ciReachNo—ObjectReach Was largest

during the latter part of the reach through target zone contact, whereas for Monkey T,
EObjectReach No—ObjectReach Was largest early in the reach period.

For both subjects, {pov . crasp Pinchcrasp Was relatively high at the beginning of the reach
period, decreasing throughout the reach but with a transient increase around object contact.
For Monkey R, EﬁiﬂerGrasp,Pithrasp also exceeded within-condition & variability. This was
likely due to the presence of both strong movement related activity and preparatory activity
in Monkey R.

As further confirmation of object presence encoding, in both subjects,

+Pop t th ~Pop d ~Pop
€PowerGrasp,No—ObjectReach was greater an gPowerGrasp,ObjectReach an 6PinchGrasp,No—ObjectReach

was greater than Eg?fchgrasppbjecmeach. This would be expected given a hypothesis of object
presence encoding, since Power Grasp vs. No-Object Reach includes the additional
contextual difference of the object being present vs. absent, as opposed to Power Grasp vs.
Object Reach, for which the object was always present (likewise for Pinch Grasp vs.
No-Object Reach and Pinch Grasp vs. Object Reach). This difference was significant at p
< 0.05 in all cases except Monkey R gllizsvorc;rasp,No—ObjectRoach > glli?)l\jvorGrasp,ObjoctReach’ where
p = 0.0546.

. —~pop ~Pop
Notably, for both subjects, §piycncrasp.ObjectReach Was greater than Epoe Grasp, and

PinchGrasp
for Monkey R, &pouerGrasp, ObjoctReach WaS greater than €pole 6 pinchGrasp This suggests that
whether or not any grasp is executed may be another contextual factor driving extralinear
modulation. However, the largest extralinear modulation effect in both subjects was the pure

. . —~pop . . . .
object presence encoding effect, §op;ectReach, No—ObjectReach> 1dicating the relative strength of

object presence encoding at the population level.
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Figure 4.25: Population extralinear modulation ¢*°? and & for each condition
pair in the Object Presence Experiment. A, B Monkey R. C, D Monkey T.
A, C &P°P the population extralinear modulation for each condition pair over time.
B, D: & PP averaged across time. Black star: Eff;p significantly greater than
within-condition EPOP variability.  Black and red star: EZEP additionally significantly
greater than Eiﬁfmr%npimh@msp (p < 0.05, one-sided bootstrap interval).  Purple:

pPop . pop . pop
€PowerGrasp,PinchGrasp’ Black: €ObjectReaCh,N0—ObjectReaCh7 Dark Green: gPowerGrasp,ObjectReaCh’

: . pop . pPop : .
nght Green: gPinchGrasp,ObjectReach ) Dark Brown: gPowerGrasp,No—ObjectReach ) nght Brown:
pop ‘ . . s
& PinchGrasp,No—ObjectReach- Ty mean and upper 95% one-sided confidence interval of within-
condition variability. 95% confidence intervals (shaded regions, A and C, error bars B and

D): bootstrap intervals, trials resampled 10000 times.
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These extralinear modulation analyses suggest that, along with MF encoding, the
contextual factor of whether or not the object was present was explicitly encoded in M1
neural activity. In the next section, a similar analysis is presented but from a decoding,

rather than encoding perspective.

4.4.2 Decoding Perspective

The extralinear modulation analyses approach the question of context encoding from an
“encoding” perspective, in that a linear MF PC score encoding model was built for each unit,
and the extralinear modulations of individual units were interrogated for evidence of object
presence encoding. The problem can also be approached from a “decoding” perspective.
Recently, Kaufmann et al (2014) described a “null space” analysis in which neural activity
was partitioned into two subspaces: a “potent space” from which muscle activity could be
decoded, and an orthogonal “null space” in which activity always yields decoded muscle
activity of zero [132]. In that study, the authors showed that preparatory activity in M1
occurred mostly in the null space, allowing for preparatory dynamics which would not result
in premature muscle activity. Here, a similar null space analysis is applied to assess whether
neural variation related to the context of object presence also occurs in the null space of neural
activity. Where Kaufmann et al regressed neural PC scores against muscle activity PC scores
to determine if preparatory activity occurred in the null space, here neural PC scores are
regressed against PC scores of all MF's including joint angles, joint angular velocities, hand
positions, hand velocities and muscle activity. This was done to achieve a more accurate
measure of the null space as the dimensions in which neural variability is unrelated to any
aspect of behavior.

For the null space analysis, PCA was first performed on both the trial-averaged peri-
movement Z-scored FRs and MFs (mFRs and mMFs). The top mMR PCs accounting for
99% of the MF variance were extracted resulting in N,,vrpc = 15 for Monkey R and Nvrpc
= 13 for Monkey T. The top 2 * Nymrpc mFR PCs were used to reduce the mFRs, resulting
in Nyprrpe = 30 PCs for Monkey R and Nyrprpc = 26 PCs for Monkey T. The number of
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mFR PCs was selected to be twice that of the mMF PCs so that the potent and null spaces
would have equal dimensionality, facilitating comparisons of the two spaces (see below). The

decoding framework is expressed in Equation 4.13:

M = FB (4.13)

where M is an [(Nsamples * Nconditions) X Nmmrpc] matrix of mMFE PC scores, F is an
[(NVsamples * Nconditions) X Nmrrpc] matrix of mFR PC scores, and B is an [Nyrrpc X
Nmmrpc| matrix of constant weights. The number of time points in the peri-movement
period, Ngamples Was 48 for Monkey R and 45 for Monkey T (see Section A.4.5). The
number of conditions, Ncenditions Was 4 for the Object Presence Experiment.

The weight matrix B was estimated via linear regression, resulting in B. This matrix was
then decomposed with Singular Value Decomposition to produce Epotent and Bnulb which are
matrices with dimension [N,,rrpc X Npmyrpc]. The components of neural activity residing
in the potent and null spaces, ]?‘potom and Fnull can then calculated according to Equations
4.14 and 4.15:

A

Fpotent = FBpotent (4 14)

Fnull = FBnull (415)

The resulting Fpotent and F, are both [(NVsamples * Nconditions) X Nmmrpc] matrices of neural
activity, partitioned into orthogonal subspaces. Fpotent describes the neural activity that can
be linearly projected through B to decode mMF PC scores, while Fu describes the activity
for which projection through B results in a zero matrix (see Section A.6.4 for more details).

Kaufman et al showed that M1 neural variance occurred mostly in the null space during
the preparatory period, suggesting a role of this null space activity in setting the initial state
of a dynamical system [132]. Here, we propose that the null space activity — the population

activity unrelated to MFs — encodes information related to the context of whether or not
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an object was present. To approach this question, the variance due to each condition pair
Vi ;+ was calculated at each time point for the full mFR PC space, the potent space, and the
null space, according to Equations 4.16, 4.17 and 4.18:

1 NmrrpC
u 2
nylg 1 Z (Foix — Fyjt) (4.16)
=1
potont _ } i potent potont)2 (4 17)
Jt 4 y,z,t y]t .
y=1
1 Nnull
Vi =2 D0 (- E) (4.18)
z=1

Fpotent

where F ;; is the value of the mFR PC score x corresponding to condition ¢ at time ¢, F7

is the value of ]?‘potont in potent dimension y corresponding to condition ¢ at time ¢ and F;‘Z‘ltl
is the value of Fnull in null dimension z corresponding to condition ¢ at time ¢.

The total variance across time, V; ; for each condition pair was also calculated in each
subspace by averaging each V; ;; across all time points in the peri-movement period. Both V'
and V were adjusted for bias using bootstrap bias correction, trials resampled 10000 times
(see Section A.6.6).

The neural variances due to each condition pair in the full mFR PC space, potent space
and null space are plotted in Figure 4.26 for Monkey R and Figure 4.27 for Monkey T.

The neural variance in the null space due to condition ¢ and condition j is equivalent to i
times the squared Euclidean distance between the neural activity for condition ¢ and j in the
null space (Equation 4.18). Thus, V3 is a similar measure to &7 (Equation 4.12) as each
characterizes the separation in neural space between conditions ¢ and j that is not accounted

for by a linear relationship between neural activity and MF PC scores. The difference is that

Vln]uil is a population level measure starting from a decoding perspective and is calculated

pop

from dimensionally-reduced trial-averaged FRs and MFs, while &

is a population measure
constructed from combining individual units FRs individually fit with encoding models using
data from all trials.

Concordantly, the results for V™ and vl (Figures 4.26 and 4.27, right-hand plots)

were qualitatively similar to the results for &P and € (Figure 4.25). As with &, for
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Figure 4.26: Variances due to each condition pair in the full mFR PC space,
potent space and null space for Monkey R. A, B left column: variances in full mFR
PC space; middle column: variances in the potent space; right column: variances in the
null space. A: V, the variances for each condition pair over time. B: V; V averaged across
time. Black star: V?EH significantly greater than within-condition vl variability. Black

—mnull —null

and red star: V,; additionally significantly greater than Vp, . crasp Pinehcrasp (P < 0.05,
one-sided bootstrap interval). Purple: VpowerGrasp,PinchGrasps Black: VopjectReach,No—ObjectReach »
Dark Green: VPowerGrasp,ObjectReaCha nght Green: VPinChGrasp,ObjectReaCha Dark Brown:
VPowchrasp,No—ObjcctRcach7 nght Brown: VPinchGrasp,No—ObjcctRcaCh- Gl"ayi mean and upper
95% one-sided confidence interval of within-condition variability. 95% confidence intervals

(shaded regions, A and C, error bars B and D) are bootstrap intervals, trials resampled

10000 times.
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Figure 4.27: Variances due to each condition pair in the full mFR PC space, potent

space and null space for Monkey T. Same as Figure 4.26, but for Monkey T.

115



both subjects, VgﬁoctReach’No_ObjoctReach was significantly greater than within-condition
V™ variation and significantly greater than V;ilvlvergraspﬂmhgrasp at the p < 0.05 level
(one-sided bootstrap interval, trials resampled 10000 times). As further confirmation of an

. . . —null
object presence encoding effect, for both subjects, VpiierGrasp.No—ObjectReach Was greater

—null —null
than VPowerGrasp,ObjectReach and VPinchGraSp,No—ObjectReach was greater than

—null

V binchGrasp,ObjectReach ab the p < 0.05 level. Taken together, these results further imply that
M1 encoded object presence at the population level in both subjects. That is, both
subjects displayed significantly large neural separation between conditions where the object
was present and conditions where the object was absent which could not be accounted for
by a linear relationship between neural activity and MF's.

Due to the orthogonality of the potent and null spaces, the full variance in mFR PC

space is equal to the sum of the variances in the potent and null spaces (Equation 4.19):

Vfull — VpOtCnt + Vnull (419)

Thus, the proportion of full variance which occurred in the null space ; ;; can calculated
for each condition pair at each time point according to Equation 4.20:
null
it = T (4.20)
igot
The numerator is the variance due to condition pair ¢, j at time ¢ in the null space, and the
denominator is the variance due to condition pair 4, j at time ¢ in the full mFR PC space.

In addition, the proportion of total variance which occurred in the null space II, ; for

each condition pair was calculated according to Equation 4.21:

—null
. i?jvt

IL; = = (4.21)
Z"j7t

The numerator is the total variance due to condition pair ¢, in the null space, and the
denominator is the total variance due to condition pair 7, j in the full mFR PC space.
The proportion of variance in the null space over time 7 and the proportion of total

variance in the null space II are plotted in Figure 4.28.
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Figure 4.28: Proportion of total variance for each condition pair which occurred
in the null space 7 and II. A, B Monkey R. B, C: Monkey T. A: 7, the proportion of
variance in the null space for each condition pair over time. B: II; The proportion of total
variance across time in the null space for each condition pair. Red star: 1I, ; significantly
greater than IlpowerGrasp,PinchGrasp (P < 0.05, one-sided bootstrap interval).  Purple:
TPowerGrasp,PinchGrasp Black: ObjectReach,No—ObjectReach » Dark Green: PowerGrasp,ObjectReach s
Light Green: pinchGrasp,ObjectReach; Dark Brown: mpowerGrasp No—ObjectReach; Light Brown:
TPinchGrasp,No—ObjectReach- GTay: mean and upper 95% one-sided confidence interval of within-
condition variability. 95% confidence intervals (shaded regions, A and C, error bars B and

D) are bootstrap intervals, trials resampled 10000 times.
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Before reach onset, variance for all conditions occurred mostly in the null space, and
some null space variance persisted throughout the trials, confirming the findings of Kaufman
et al [132]. Notably, for both subjects, the majority of the neural variance due to the Object
Reach vs. No-Object Reach condition pair occurred in the null space (black bars, Figure 4.28
B and D), whereas the majority of neural variance due to the Power Grasp vs. Pinch Grasp
condition pair occurred in the potent space (purple bars, Figure 4.28 B and D).

Taken together, the results of the extralinear modulation analyses and the null space
analyses suggest that both subjects encoded object presence in M1. That is, for both
subjects, the contextual factor of object presence or absence evoked significantly large
neural modulations which could not be accounted for by a linear relationship between
neural activity and MFs. The extralinear modulation analysis revealed object presence
encoding in many individual units and at the population level starting from an individual
unit MF encoding model framework. The null space analysis revealed object presence
encoding at the population level starting from a population MF decoding framework. The
following section will explore the properties of the object presence encoding signal in M1 as

it relates to MF encoding.

4.5 Interaction of Object Presence and MF Encoding

In Section 4.4, object presence encoding in M1 individual units and populations was
discussed in terms of the instantaneous and time-averaged differences in FRs that exceeded
linear tuning to MFs. In this section, the relation between FRs and MFs is explored in
more detail. Specifically, we ask if and how object presence encoding interacted with the
concurrent MF encoding.

The baseline hypothesis, “MF Only encoding,” is that units do not alter their FRs
significantly based on the contextual factor of whether or not an object is present, and are

only directly related to MFs.
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An alternative hypothesis, “Direct object presence encoding,” is that object presence
is encoded simply and directly in unit FRs. In this case, a unit would have a “preferred”
context (object present or object absent), and would simply increase its firing rate during
one context compared to the other. This would occur independently from MF encoding.

Another alternative hypothesis, “Interactive object presence encoding,” posits that
object presence is encoded in a manner that interacts with MF encoding. In this case, a
unit’s relation to MFs would change based on the current context (object present or object
absent).

To test which of these hypotheses most accurately reflected the M1 unit activity observed
in the Object Presence Experiment, linear models of several different forms were built and
tested. The predictors used to fit the equations were the scores of the top MF PCs explaining
99% of the variance in MFs (Nyppc = 31 for Monkey R and Nyppc = 24 for Monkey T).
The “MF Only” model takes the form of Equation 4.22 (note that Equation 4.22 is the same

as Equation 4.7 from Section 4.4):

Nwmrpc
Fot=Bon+ Y (BomSpaee) + n (4.22)
p=1
where f,; is the normalized FR of unit n at time ¢, 3 are constant weights, s, ., is MF PC
score s at time t + 7, and ¢, is a Gaussian noise term, ¢, ~ N(0,0?). As in Section 4.4,
7 was set to 40 ms. This model assumes a fixed linear tuning to movements which ignores
context.

The “Direct” model takes the form of Equation 4.23:

Nmrpc

fn,t = ﬁO,n + Z ﬁp,nsp,t—i-r + ﬁccmc + €, (423)

p=1

¢ = 1 when the object is present

¢ = 0 when the object is absent

The Direct model contains the additional indicator variable ¢ which has a value of 1 for all
trials in which the object was present, and 0 for all trials in which the object was absent
(the No-Object Reach condition). This models unit n as having a direct, constant change

in FR depending on the context, in addition to MF PC score tuning.
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The “Interactive” model takes the form of Equation 4.24:

Numrpc Nmrpc
for =Bon+ Y BomSpase) + Bonc+ D (BonCSpisr) +én (4.24)
p=1 p=1

¢ = 1 when the object is present

¢ = 0 when the object is absent

The second summation term is the interaction of the indicator variable ¢ and the MF PC
scores s. When the object is present, ¢ “activates” the ¢ terms, allowing unit n to have
completely different linear relations to MF PCs when the object is present or absent.

In order to evaluate these models, each was fit separately with linear regression, using
the full dataset of FRs f and MF PC scores s. The trial-averaged R? values, R%, were then
calculated for each model and each unit (see Section A.6.3 for details). R%, was used instead
of full R? in order to focus on the ability of the models to fit task-relevant activity, rather
than trial-to-trial variability. Table 4.2 displays the mean and median R%, values for each

model and the R%, values for all units are plotted in Figure 4.29.

Table 4.2: Mean and median R2, for the MF Only, Direct and Interactive models,

Object Presence Experiment

Subject | Measure | MF Only | Direct | Interactive
Mean 0.86 0.87 0.91
Monkey R
Median 0.88 0.89 0.92
Mean 0.82 0.84 0.88
Monkey T
Median 0.85 0.88 0.92

For both subjects, minor improvements in R%, were obtained when moving from the MF
Only model to the Direct model, but relatively larger improvements were obtained when

moving to the Interactive model.
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Figure 4.29: R%, and R%, increases for the MF Only, Direct, and Interactive
models, Object Presence Experiment. A, B: Monkey R. C, D: Monkey T. A, C: R2,
values for each unit for each model. Gray circles: individual unit R%, values. B, D: R%,
increases for the Direct and Interactive models vs. the MF Only model. Orange circles:

individual unit R3, increases. Boxplots denote the median and interquartile range.
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Due to the fact that R3, is bounded at 1, and also always increases when adding more
model parameters, it alone does not make a sufficient measure for model selection. As a
more informative measure, the Bayesian Information Criterion (BIC) was calculated for
each model and each unit (see Section A.6.3). Model selection proceeded by choosing the
model with the lowest BIC. The BIC was chosen over other similar measures such as the
Akaike Information Criterion or likelihood ratio, as the BIC penalizes the number of
parameters more heavily and is thus more conservative. The number of units that had

minimum BIC for each of the models is reported in Table 4.3 and shown in Figure 4.30.

Table 4.3: The proportion of units which were best fit by the MF Only, Direct and
Interactive models according to BIC, Object Presence Experiment. The model for

which BIC was minimal was selected as the best model for each unit.

MF Only Direct Interactive

Subject | Total Units | Count | Percent | Count | Percent | Count | Percent
Monkey R 124 7 5.6% 10 8.1% 107 86.3%
Monkey T 57 11 19.3% 11 19.3% 35 61.4%

To ensure that model selection results reflected actual encoding of object context and
were not simply a result of arbitrarily dividing the data into subsets, baseline frequencies
of model selection were calculated by fitting the MF Only, Direct and Interactive models
on datasets in which the object context labels for whole trials were randomly shuffled. The
BICs of these shuffled-label models were compared to estimate the chance level of selecting
each type of model. This procedure was repeated 100 times for each subject to generate the
average baseline chance frequencies of selecting each model (Figure 4.30 orange lines). For
both subjects, MF Only models were selected much less frequently than chance levels and
Interactive models were selected at rates much higher than chance. Models which featured

Direct or Indirect encoding of grip affordance factors were selected for 94.4 and 80.7% of
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units for Monkey R and Monkey T respectively (chance levels: 27.4 and 20.2%). Models
which featured Interactive grip affordance encoding were selected for 86.3 and 61.4% of units
for Monkey R and Monkey T respectively (chance levels: 4.0 and 0.2%).

These results suggest that the analysis in Section 4.4 was conservative, as the extralinear
modulation analysis identified a much lower number of units which exhibited object presence
encoding (Table 4.1). These model fitting analyses suggest that object presence encoding
may have been present in many more individual units, but at levels too low to be detected
by the extralinear modulation analysis.

Table 4.3 and Figure 4.30 reveal that the majority of M1 units were fit best by models
with Interactive object presence encoding. This suggests that these units’ relations to MF's
changed when the object was present or absent. To measure the magnitude of this change, the
angular distance between the tuning coefficient vectors in the two contexts, ©, was calculated
for those units which preferred Interactive object presence encoding models according to

Equation 4.25.

B (B +5,) ) (4.25)

18,1l < 1B + Bl

where 3,, is the vector of estimated MF tuning coefficients 3,, and ég is the vector of

© = arccos (

estimated MF tuning coefficients 37, for p = (1,..., Nyrpc), as in Equation 4.24, - denotes
the dot product operation and ||| denotes the vector norm operation. This resulted in an
average tuning coefficient angular distance of 42.0 and 40.9 degrees in Monkey R and Monkey
T respectively.

If a unit’s MF tuning coefficients when the object was present were identical to those
when the object was absent, ©® would be close to zero degrees. If tuning coefficients
randomly changed between object presence and absence, © would be close to 90 degrees.
Completely opposite tuning coefficients would result in © near 180 degrees. The
intermediate values of 42.0 and 40.9 degrees suggest that for units that displayed
Interactive object presence encoding, MF tuning coefficients with the object present were
related to but markedly different from the MF tuning coefficients observed when the object

was absent.
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In the analyses above, trials in which the object was grasped were included in the set
of trials deemed “object present”. Thus, the predominantly interactive nature of object
presence encoding may have been partially due to the additional contextual factor of whether
or not the object was grasped. To further isolate the object presence effect, the regressions
were recalculated using only data from Object Reach and No-Object Reach trials. The
models were again compared using BIC to generate the model selection results shown in
Figure 4.31.

As above, chance levels of model selection frequency were estimated by shuffling object
context labels 100 times. Again, MF Only models were selected much less often than would
be expected by chance, and Interactive models were selected much more often than chance
levels. With grasp trials excluded, models which featured Direct or Indirect encoding of
grip affordance factors were selected for 89.5 and 68.4% of units for Monkey R and Monkey
T respectively (chance levels: 25.0 and 19.2%). Models which featured Interactive grip
affordance encoding were selected for 79.0 and 38.6% of units for Monkey R and Monkey T
respectively (chance levels: 1.5 and 0.1%).

When excluding grasp trials, the number of units that encoded object presence in a
manner interactive with MF encoding decreased somewhat in Monkey T. However,
Interactive object presence encoding remained the single most prevalent type of object
presence encoding.

To measure the magnitude of Interactive object presence encoding effects, the tuning
coefficient angular differences © were again calculated according to Equation 4.25, excluding
all grasp trials. This resulted in an average angular distance of 33.4 and 37.2 degrees for
Monkey R and Monkey T respectively. This again suggests that unit MF tuning coefficients
were related, but somewhat different when the object was present or absent.

These results suggest that object presence encoding was common in single units in M1
and that object presence encoding most often interacts with MF encoding at the level of
individual units in a complex manner, as opposed to being directly encoded in FRs or not
encoded at all. Such complex context encoding should be detrimental for linear MF decoders
that assume a fixed linear relationship between neural activity and MF's across contexts. This

issue is directly addressed in Section 4.6.
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the best model for each unit. Models were fit only on Object Reach and No-Object Reach
trials, excluding grasp trials. A: Monkey R. B: Monkey T. Orange lines: chance levels of

selecting each model, generated by shuffling object context labels 100 times.
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4.6 Impact of Object Presence on MF Decoding

Though upper limb BClI-controlled motor neuroprostheses have made great progress in
recent years (see Section 2.2.1), reliable cortical control of robotic hands for object interaction
has yet to be achieved. One possible reason for this difficulty is that most current neural
decoders assume a fixed, linear relationship between M1 activity and the MF's to be decoded.
As demonstrated in Section 4.5, the contextual factor of the presence or absence of an object
may be interactive with MF encoding, resulting in changes in the relationship between neural
activity and MF's that would be difficult for a fixed linear decoder to account for.

A recent study facing such problems was conducted by Wodlinger et al [119]. In this
study, a neuroprosthetic decoder trained on free movements performed poorly when the
subject attempted to interact with real physical objects. In this section, a similar decoding
framework is constructed in order to confirm this contextual effect in a healthy primate
model.

The decoder model was constructed to approximate the approach used by Wodlinger et
al 2014 [119] and Clanton 2011 [437]. Thus, a linear model was used to decode each MF
individually from the FRs of a population of units according to Equation 4.26:

Ymi = Wi Xy (4.26)

where ¥, ; is the value of normalized MF m at time ¢ (normalized over the full data set), W,,
is a vector of weights, and X, is a vector of FRs. The FRs X; were calculated as in previous
studies [119,437] by binning spike counts in 30 ms bins and combining the last 15 bins
ocurring before time ¢ using an exponential filter with decay constant 0.95. The decoders
were trained and tested on data from the peri-movement period only (100 ms before reach
onset to 400 ms after target contact).

Decoder weights W,, were fit using ridge regression, with the penalty parameter A
estimated via 10-fold cross-validation on the full, cross-context data set (see Section A.6.3
for details). The performance of this global decoder in RMSE for each of the normalized
MF's is shown in Figure 4.32.
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The most accurate decodes were observed for hand positions and shoulder joint angles,
then hand velocities and wrist joint angles, then finger joint angles and EMG, with the least
accurate decodes observed for wrist joint angular velocities and finger joint angular velocities.
In general, joint angles and hand positions were decoded more accurately than joint angular
velocities and hand velocities. For Monkey R, the elbow flexion angle and angular velocity
was decoded especially poorly, likely due to the fact that this joint showed very low range
of motion throughout the task (Figure 4.3). Monkey R generally had lower RMSEs, likely
due to the greater number of units recorded from Monkey R and their stronger tuning to
movements. (Figure 4.22)

In order to test the impact of context on the decoder performance, three different

decoding models were built:

1. The “All Data” decoder, trained on data from all conditions.

2. The “Object” decoder, trained on data from conditions for which the object was present
(Power Grasp, Pinch Grasp and Object Reach conditions).

3. The “No-Object” decoder, trained on data from the No-Object Reach condition.

Each decoder was then tested by decoding MFs in either of two partitions: the “Object
Data,” conditions for which the object was present (Power Grasp, Pinch Grasp and Object
Reach conditions) or the “No-Object Data,” the condition for which the object was absent
(No-Object Reach condition). Thus, decoding could be done “within context,” where a
decoder was trained and tested on the same context partition, or “across context,” where
a decoder was trained on one context partition and tested on another context partition.
Decoding could also be done with the “All Data” decoder, in which which a single decoder
was trained on all data.

The decoders were evaluated using root mean squared error (RMSE) between decoded
MF's and observed MFs. Decoder performance was evaluated using 10-fold cross-validation
and averaging the resulting 10 RMSEs (see Section A.6.5).

The performance of the decoders (in terms of RMSE) for all MFs in the various decoding

scenarios above is plotted in Figure 4.33.
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Figure 4.33: Decoder performance in terms of RMSE when decoding within and
across contexts, Object Context Experiment. A, B: Monkey R. C, D: Monkey T.
A, C: decoding Object data MF's using decoders trained on Object, No-Object or All data.
B, D: decoding No-Object data MFs using decoders trained on No-Object, Object or All
data. Box plots represent the median and interquartile range of all decoded MFs. Colored
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For both subjects, the best decoding performance was observed when training and testing
within-context. A large increase in RMSEs (decrease in decoding performance) was observed
when decoding data in one context using a decoder that was trained on the other context.
The All Data decoder was comparable to the Object decoder for decoding object data, while
the All Data decoder performed markedly worse than the No-Object decoder for decoding
No-Object data.

To visualize the detrimental effects of decoding across contexts, the percent increase in
RMSE was calculated, taking within-context decoders (Object data decoded with the Object
decoder, No-Object data decoded with the No-Object decoder) as the baseline. The percent
increase in RMSE when decoding across vs. within contexts is shown in Figure 4.34. The
percent increase in RMSE when decoding with all data decoders vs. within-context decoders
is shown in Figure 4.35.

For both subjects, decoding Object data using the No-Object decoder resulted in a
substantial increase in RMSE, with RMSEs frequently doubling in size. The joint angles
were more heavily affected than the joint angular velocities in general. Also of note was
that hand position and velocity decodes were impacted. This echoes some of the effects
seen by Wodlinger et al [119], where hand velocity was poorly decoded when trained on free
movement and tested with a real object.

Decoding No-Object data using the Object decoder resulted in very large increases in
RMSE, especially in the finger joint angles, finger joint angular velocities and wrist flexor
EMGs. The value for the distal wrist flexor EMG for Monkey T (Figure 4.34 B lower plot,
far right light blue bar) suffered in an increase of 1822.9% in RMSE when decoding No-
Object data across context. This was likely due to the relative quiescence of the wrist flexor
EMGs during the No-Object Reach trials, versus the strong activations observed in the grasp
conditions (Figure 4.7 gray vs. colored traces).

Decoding Object data using the All data decoder resulted in only very mild increases in
RMSE, often less than 5%.

Decoding No-Object data using the All data decoder still showed detrimental
performance decreases, again concentrated in the finger joint angles and angular velocities

and the wrist flexor EMGs.
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To summarize these results, the average percent increase in RMSE across all MFs was
calculated for across-context decoders compared to within-context decoders, and for full
data decoders compared to within-context decoders. These average RMSE increases were
calculated separately for decoding object data and decoding no object data. These results

are presented in Table 4.4.

Table 4.4: Percent increase in RMSE for across-context and full data decoders,

compared to within-context decoders.

Decoding Object Data

Subject Area Across-context | Full Data
Monkey R M1 97.8% 2.2%
Monkey T | M1 Right 77.5% 3. 7%

Decoding No-Object Data

Subject Area Across-context | Full Data
Monkey R M1 145.8% 57.6%
Monkey T | M1 Right 184.5% 76.4%

Overall, decoding across contexts resulted in large RMSE increases for decoding both
Object and No-Object data. Decoding using a decoder trained on All Data provided
moderate performance when decoding Object data, but was notably worse in decoding
No-Object data.

The best performance was observed when decoding within context. This could be due
to the finding that object presence encoding is interactive with MF encoding (Section 4.5),
in that it manifests as a change in the linear relationship between neural activity and MFs.

Thus, a good solution could be to build two separate decoders, one for decoding movements

made toward objects and one for free movements, and applying the appropriate decoder
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in each context. Practical application of such parallel decoders would require some way
to automatically detect which context was active. Here, we propose that a binary context
classifier could perform this function.

As noted in Section 4.3, substantial separation between the No-Object Reach condition
and the conditions for which the object was present was observed in M1 throughout the
peri-movement period (Figure 4.19 black, dark brown and light brown traces). To test
whether this neural information could be used to reliably classify context, Gaussian Naive
Bayes classifiers were constructed to performed binary classification of context (classifying
whether the trial was a No-Object Reach vs. the other three conditions, for which the
object was present), using the same decoding FRs that were used as inputs to the linear
MF decoders. A single classifier was constructed across all of the peri-movement data for
each subject and evaluated using 10-fold cross-validation. The classifier performance at

each time point is plotted in Figure 4.36.
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Figure 4.36: Classification of contexts (object present vs. object absent) using a

Gaussian Naive Bayes classifier. A: Monkey R. B: Monkey T. Chance level 50%.

For both subjects, a simple Gaussian Naive Bayes classifier was able to classify context
(object presence or absence) with high accuracy. Classification performance for Monkey

R was near perfect throughout the peri-movement period. For Monkey T, classification
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performance increased steadily throughout the reach period and remained high through
object contact and target hold. This difference in performance was likely due to the higher
number of units for Monkey R vs. Monkey T (124 units vs. 57 units).

The ability to consistently classify contexts suggests that the Gaussian Naive Bayes
classifier could be used to select between context-specific decoders. To test such a decoding
strategy, a “context-detecting decoder” was constructed and tested. The context-detecting
decoder consisted of two separate context-specific linear decoders (one trained on only Object
data, the other trained on only No-Object data), layered with a Gaussian Naive Bayes binary
context classifier. For each decoding time step, a decoder output was obtained from each of
the context-specific decoders. These decoder outputs were then scaled by the probabilities
for each context class as output by the context classifier. The two scaled decoder outputs
were then summed to produce the final decoded MF estimate. This decoding architecture is
displayed schematically in Figure 4.37.

This decoder architecture takes advantage of the fact that the Gaussian Naive Bayes
classifier can calculate the probability of each class. Weighting the context-specific decoder
outputs by the context class probabilities and combining them provided a slight improvement
over simply selecting the context-specific output based on which context class had a higher
probability.

The performance of the context-detecting decoder was compared against a single linear
decoder trained on all data, and two ideal context-specific decoders which simulated the
theoretical performance of the context-detecting decoder with an ‘omniscient’ context
classifier. All three architectures were trained and tested using 10-fold cross-validation, all
using the same folds. The performance of the three decoder architectures is shown in
Figure 4.38.

Both the context-detecting decoder and the theoretical perfectly applied context-specific
decoders provided moderate improvements in RMSE when decoding all data. More marked
improvements were observed when considering only No-Object data decoding. For Monkey
R, the performance of the context-detecting decoder was very close to that of the theoretical

perfectly applied context-specific decoders, owing to the near perfect performance of the
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Figure 4.37: Schematic representation of the context-detecting decoder
architecture for the Object Presence Experiment. Separate decoders were built for
each MF. FRs: firing rates for decoding. MFObjeCt: MF output from the object-specific
MF decoder. MFNO_Objcct: MF output from the no-object-specific MF decoder. popject:
probability that object is present as output by the context classifier. pno—object: probability
that object is absent as output by the context classifier, MF: final decoded MF value.
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0.0001, one-sided paired permutation test.

138



context classifier. For Monkey T, the performance of the context-detecting decoder was
intermediate between the single linear decoder and the theoretical perfectly applied context-
specific decoders, owing to the imperfect context classification for Monkey T.

The average RMSE improvements for the context-detecting decoder and the theoretical

perfectly applied context-specific decoders over the single linear decoder are shown in Table

4.5.

Table 4.5: Average RMSE improvement for the context-detecting decoders and
theoretical perfectly applied context-specific decoders over single linear decoders.

Percentage is relative to the RMSE for the single linear decoders, averaged over all MFs.

Mean RMSE Improvement vs. Single Linear Decoder, All Data

Subject | Context-Specific Decoders | Context-Detecting Decoder
Monkey R 4.87% 4.55%
Monkey T 8.06% 4.73%

Mean RMSE Improvement vs. Single Linear Decoder, No-Object Data

Subject | Context-Specific Decoders Context-Detecting Decoder
Monkey R 28.58% 26.69%
Monkey T 34.49% 24.11%

In the analyses above, relatively greater context-related decoding performance drops
were observed when decoding No-Object data than when decoding Object Data. One
reason for this may have been that grasp trials were included in the Object Data dataset.
To verify that the decoder performance decreases were due to the object presence encoding
effect and not due to the inclusion of grasping trials in the No-Object dataset, the decoding
analyses above were repeated using only data from the Object Reach and No-Object Reach

trials, excluding Power Grasp and Pinch Grasp trials. Decoders were trained using either
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all reach data, only Object Reach data or only No-Object Reach data. Each decoder was
then tested separately on either Object Reach data or No-Object Reach data. The average
percent RMSE increases across all MFs when decoding reach data across-contexts (e.g.
training on Object Reach data and testing on No-Object Reach data) or with decoders
trained on all reach data were calculated relative to RMSEs obtained when decoding
within contexts (e.g. training on Object Reach data and testing on Object Reach data).

These results are shown in Table 4.6.

Table 4.6: Percent increase in RMSE for across-context and full data decoders,
compared to within-context decoders. Only data from reaches were used for training

or decoding, with grasp trials excluded.

Decoding Object Reach Data

Subject Area Across-context | Full Data
Monkey R M1 56.8% 5.5%
Monkey T | M1 Right 64.7% 7.2%

Decoding No-Object Reach Data

Subject Area Across-context | Full Data
Monkey R M1 85.1% 7.9%
Monkey T | M1 Right 66.1% 14.5%

Results were similar to those obtained using the full dataset, but the detrimental impact
of the object presence signal on MF decoding was marginally lower in magnitude when
considering only reach data (compare Table 4.6 to Table 4.4). The decoding performance
penalties when training and testing decoders across context were still large in magnitude,

with average RMSE increases of over 50% in each case. Decoder performance was mostly
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recovered by using a single decoder trained on data from all reach trials, but this full data
decoder performance was still worse than within-context decoding performance by about
5-15%.

In order to further approach within-context decoder performance, a context-detecting
decoder was again built with the same structure as described in Figure 4.37, but using only
Object Reach and No-Object Reach data. The Gaussian Naive Bayes context classifier
retained good performance when considering only reach trials, as Object Reach vs.
No-Object reach could be decoded with an average accuracy of 98.0% for Monkey R and
91.0% for Monkey T. The performance of the perfect context-specific decoders and the

context-detecting decoder compared to single, all data decoders is shown in Table 4.7.

Table 4.7: Average RMSE improvement for the context-detecting decoders and
theoretical perfectly applied context-specific decoders over single linear decoders.

Percentage is relative to the RMSE for the single linear decoders, averaged over all MFs.

Mean RMSE Improvement vs. Single Linear Decoder, All Data

Subject | Context-Specific Decoders | Context-Detecting Decoder
Monkey R 5.1% 3.8%
Monkey T 7.6% 3.6%

Though modest, these results further support the finding that object presence has a
detrimental impact on MF decoding performance. The somewhat smaller size of the across
context decoder performance drop when considering only reaches compared to that observed
when testing the full dataset including grasps suggests that whether or not a grasp was made
likely represents and additional contextual factor that impacts decoder performance. This
is difficult to test, given the present data, as the MFs observed during grasps were very
different than the MFs observed during reaches.

The performance increases noted in Tables 4.5 and 4.7 suggest that incorporating

contextual information can improve decoding results. Specifically, building separate
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decoders for different contexts and combining their outputs according to a context classifier
especially improves decoding of No-Object MF data. This performance increase was
obtained using simple linear decoders and the relatively simple Gaussian Naive Bayes
classifier, using large amounts of training data and a highly structured task with only
limited and highly restricted variation in MFs. Whether similar improvements would be
observed with limited training data in an actual neural prosthetic implementation remains
an open question.

Thus far, object presence encoding in M1 has been characterized in terms of its relative
magnitude (Section 4.4), its interaction with MF encoding (Section 4.5) and its impact on
decoding performance. The final section of this chapter, Section 4.7, concerns the
informational content of the object presence encoding signal, with a focus on the possibility
that the object presence related changes in behavior and neural activity are related to the

grasp affordances of the object.

4.7 Affordance Information in the Object Presence Signal

As first described by James Gibson [322], the affordances of an object are the potential
actions that can be performed with that object, as dictated by both the physical
characteristics of the object and the capabilities of the agent performing the actions. For
example, in the case of the Object Presence Experiment, the object afforded the actions of
grasping with a power grip and grasping with a pinch grip. Recent theoretical frameworks
have postulated that the grasp and use affordances of objects are processed in the
frontoparietal cortical grasp network [231,326].

Human behavioral and brain imaging studies suggest that seeing a manipulable object
may automatically activate the motor system to prime the grasping or use actions afforded
by the object. In humans, viewing or naming tools activates the same grasp network areas
that are activated when subjects perform actual or imagined grasping or use actions with
those tools [201,304,343,344]. Behaviorally, the presence of an object can prime actions or

responses that are similar to those used to grasp or use the object, or can interfere with
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incompatible grasp actions [330-332,349]. A series of recent studies in macaques showed
that single neurons in PMV are activated by the visual presence of an object, even when
the subject makes no action toward the object [350,351]. A more in depth review of studies
concerning automatic activation is presented in Section 2.5.2. These findings suggest that
the automatic activation which occurs in the presence of a graspable object may manifest in
a biasing of behavior and neural activity toward the behavior and neural activity associated
with the actions afforded by the object.

The results of Sections 4.2 and 4.3 suggest that behavior and population neural activity
were significantly different when reaches were performed with or without an object present.
However, the analyses in those sections only characterized the magnitudes of those
differences. In this section, the object presence related behavioral and neural differences
are further examined for evidence that they may contain information about the grasp
affordance of the object in that they reflect automatic activation of motor representations
of the object’s afforded grasps. If the grasp affordances representations of the object are
automatically activated by the object’s presence, the behavior and neural activity observed
on trials where the object was present but not grasped (Object Reach trials) should be
more similar to the behavior and neural activity observed for trials in which the object
actually was grasped (Power Grasp and Pinch Grasp trials) relative to trials in which the
object was not present at all (No-Object Reach trials). That is, the presence of the object
should systematically bias behavior and neural activity toward grasping behavior and
neural activity, even when it is not grasped. These effects should be detectable as
directional shifts of behavior and neural activity in MF PC and FR PC space when the
object was present but not grasped.

Three possibilities are considered. The first is that object presence induces a
pro-affordance bias, shifting behavior and neural activity toward that associated with the
afforded grasps. The second possibility is that object presence induces an anti-affordance
bias, shifting behavior and neural activity away from that associated with the afforded
grasps. The third possibility is that object presence induces no affordance bias.

In order to characterize these biases in behavior and neural activity, the affordance shift

S was calculated in both mMF PC space and mFR PC space, resulting in S™MFPC and
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SMFRPC “The mMF PC space and mFR PC spaces were defined as the PC scores of the top
PCs explaining 99% of variance in trial-averaged peri-movement MFs and in trial-averaged
whole-trial FRs. The affordance shifts S™MFFC and S™FRPC were calculated relative to both

Power Grasp and Pinch Grasp at each time point according to Equations 4.27-4.30:

SmMFpC _ (MPowerGrasp,t - MNO—ObjectRoaCh,t) ° (MObjoctReach,t - MNO—ObjectRoaCh,t)

Power,t (427)
H MPoworGrasp,t - MNO—ObjectRoaCh,t ||2
SmMFPC o (MPinchGrasp,t - MNO—ObjectRoaCh,t) ° (MObjoctReach,t - MNO—ObjectRoaCh,t) (4 28)
Pinch,t — :
H MPinchGrasp,t - MNO—ObjectRoaCh,t ||2
SmFRPC o (FPoworGrasp,t - FNO—ObjeCi:RoaCh,lﬁ) ° (FObjectRoaCh,t - FNO—ObjectRoaCh,t) (4 29)
Power,t — .
||FPowerGrasp,t - FNO—ObjectReach,t ||2
SmFRPC o (FPinchGrasp,t - FNO—ObjectReach,t) ° (FObjectReaCh,t - FNO—ObjectReach,t) (4 30)
Pinch,t — .

||FPinchGrasp,t - FNO—ObjectReach,t ||2

where M;; is the vector of mMFE PC scores for condition ¢ at time ¢, F;, is the vector of
mFR PC scores for condition ¢ at time ¢, - denotes the dot product, and |||| denotes the

vector norm operation. Thus, SEMFPC ig the sign and magnitude of the projection of the

Power, t
vector from No-Object Reach mMF PC scores to Object Reach mMFE PC scores onto the
vector from No-Object Reach mMF PC scores to Power Grasp mMF PC scores, scaled by
the magnitude of the latter vector. SENEHC is the same, but calculated relative to Pinch
Grasp instead of Power Grasp. The mFR PC affordance shifts S™RPC are analogous, but
calculated in mFR PC space instead of mMF PC space.

The affordance shift related to the cosine of the angle between the vector from No-Object
Reach PC scores to Object Reach PC scores and the vector between No-Object Reach PC
scores to grasp PC scores. Thus, the affordance shifts are a scaled version of the correlation
between the signal related to object presence, and the signal related to grasp encoding.

Additionally, the results of Section 4.4 showed that neural activity in M1 contains a robust

object presence encoding signal, in that the difference in neural activity when the object was
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present or absent was not fully explainable by linear tuning to MFs. In order to determine
if this context-related neural activity also contains evidence of automatic activation of the
unused grasp affordances, the affordance shifts were also calculated using null space neural
activity. The null space neural activity is the component of neural activity which cannot be
linearly combined to decode mMF PCs (see Section 4.4.2). The null space affordance shifts

Sl were calculated according to equations 4.31 and 4.32.

rnull _ Fnull . [ frull _ Fnull
ol PowerGrasp,t No—ObjectReach,t ObjectReach,t No—ObjectReach,t (4 31)

Power,t = Hﬁ’null . Fnull ||2
PowerGrasp,t No—ObjectReach,t

Fnull _ Fnull . Fnull _ Fnull
Snull PinchGrasp,t No—ObjectReach,t ObjectReach,t No—ObjectReach,t 439
Pinch,t = Hﬁ’null _ Fnull ||2 ( ’ )
PinchGrasp,t No—ObjectReach,t

where Fi‘?;‘” is the vector of null space activity for condition 7 at time ¢. The calculation of
Fmull i described in Equation 4.15.

The three potential scenarios of pro-affordance bias, no affordance bias and
anti-affordance bias are sketched out schematically in Figure 4.39.

The affordance shifts S can be thought of as a directional measure of the impact of
object presence on mMF PC scores, mFR PC scores or null space activity. A positive value
of S indicates that the presence of the object induced a shift in mMF PC scores, mFR
PC score or null space activity toward the unused grasp. A negative value of S indicates
that the presence of the object induced a shift away from the unused grasp. A value of S
approximately equal to zero indicates that the differences observed due to object presence
were unrelated to the grasp afforded by the object.

The affordance shift results are shown in Figure 4.40.

For both subjects, positive S values indicating pro-affordance biases relative to both
afforded grasps were present in mMF PC scores, mFR PC scores and null space neural
activity.

In the mMF PCs, a pro-affordance bias was observed in both subjects starting before

movement onset, suggesting that during Object Reach trials, both subjects exhibited a
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Figure 4.39: Schematic illustration of three potential forms of affordance bias in
the Object Presence Experiment. Ellipses represent distributions of mMF PC scores,
mFR PC scores or null space neural activity for different conditions. Blue ellipse: Power
Grasp. Black ellipse: Object Reach. Gray ellipse: No-Object Reach. Blue vector: vector
between No-Object Reach and Power Grasp. Black vector: vector between No-Object Reach
and Object Reach. Green vector: the projection of the black vector onto the blue vector.
The affordance shift is the magnitude of the green vector divided by the magnitude of the
blue vector, with the sign positive when the green and blue vector are aligned, and negative
when the green and blue vector are opposed. Dimensions could correspond to mMF PC
scores for S™MFPC mEFR PC scores for S™RPC and null space neural dimensions for S,
The diagram shows affordance bias scenarios relative to Power Grasp at a single time point;

S was also calculated relative to Pinch Grasp.
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Figure 4.40: Affordance shifts S™MFPC - GgmFRPC and Smull for the Object Presence
Experiment. A, C, E: Monkey R. B, D, F Monkey T. A, B: affordance shifts S™MFPC
calculated in 99% mMF PC space. C, D: affordance shifts S™FRPC calculated in 99% mFR
PC space. E, F: affordance shifts S™! calculated in 99% the null space. Blue: shifts relative
to Power Grasp, Red: shifts relative to Pinch Grasp. Shaded 95% confidence intervals are

bootstrap intervals, trials resampled 10000 times.
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starting posture that was more similar to that observed during power and pinch grasps,
relative to the starting posture for No-Object Reach trials. In Monkey R, mMF PC pro-
affordance bias fell over the course of the reach, leading to a small pro-affordance bias relative
to Pinch Grasp and a small anti-affordance bias relative to Power Grasp during the target
hold period. For Monkey T, pro-affordance bias remained high relative to Pinch Grasp
throughout the reach and especially the target hold period, while a small consistent pro-
affordance bias was observed relative to Power Grasp. This likely reflects the hand posture
used by Monkey T during the hold period of Object Reach trials — the hand was held with
the fingers relatively closed during Object Reach trials (more similar to the hand posture
observed for Pinch Grasps) while the hand was held with fingers relatively straight during
No-Object Reach trials.

In the full mFR PC space, pro-affordance biases were observed for both subjects relative
to both grasps throughout the entire trial periods, though this pro-affordance bias was small
in magnitude during the late target hold period in Monkey R. This pro-affordance bias
was observed even at the start of trials, indicating that object presence could effect even
background M1 activity, driving it toward the activity observed during grasping trial blocks.
This is notable as Object Reach trials were presented in a separate block from Power Grasp
and Pinch Grasp trials (see Section 3.2.1).

In the null space activity, pro-affordance bias was observed for both subjects during the
early movement period, but decreased sharply after target acquisition, with S™! often not
significantly different from zero during the target hold period. As the null space activity
was the component of neural activity from which mMF PC scores could not be decoded,
this activity likely contained the object presence encoding signal described in Section 4.4.
The S™! results suggest that this object presence signal also served to drive neural activity
toward grasp-associated neural activity, but only during the early movement period and not
during the target hold period. Similar temporal shifts in M1 activity have been observed
related to the different phases of reaching movements [405,438] or dynamic vs. postural
control [407].

The occurrence of pro-affordance bias in mMF PC scores, mFR PC scores and null

space neural activity supports, but does not definitively confirm, the hypothesis that the
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motor representations of the grasps afforded by the object were automatically activated in
the presence of the object, even when it was not grasped. These results and other possible
interpretations are discussed further in Chapter 8.

In summary, the results presented in this chapter suggest that strong contextual object
presence encoding exists in M1. While the behaviors were similar for reaches made toward an
object or without an object (Section 4.2), neural activity was markedly different in the two
conditions (Section 4.3). This difference in neural activity was not accounted for by linear
relation to MFs, and thus constituted contextual encoding of object presence (Section 4.4).
This object presence encoding signal tended to have an interactive effect with MF encoding
(Section 4.5). Object presence encoding had a detrimental effect on the performance of
simple linear decoders trained in one context and tested in another, which could be mostly
mitigated by a context-detecting decoder (Section 4.6). Finally, the object presence encoding
signal was found to carry information about the affordances of the object, biasing behavior
and neural activity toward the behavior and neural activity associated with actions afforded

by the object, especially during the preparatory and early movement phases.

149



5.0 Results — Grip Affordance Experiment — M1

Results from the Object Presence Experiment, described in Chapter 4, reveal that
behavior and neural activity significantly differed for reaches made with or without an
object present, and that neural activity in M1 encoded the contextual factor of whether a
single object was present or absent. In the Grip Affordance Experiment (this chapter) and
the Use Affordance Experiment (Chapter 6) we seek to determine if behavior and neural
activity are different for grasps made on objects with different identities, and if M1 neural
activity further encodes object context related to the identity of different grasped objects.

The Grip Affordance Experiment was designed to determine how behavior and neural
activity differ when the same grasps are performed on objects with different perceived or
learned grip affordances.

Perceived grip affordances are those grips which could be used to grasp an object, based
solely on the object’s perceived size and shape. For instance, a handrail affords a power
grip, whereas a credit card affords a pinch grip. It is often possible for an object to afford
multiple grips. For instance, a pair of scissors affords both a modified pinch grip, with the
thumb and index fingers inserted in the handles of the scissors, or a power grip, with the
fingers wrapped around the closed blade portion of the scissors.

Learned grip affordances are those grips which have been learned to be associated with
a certain object through use. For instance, a pen and a laser pointer have different learned
grip affordances. The pen is most often associated with a tripod grip near the writing tip,
whereas the laser pointer is most often associated with a power grip around the shaft, though
both objects are shaped similarly and could be grasped both ways.

In the Grip Affordance Experiment, we ask whether behavior and M1 neural activity
changes depending on the differences in perceived or learned grip affordances between
objects, even when the objects are grasped in the same way. Further, we ask whether M1
neural activity encodes these perceived and learned grip affordances beyond the encoding

of behavioral differences.
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For this experiment, five objects were designed which afforded power grips or pinch
grips. These objects had different perceived or learned grip affordances. Subjects grasped
the different objects while kinematics, muscle activity and neural activity were recorded.
In this section, results are presented for Monkey R, Monkey I and both hemispheres of
Monkey T, from which M1 data were recorded. Neural data were always recorded from the
hemisphere contralateral to the hand used in the task. Results for this experiment for PMV
and AIP in Monkey T are presented in Chapter 7.

The main findings of this chapter are summarized as follows. Subjects performed power
grasps and pinch grasps in different object contexts (objects with different perceived or
learned grip affordances). The behaviors for same-grasp conditions were similar in terms
of the recorded movement features (MFs), but differed significantly for different objects,
despite the grasped portions of the objects being identical. Neural activity differentiated
same-grasp conditions to a relatively greater extent than the MFs. The separation between
same-grasp conditions in individual unit firing rates (FRs) and population neural activity was
not fully accounted for by fixed linear tuning to MFs, indicating the presence of contextual
grip affordance encoding in M1. The grip affordance encoding was small in magnitude. Grip
affordances were found to be directly encoded in individual unit FRs in some cases, and
encoded in an interactive manner with MF encoding in other cases. The grip affordance
encoding signal did not substantially detract from the ability to decode MFs from neural
activity using a simple linear model. Weak evidence suggested that during the preparatory
period, the presence of perceived and learned grip affordances may bias neural activity toward
activity associated with the unused afforded grip, suggesting weak automatic activation of
the representation of the afforded grip.

Section 5.1 contains a detailed description of each subjects’ behavior during the
different task conditions. The behavior is described in terms of the observed movement
features (MFs), comprised of 22 joint angles and joint angular velocities of the arm, wrist
and fingers, 3D hand position and hand velocity, and EMG from eight muscle groups.
Section 5.2 characterizes the small but significant differences in the MFs between the
different task conditions. Section 5.3 describes the single unit and population level M1

neural firing rate (FR) responses recorded during the experiment, highlighting the
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differences in neural activity between same-grasp conditions. Section 5.4 concerns the
relation between the M1 FRs and the MFs, with specific focus on the evidence for
contextual grip affordance encoding in M1, defined as neural modulation beyond that
which can be accounted for by fixed linear tuning to MFs. Section 5.5 compares regression
models with direct or interactive encoding of grip affordance context information. Section
5.6 characterizes the impact of the grip affordance encoding signal on MF decoding
accuracy. Finally, section 5.7 explores the possibility that the grip affordance encoding

signal carries information about the grips afforded by the different objects.

5.1 Behavioral Results of the Grip Affordance Experiment

Each subject performed the following six task conditions, in which Power Grasps or Pinch

Grasps were performed on five different objects.

Power Grasp, Simple Power Object

Pinch Grasp, Simple Pinch Object

Power Grasp, Compound Power Object
Pinch Grasp, Compound Pinch Object

Power Grasp, Compound Multi-Grasp Object

SATRE AN e A

Pinch Grasp, Compound Multi-Grasp Object

Monkey R and Monkey T (both hemispheres) performed 140 repetitions of each condition,
for a total of 840 trials. Monkey I performed 130 repetitions of each condition, for a total of
780 trials.

Subjects grasped five different objects that were specifically designed for the Grip
Affordance Experiment. These objects are shown in Figure 5.1.

The two “simple objects” (Simple Power Object, Figure 5.1 A; Simple Pinch Object,
Figure 5.1 C) had only one perceived and one learned grip affordance each. The two
“compound single-grip objects” both had two perceived grip affordances (the compound

objects could be grasped with a power grip or a pinch grip), but only one learned
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Figure 5.1: Objects used in the Grip Affordance Experiment. A: Simple Power
Object. B: Simple Pinch Object. C: Compound Power Object. D: Compound Pinch Object.
E: Compound Multi-Grasp Object. Blue dashed rectangles denote objects that were grasped
with a power grip. Red dashed rectangles denote objects that were grasped with a power

grip. The Compound Multi-Grasp Object (E) was grasped with both grips.
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affordance each. The learned grip affordances of the compound single-grip objects were
enforced through training; the Compound Power Object (Figure 5.1 B) was only ever
grasped with a power grip, and the Compound Pinch Object (Figure 5.1 D) was only ever
grasped with a pinch grip. The final object the “compound multi-grasp object” (Figure 5.1
E) had two perceived and two learned grip affordances. The compound multi-grasp object
was grasped with either a power grip or a pinch grip, presented in an interleaved
pseudorandom fashion.

The objects were designed to elicit identical grasps of each type in the different object
conditions. To accomplish this, the objects were constructed with a modular design, allowing
the same graspable portions of the objects to be reused for the different objects. The
graspable portions of the objects were instrumented with force sensors to detect grasps
(see Section A.2). The objects were differentiated using colored LEDs (Figure 5.1). Objects
were presented in blocks, all in the same spatial location in front of the subject. The objects
were changed by the experimenter between each block, out of view of the subject.

Trial structure was similar to that employed in the Object Presence Experiment. The
subject began each trial by pressing the start button near its waist. At this time, the required
grasp was cued with a colored indicator displayed on the feedback monitor. After 800-1200
ms, a go cue was presented on the monitor and the subject reached forward to grasp the
object. For Power Grasp conditions, the subject grasped the upper cylindrical blue and
black striped portion of the object by opposing digits 2-5 and the palm. For Pinch Grasp
conditions, the subject grasped the red tab on the side of the object by opposing the thumb
and digit 2. The subject was required to maintain the grasp for 800-1200 ms to receive a
reward. Trials were automatically aborted if any inappropriate force sensor was activated,
or if the grasp was not made within 2000 ms of the go cue. See Section 3.2 for more details
of task timing and visual feedback.

For all conditions, the Reach Start time was defined as the time point of the first
kinematic sample in which the hand velocity exceeded 1 mm/s for a sustained period. The
Target Contact time was defined by the initial uptick of the appropriate force sensors. See

Section A.4.5 for more details of data alignment to task epochs.
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The subjects exhibited somewhat different reach times (the time between Reach Start and
Target Contact) for different grasps, and reach times varied between trials. Power Grasp
reach times were shorter than Pinch Grasp reach times on average. In order to compare
across conditions and across trials, trials were resampled at variable rates within the reach
period to produce an equal number of samples for each trial (see Section A.4.5 for details).

Trial-averaged hand positions and hand velocities are shown in Figure 5.2 for Monkey R.
Positions were calculated relative to the hand position on the start button. The trial-averaged
values were calculated by averaging the values at each time point across all 140 trials for
each condition. The hand position was defined as the average x-y-z coordinates of markers
HAN1, HAN2, HAN3 and HAN4 (see Section A.4.1). The coordinate axes corresponded to
the workspace as follows: positive X pointed to the right of the subject, positive Y pointed
forward from the subject and positive Z pointed upward.

The hand trajectories within each grasp type were very similar for the different objects.
Power Grasp final hand positions were higher than Pinch Grasp final hand positions owing
to the different locations of the graspable portions of the objects (Figure 5.1). Moderate
overshoot was observed in the hand z-velocity, as the subject first raised its hand off of the
start button and then lowered it into the power grasp position. Slightly higher velocities
were observed for Power Grasps vs. Pinch Grasps. The hand z-position was slightly higher
for the Power Grasps made on the compound objects vs. the Simple Power Object, as the
hand was raised likely in order to avoid contacting the pinch grasp tab on the compound
objects.

Trial-averaged joint angle trajectories of the arm and fingers are shown in Figures 5.3 and
5.4 for Monkey R. Details of the calculations of these joint angles are presented in Section
A4.1.

Arm and wrist joint angles were largely similar within grip types for the different objects.
Some variance was observed in the elbow flexion, wrist abduction and wrist rotation angles
within Pinch Grasps, indicating that Monkey R performed Pinch Grasps with a slightly
different arm posture for compound objects vs. the Simple Pinch Object.

Monkey R exhibited slightly different starting hand postures for the various object

conditions. These differences were small but consistent, with starting hand postures for the
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Figure 5.2: Trial-averaged hand positions and velocities for Monkey R in the Grip
Affordance Experiment. Hand positions are relative to the mean hand position 400 ms
before Reach Start. Blue: Power Grasps. Red: Pinch Grasps. Solid lines: simple objects.

Dashed lines: compound single-grip objects. Dotted lines: compound multi-grasp object.
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Figure 5.3: Trial-averaged arm joint angle trajectories for Monkey R in the Grip
Affordance Experiment. Blue: Power Grasps. Red: Pinch Grasps. Solid lines: simple
objects. Dashed lines: compound single-grip objects. Dotted lines: compound multi-grasp

object. El: elevation, Abd: abduction, Rot: rotation, Flex: flexion.
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Figure 5.4: Trial-averaged finger joint angle trajectories for Monkey R in the
Grip Affordance Experiment. Blue: Power Grasps. Red: Pinch Grasps. Solid lines:
simple objects. Dashed lines: compound single-grip objects. Dotted lines: compound multi-
grasp object. CMC: carpometacarpal joint, MCP: metacarpophalangeal joint, PIP: proximal
interphalangeal joint. Flex: flexion, Abd: abduction.
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Compound Multi-Grasp object (Figure 5.4 dotted lines) laying intermediate to the hand
postures observed for the simple and compound single-grip objects. Despite this, final hand
postures were largely consistent within grip types across the objects, with some variability
observed in final Pinch Grasp hand positions across objects.

Trial-averaged muscle activity recorded from surface EMG electrodes are shown in
Figure 5.5 for Monkey R. Details of surface EMG data collection are presented in Section
A4.2.
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Figure 5.5: Trial-averaged EMG muscle activations in the Grip Affordance
Experiment. EMG values are relative to the mean EMG values 400 ms before Reach
Start. Blue: Power Grasps. Red: Pinch Grasps. Solid lines: simple objects. Dashed lines:
compound single-grip objects. Dotted lines: compound multi-grasp object. P: proximal, D:

distal.

While EMGs were mostly consistent withing grip types across the different objects, some
variability was observed. Slightly higher EMG was observed in the pectoralis, biceps, triceps
and forearm muscles for Pinch Grasps made on the compound objects vs. the Simple Pinch
Object. In addition, some across-object variability was observed in the pectoralis, deltoid,

triceps, biceps and wrist flexor muscles within Power Grasps.
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In general, patterns of variability in the MFs were qualitatively consistent across all
of the subjects. In all subjects, all Power Grasps were highly separable from all Pinch
Grasps across the majority of MFs. Subjects often displayed a slightly different posture
when pressing the start button in the different object conditions. Some relatively small
variability was observed when the same grasp was made on different objects, present only
in some MFs. This variability was observed both within Power Grasps and within Pinch
Grasps. Such within-grasp variability was unexpected, as the grasped portions of the objects
were identical between the different objects. In fact, the same physical pieces were used to
construct the different objects. The next section contains direct comparisons of MFs in the
different conditions, to characterize the size of the grip-type dependent and object-dependent

variability in MF's.

5.2 Movement Feature Differences Across Conditions

The goal of the experimental design of the Grip Affordance Experiment was elicit very
similar grasps on objects with different identities, as defined by their perceived and learned
grip affordances. Despite the grasped portions of the objects being identical in shape, the
objects with different overall perceived and learned grip affordances were grasped slightly
differently. The analyses in this section describe the differences observed in MFs for the
various conditions of the Grip Affordance Experiment.

To measure the differences in MFs between different conditions, the Euclidean distance
between each pair of conditions was calculated at each time point in subsets of MFs. The
MF subsets were the same as in Chapter 4, and inter-condition distances in the MF subsets
were calculated according to Equation 4.1. The resulting MF subset distances are shown in
5.6 for Monkey R.

Across all MF subsets, the mean distance between Power Grasps and Pinch Grasps
(Figure 5.6, purple trace) was large compared to the distances between the same grasps made
on different objects. Subjects had slightly different hand trajectories when making the same

grasp on different objects, partially due to the higher hand z-position observed for compound
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Figure 5.6: Inter-condition distances in MF subsets for the Grip Affordance
Experiment, Monkey R. A: distances in hand position. B: distances in hand velocity. C:
distances in joint angles. D: distances in joint angular velocities. E: distances in EMGs.
Purple: Power Grasps vs. Pinch Grasps. Turquoise colors: Power Grasps on different
objects. Orange colors: Pinch Grasps on different objects. Dark turquoise and orange:
objects differed in perceived affordances. Medium turquoise and orange: objects differed in
learned affordances. Light turquoise and orange: objects differed in perceived and learned

affordances.

160



objects vs. the Simple Power Object. Many object conditions were separable in joint angles
even before movement, reflecting the variation in hand postures on the start button for the
different experiment blocks. Variability between Pinch Grasps made on different objects
(Figure 5.6, orange traces) was more evident during the target hold period, especially in the
joint angles and EMG. In contrast, the variability between Power Grasps made on different
objects (Figure 5.6, turquoise traces), occurred mostly during the reach.

In order to characterize inter-condition distances across all of the MFs together, the 58
trial-averaged, centered MFs were combined in a dimensionally-reduced form using Principal
Components Analysis (PCA) with varimax rotation, as in Chapter 4. For Monkey R, 19 PCs
explained 99% of the variance in trial-averaged, centered MFs. The first 12 MF VPC scores
and VPC loadings are shown in Figure 5.7, with each condition plotted separately. VPCs
are sorted by amount of variance explained.

The first VPC accounted for 31.4% of variance in the trial-averaged, centered MFs.
Any other single VPC accounted for < 7.5% of variance. The first VPC characterized the
combination of hand positions, joint angles and EMGs which best accounted for the sustained
difference in Power Grasps and Pinch Grasps over the course of the movements. Many of
the higher VPCs (VPCs 2, 3, 4, 5, and 10) related to combinations of joint angular velocities
and EMGs which captured the dynamic variability peaking just before object contact, again
mostly relating to separation between all Power Grasps and all Pinch Grasps.

While small compared to the separation between all Power Grasps and all Pinch Grasps,
some within-grasp separability was observed in the VPCs (comparing conditions in which
the same grasp was made on different objects). One source of this within-grasp separability
was the difference in starting hand postures for the different conditions, as captured by VPCs
1, 6 and 7. Within-grasp separability could also be observed in VPCs with high loadings
on hand velocities (VPCS 11 and 12), due to the different reach speeds observed for the
different objects. Within-grasp separability was also present in VPC 9, which largely related
to the EMGs and some joint angles. Notable separability between Pinch Grasps on different
objects was observed in VPC 7, which had high loading on digit 5 MCP flexion, and VPC 8§,
which had high loadings on wrist abduction and rotation, highlighting the slightly different

hand and wrist postures observed for Pinch Grasps on the different objects.
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Figure 5.7: Varimax PCA of the MFs in the Grip Affordance Experiment, Monkey
R. Trial-averaged scores in the first 12 VPCs. Blue: Power Grasps. Red: Pinch Grasps. Solid
lines: simple objects. Dashed lines: compound single-grip objects. Dotted lines: compound
multi-grasp object. Bar graph insets below each VPC score plot denote the loading vector

corresponding to the VPC.
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To directly compare the inter-condition separation across the MF PCs, the Euclidean
distance in MF PC space, Dyrpc, was calculated for each pair of conditions, as in Equation
4.2 in Section 4.1. The MF PC distances Dyrpc are shown in Figure 5.8 and the time-
averaged MF PC distances Dyppc are shown in Figure 5.9 for all subjects.

In general, the largest distances were observed between Power Grasps and Pinch Grasps
(purple trace). This distance peaked around the time of target contact and maintained a
moderate level during the target hold period. The peak around target contact was mostly
due to differences in joint angular velocities, which diverged maximally at that time.

Condition pairs for which the same grasp was made on different objects were separable in
MF PC space, though the distances between these same-grip-type conditions were generally
much smaller than those observed between Power Grasps and Pinch Grasps. Despite being
relatively small, these differences were significantly larger than expected within-condition
variability in every case (Figure 5.9 stars). These distances reflected the small differences
in the hand paths for reaches to the different objects, the small differences in hand postures
used to grasp the different objects, and the differences observed in EMGs when grasping
different objects. The exact patterns of within-grasp separation varied somewhat between
subjects. Though small, these differences were notable because the graspable portions were
physically the same across objects. Based on Dyppc values, the ratio of average Power
Grasp vs. Pinch Grasp difference (Figure 5.9, purple bar) to average within-grasp differences
(Figure 5.9, turquoise and orange bars) was 3.60, 4.33, 5.86, 4.40 for Monkey R, Monkey I,
Monkey T right hand and Monkey T left hand, respectively. That is, Power Grasps evoked
largely different hand posture and muscle activity compared to Pinch Grasps. Power Grasps
(and Pinch Grasps) executed on the different objects were very similar in terms of behavior,

but small, significant differences were observed.
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Figure 5.8: Scaled Euclidean inter-condition distances between pairs of trial-
averaged MF PC scores in the Grip Affordance Experiment. Distances were
calculated in the 99% MF PC space. A: Monkey R. B: Monkey I. C: Monkey T right
hand. D: Monkey T left hand. Purple: Power Grasps vs. Pinch Grasps. Turquoise colors:
Power Grasps on different objects. Orange colors: Pinch Grasps on different objects. Dark
turquoise and orange: objects differed in perceived affordances. Medium turquoise and
orange: objects differed in learned affordances. Light turquoise and orange: objects differed
in perceived and learned affordances. Gray: mean and upper 95% one-sided confidence
interval of within-condition variability. 95% confidence intervals are bootstrap intervals,

trials resampled 10000 times.
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Figure 5.9: Mean scaled Euclidean inter-condition distances between pairs of
trial-averaged MF PC scores in the Grip Affordance Experiment. Distances were
calculated in the 99% MF PC space and averaged over time. A: Monkey R. B: Monkey I.
C: Monkey T right hand. D: Monkey T left hand. Star: Dygpc,; significantly greater than
within condition Dyppc variability (p < 0.05, one-sided bootstrap interval). Purple: Power
Grasps vs. Pinch Grasps. Turquoise colors: Power Grasps on different objects. Orange colors:
Pinch Grasps on different objects. Dark turquoise and orange: objects differed in perceived
affordances. Medium turquoise and orange: objects differed in learned affordances. Light
turquoise and orange: objects differed in perceived and learned affordances. Gray: mean
and upper 95% one-sided confidence interval of within-condition variability. 95% confidence

intervals are bootstrap intervals, trials resampled 10000 times.
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5.3 M1 Neural Activity Differences Across Conditions

This section describes the neural activity in M1 recorded during the Grip Affordance
Experiment. M1 neural activity was highly divergent when comparing Power Grasps to
Pinch Grasps. Some variability was also observed when comparing conditions in which
the same grasp was made on different objects in both individual unit FRs and population
activity. These within-grasp distances were relatively larger than the corresponding within-
grasp differences in MFs.

After excluding channels with crosstalk and low FR units (see Section A.4.4), a total of
108, 97, 31 and 57 units were analyzed from M1 in Monkey R, Monkey I, Monkey T left
hemisphere and Monkey T right hemisphere, respectively. These units consisted of both
multi-unit spiking activity and well-isolated single-units.

The FRs of individual units showed a range of different activity patterns. The trial-
averaged FRs of four example units are plotted in Figure 5.10.

Monkey R Unit 44.1 (Figure 5.10 A) represents a unit which differentiated only between
grip types. This unit had the same FR profile for all Pinch Grasps regardless of the object
being grasped. The same held true for Power Grasps, save for two brief periods where Power
Grasps for the compound-multigrasp object evoked slightly different FRs vs. Power Grasps
on the other objects.

Panels B-D of Figure 5.10 show units which displayed different mean FRs for Power
Grasps and Pinch Grasps in general, and also different mean FRs between different object
conditions, even when the required grasp was the same for the different objects. Monkey
R Unit 86.3 separated objects within power grasps during the reach and grasp periods.
Monkey T left hemisphere Unit 14.2 separated objects within Pinch Grasps during the reach
and around the time of target contact. Monkey I Unit 87.1 separated objects within both
grip types during the pre-movement period and during the reach. These three units were
representative of a pattern that was observed in many individual units: Power Grasps and
Pinch Grasps evoked generally different FR profiles, with object identity modulating one or

both underlying grasp-specific profiles during certain restricted time periods.
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Figure 5.10: Trial-averaged FRs of four example units during the Grip Affordance

Experiment. A: Monkey R Unit 44.1. B: Monkey R Unit 86.1. C: Monkey I Unit 87.1,

D: Monkey T left hemisphere Unit 14.2. Blue: Power Grasp, Red: Pinch Grasp. Solid

lines: simple objects. Dashed lines: compound single-grip objects. Dotted lines: compound

multi-grasp object. Purple horizontal bars: at least one Power Grasp vs. Pinch Grasp pair

significantly different.

Turquoise horizontal bars: at least one pair of Power Grasps on

different objects significantly different. Orange horizontal bars: at least one pair of Pinch

Grasps made on different objects (permutation test of difference in mean FRs, n=10000, p

< 0.01).
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To determine the prevalence of separability of conditions in the FRs of individual units,
permutation tests for a difference in mean FRs (n=10000, p < 0.01) were performed at each
time point between each pair of conditions for each unit. The percentage of units displaying
significant modulation (significantly different mean FRs) for each pair of conditions is shown
in Figure 5.11 for all subjects.

For Monkey R and Monkey T right hemisphere (Figure 5.11 A and D), the number of
neurons with concurrent significant modulations between Power Grasps and Pinch Grasps
rose steadily during the pre-movement period, peaking around target contact. For Monkey
T left hemisphere (Figure 5.11 C), this peak occurred earlier, in the middle of the reach,
whereas for Monkey I (Figure 5.11 B), the peak occurred later, after target contact. The
number of neurons concurrently modulated for any within-grasp condition pair was relatively
more consistent across the timecourse of the trials, and reached a lower peak of only about
30% for any single within-grasp condition pair. Monkey T left hemisphere had overall lower
incidence of within-grasp modulation.

Figure 5.11 portrays the number of neurons with concurrent significant modulation for
each condition pair. To visualize the number of individual units with any significant
modulation over the whole timecourse of the trial, Venn diagrams were constructed which
tabulated the occurrence of significant inter-condition modulation for at least 100 ms (5
timepoints). These diagrams are shown for all subjects in Figure 5.12. To visualize the
number of individual units showing sustained tuning, further diagrams were constructed
which tabulate instances of inter-condition modulation which lasted at least 500 ms (25
timepoints). These diagrams are shown in Figure 5.13.

For all subjects, a majority of units were significantly modulated for at least one same-
grasp condition pair (conditions for which the same grasp was made on different objects) for
at least 100 ms. Relatively fewer units showed sustained significant modulation for same-
grasp condition pairs, compared to the number of units that showed significant modulation
between Power Grasps and Pinch Grasps (Figures 5.12 and 5.13 turquoise and orange circles
vs. purple circles). This indicates that same-grasp modulation was often transitory, occurring

only at certain times in the trials in individual units. Across all subjects, the great majority
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Figure 5.11: Percentage of units with significantly modulated activity for each pair
of conditions in the Grip Affordance Experiment. Percentage of units with significant
modulation for each pair of conditions at each time point (p < 0.01, permutation test, 10000
shuffles). A: Monkey R. B: Monkey 1. C: Monkey T left hemisphere. D: Monkey T right
hemisphere. Purple: any Power Grasp vs. Pinch Grasp. Turquoise colors: Power Grasps
on different objects. Orange colors: Pinch Grasps on different objects. Dark turquoise and
orange: objects differed in perceived affordances. Medium turquoise and orange: objects

differed in learned affordances. Light turquoise and orange: objects differed in perceived

and learned affordances.
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Figure 5.12: Number of units with > 100 ms of significantly modulated activity,
Grip Affordance Experiment. A: Monkey R. B: Monkey 1. C: Monkey T left hemisphere.
D: Monkey T right hemisphere. Purple circles: any Power Grasp condition significantly
different from any Pinch Grasp condition. Turquoise circles: any significant tuning between
Power Grasps on different objects. Orange circles: any significant tuning between Pinch
Grasps on different objects. Significant differences were determined by permutation test,

10000 shuffles, p < 0.01
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Figure 5.13: Number of units with > 500 ms of significantly modulated activity,
Grip Affordance Experiment. A: Monkey R. B: Monkey 1. C: Monkey T left hemisphere.
D: Monkey T right hemisphere. Purple circles: any Power Grasp condition significantly
different from any Pinch Grasp condition. Turquoise circles: any significant tuning between
Power Grasps on different objects. Orange circles: any significant tuning between Pinch
Grasps on different objects. Significant differences were determined by permutation test,

10000 shuffles, p < 0.01
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of units which had any same-grasp modulation were also modulated between at least one
Power Grasp vs. Pinch Grasp condition pair, suggesting that modulation for object-related
differences co-occurred with grasp type related modulation in individual units.

To examine the patterns of FR variability in the neural population as a whole, varimax
PCA was performed on the FRs, as in Section 4.3. The number of PCs accounting for 99%
of the variance was 42, 47, 24 and 35 for Monkey R, Monkey I, Monkey T left hemisphere
and Monkey T right hemisphere, respectively. The scores of the top 16 FR VPCs are plotted
in Figure 5.14 for Monkey R, with the scores for each condition plotted separately.

The predominant source of variance in the FR VPCs was separation between Power
Grasps and Pinch Grasps in general. However, within-grasp separation was present in many
of the of the VPCs, especially during the early reach period for Power Grasps made on the
different objects for Monkey R (5.14 VPCs 2, 4 and 5).

To visualize the magnitude of inter-condition modulation in the population FRs over
time, the Euclidean distances between each pair of conditions was calculated. This distance
was first calculated in full FR space, treating the FR of each unit as a separate dimension.
This distance, deemed the population modulation A was calculated by combining the
individual unit modulations, ¢ according to Equations 4.3 and 4.4 in Section 4.3. The
resulting A values are plotted in Figure 5.15.

For Monkey R and Monkey T both hemispheres, large population modulation in neural
space was observed between Power Grasps and Pinch Grasps in general, peaking around
the time of target contact. For Monkey I, the between-grasp population modulation was
less pronounced and occurred later in the trials. For all subjects, within-grasp population
modulation was relatively small, yet consistent across the timecourse of the trials.

For more direct comparison with the inter-condition distances in MF PC space Dyrpc,
the inter-condition distances were also calculated in FR PC space, according to equation 4.5
in Section 4.3. The FR PC distances Dprpc are shown in Figure 5.16 and the time-averaged
FR PC distances Dprpc are shown in Figure 5.17 for all subjects.

The inter-condition distances in FR PC space showed largely the same trend as the
population modulation findings.  Time-averaged within-grasp distances (Figure 5.17

turquoise and orange bars) were relatively small compared to time-averaged between-grasp
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Figure 5.15: Population modulation A and for pairs of conditions in the Grip
Affordance Experiment. A: Monkey R. B: Monkey I. C: Monkey T left hemisphere. D:
Monkey T right hemisphere. Purple: Power Grasps vs. Pinch Grasps. Turquoise colors:
Power Grasps on different objects. Orange colors: Pinch Grasps on different objects. Dark
turquoise and orange: objects differed in perceived affordances. Medium turquoise and
orange: objects differed in learned affordances. Light turquoise and orange: objects differed
in perceived and learned affordances. Gray: mean and upper 95% one-sided confidence

interval of within-condition variability.
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Figure 5.16: Scaled Euclidean inter-condition distances between pairs of trial-
averaged FR PC scores in the Grip Affordance Experiment. Distances were
calculated in the 99% FR PC space. A: Monkey R. B: Monkey 1. C: Monkey T left
hemisphere. D: Monkey T right hemisphere. Star: Degrpc,; significantly greater than within
condition Dggpc variability (p < 0.05, one-sided bootstrap interval). Purple: Power Grasps
vs. Pinch Grasps. Turquoise colors: Power Grasps on different objects. Orange colors:
Pinch Grasps on different objects. Dark turquoise and orange: objects differed in perceived
affordances. Medium turquoise and orange: objects differed in learned affordances. Light
turquoise and orange: objects differed in perceived and learned affordances. Gray: mean
and upper 95% one-sided confidence interval of within-condition variability. 95% confidence

intervals (shaded regions or error bars) are bootstrap intervals, trials resampled 10000 times.
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Figure 5.17: Time-averaged scaled Euclidean inter-condition distances between
pairs of trial-averaged FR PC scores in the Grip Affordance Experiment.
Distances were calculated in the 99% FR PC space and averaged over time. A: Monkey
R. B: Monkey I. C: Monkey T left hemisphere. D: Monkey T right hemisphere. Star:
ﬁFRpcyiJ’ significantly greater than within condition Dgrpc variability (p < 0.05, one-sided
bootstrap interval). Purple: Power Grasps vs. Pinch Grasps. Turquoise colors: Power Grasps
on different objects. Orange colors: Pinch Grasps on different objects. Dark turquoise and
orange: objects differed in perceived affordances. Medium turquoise and orange: objects
differed in learned affordances. Light turquoise and orange: objects differed in perceived
and learned affordances. Gray: mean and upper 95% one-sided confidence interval of within-
condition variability. 95% confidence intervals (shaded regions or error bars) are bootstrap

intervals, trials resampled 10000 times.
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distances (Figure 5.17 purple bar). However, though small, these within-grasp neural
distances were frequently significantly greater than within-condition Dprpc variability.
Every condition pair Dyrpc was significantly greater than within-condition variability for
Monkey R and Monkey I, while only select pairings were significant in Monkey T. This
threshold was likely a conservative one, as the within-condition variability estimate
identified the maximal within-condition variability across all conditions. Further analysis
with permutation tests suggested that every condition pair Dprpc was significant for all
subjects. As in the MFs, the existence of these small but consistent significant within-grasp
neural differences was somewhat unexpected, as the behaviors were very similar for the
same grasps made on different objects and overall behavioral requirements were constant
across such conditions.

On average, the ratio of Power Grasp vs. Pinch Grasp FR PC distances to within-
grasp FR PC distances was 2.55, 1.67, 2.58 and 2.16 for Monkey R, Monkey I, Monkey T
left hemisphere and Monkey T right hemisphere. Notably, these ratios were smaller than
the between-grasp to within-grasp ratios observed for distances in MF PC space. That is,
within-grasp distances were relatively larger in FR PC space than in MF PC space, when
compared to Power Grasp vs. Pinch Grasp distances. This finding suggests the possibility
that M1 neural activity could instantiate contextual encoding of the perceived or learned
grip affordances of the object being grasped. In section 5.4, evidence for such explicit grip

affordance encoding is considered.

5.4 Evidence for Contextual Grip Affordance Encoding

The analyses of Sections 5.2 and 5.3 revealed that both MFs and FRs were significantly
different for conditions in which the same grasp was performed on objects with different
perceived or learned grip affordances. The neural differences for these same-grasp, different-
context condition pairs were relatively larger than the behavioral differences. Relative to
mean Power Grasp vs. Pinch Grasp distances, mean FR PC distances Dggpc for same-grasp

condition pairs were 1.47, 2.76, 2.33 and 2.35 times as large as the corresponding mean MF
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PC distances Dygrpc on average for Monkey R, Monkey I, Monkey T left hemisphere and
Monkey T right hemisphere respectively. This disparity in the relative sizes of neural and
behavioral distances can be visualized using MDS, as shown in Figure 5.18.

This relative disparity in the separation of same-grasp conditions in FRs as compared
to MF's suggests that the neural differences observed between these conditions may not only
reflect encoding of MF differences, but may also additionally constitute encoding of the
perceived and learned grip affordance differences.

In this section, evidence is considered for the presence of context encoding related to
the perceived or learned grip affordances of the object being grasped. In Section 4.4, it was
shown that neural variability between reaches made in two different object contexts (object
present or object absent) exceeded what could be accounted for by linear neural tuning to
MF's. Here, a similar question is asked: does neural variability between conditions for which
the same grasp was made on different objects (objects with different perceived or learned
grip affordances) exceed that which can be accounted for by linear neural tuning to MFs?
Such excessive neural variability can be considered a signature of grip affordance encoding
in M1. Evidence for grip affordance encoding is presented first from an encoding perspective

(Section 5.4.1), then from a decoding perspective (Section 5.4.2).

178



>

MF PC MDS Axis 2

@]

MF PC MDS Axis 2

o> &
*

-2 -1 0 1 2
MF PC MDS Axis 1

2 -1 0 1 2
FR PC MDS Axis 1

-2 -1 0 1 2
MF PC MDS Axis 1

-1.0-0.5 00 05 1.0
FR PC MDS Axis 1

N

[an

I <)
FR PC MDS Axis 2

|
N

1.0

0.5

0.0

R PC MDS Axis 2

MF PC MDS Axis 2

MF PC MDS Axis 2

-2 -1 0 1 2
MF PC MDS Axis 1

-1.5-1.0-0.50.0 0.5 1.0 15
FR PC MDS Axis 1

* A
A °
° *

o
MDS Axis 2

o
w
MDS Axis 2

-2 -1 0 1 2
MF PC MDS Axis 1

-1.5-1.0-0.5 0.0 0.5 1.0 15
FR PC MDS Axis 1

Figure 5.18: MDS of MF PC and FR PC inter-condition distances in the Grip

Affordance Experiment. A: Monkey R. B: Monkey I. C: Monkey T left hemisphere.

D: Monkey T right hemisphere. Left-hand plots: MDS of MF PC distances. Right-hand

plots: MDS of FR PC distances. Blue markers: Power Grasps. Red markers: Pinch Grasps.

Circles: simple objects. Triangles: compound single-grasp objects. Diamonds: compound

multi-grasp object. Plots were rotated to align the mean of all Pinch Grasps with the x-axis,

and scaled so that the MF PC and FR PC distances between mean Power Grasp and mean

Pinch Grasp were visually equal.
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5.4.1 Encoding Perspective

Given the base hypothesis that M1 neural activity is simply and directly related to
movements and muscle activity, FRs were first modeled as linear combinations of lagged MF
PC scores, as in equation 4.7 in Section 4.4.1. As in Section 4.4.1, PCA was performed on
the full matrix of normalized lagged MFs for each subject, and the top PCs explaining 99%
of the variance were extracted, resulting in 31, 25, 30 and 21 MF PCs for Monkey R, Monkey
I, Monkey T left hemisphere and Monkey T right hemisphere, respectively. The linear MF
PC neural tuning models were fit via regression. The resulting trial-averaged regression R2.,
values are shown in Figure 5.19.

The R%, distributions suggest that M1 units were generally well-fit by linear
combinations of MF PC scores when considering trial-averaged FRs and predicted FRs.
Monkey R exhibited the strongest tuning on average. Monkey I had lower a incidence of
well-tuned units than the other subjects.

As described in Section 5.2, small but consistent significant differences were observed in
the MF PC scores when the same grasps were made on different objects (Figure 5.8 turquoise
and orange traces). Relatively larger differences were observed in the FR PC scores between
these same-grasp conditions (Figure 5.16 turquoise and orange traces). We hypothesize
that, along with MF encoding, M1 units encode the perceived or learned grip affordances
of the object that is grasped. This encoding is defined by FR modulations between same-
grasp conditions that exceed what can be accounted for by a linear MF tuning model alone,
resulting in “extralinear modulation.”

To test the hypothesis of grip affordance encoding in M1 units, the extralinear modulation
(modulation beyond that which can be accounted for by linear movement tuning), £, was
calculated for each condition pair for each unit, as in Equations 4.9-4.11 in Section 4.4.1.
The extralinear modulation was defined as the modulation in FRs ¢ minus the modulation
in predicted FRs § generated from the linear FR to MF PC score tuning models. The time-
averaged extralinear modulations € were calculated for each condition pair for each unit by

averaging each & over the entire peri-movement period.
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Figure 5.19: Regression R%, distributions for the linear tuning of unit FRs to MF
PCs in the Use Affordance Experiment. A: Monkey R. B: Monkey 1. C: Monkey T left
hemisphere. D: Monkey T right hemisphere. R%, were obtained from trial-averaged neural

data and predictions (trial-to-trial variability excluded). Black dashed lines: mean values.
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Similarly to the analyses of Section 4.4.1, a unit was considered “grip affordance
encoding” if an instance of & for a same-grasp, different object condition pair was
significantly greater than within-condition ¢ variability at the p < 0.05 level. A unit was
further considered “robustly grip affordance encoding” if a same-grasp, different object
condition pair & was both significantly greater than within-condition ¢ variability and
significantly greater than mean ¢ for Power Grasps vs. Pinch Grasps at the p < 0.05 level.
These thresholds are both considered to be conservative, as the within-condition variability
estimate identified the highest within-condition variability across all conditions, and Power
Grasps and Pinch Grasps evoked relatively very different behaviors.

Table 5.1 displays the percentage of units displaying significant and robust grip affordance
encoding, with occurrences of perceived grip affordance encoding and learned grip affordance
encoding presented separately within each grip type. Perceived grip affordance encoding
refers to extralinear modulation between conditions in which the same grasp was made on a
simple object and the corresponding compound single-grasp object. Learned grip affordance
encoding refers to extralinear modulation between conditions in which the same grasp was
made on a compound single-grasp object and the compound multi-grasp object. Perceived
and learned grip affordance encoding refers to extralinear modulation between conditions in
which the same grasp was made on a simple object and the compound multi-grasp object.

A small to moderate number grip affordance encoding units were observed in all subjects.
About 13-17% of units in Monkey T and Monkey I and 32.4% of units in Monkey R showed
evidence of significant grip affordance encoding for at least one same-grasp, different object
condition pair. Most of these units also qualified as robustly grip affordance encoding for all
subjects. No clear preference for perceived or learned grip affordance encoding was observed,
nor was there an obvious preference for grip affordance encoding with in either grip type.

To measure the strength of grip affordance encoding at the population level, population
extralinear modulation £P°P was calculated according to Equation 4.12 in Section 4.4.1.
The time-averaged population extralinear modulation EpOp for each condition pair was also
calculated by averaging each £P°P over time in the peri-movement period. The population
extralinear modulation results are shown in Figure 5.20 and the time-averaged population

extralinear modulation results are shown in Figure 5.21.
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Table 5.1: Percentage of units displaying significant and robust grip affordance
encoding based on magnitude of extralinear modulation. Unit n is considered
significantly grip affordance encoding if an instance of Esamegrasp,DiﬂerentObjeCt7n is significantly
greater than within-condition ¢ variability. ~ Unit n is further considered robustly
affordance encoding if an instance of ESamCGrasp’DiﬁomntObjoct’n is significantly greater than
gpowchraSp’pinChGrasp7n (p < 0.05 bootstrap one-sided interval). P: difference in perceived grip
affordances. L: difference in learned grip affordances. P+L: difference in both perceived and
learned grip affordances. “Any” grip affordance encoding was assessed at the p < 0.0083

level (p < 0.05 Bonferroni-corrected for six comparisons).

Significant Grip Affordance Encoding
Power Grasp Pinch Grasp
Any
Subject Area P L P+L P L P+L
Monkey R M1 20.4% | 11.1% | 22.2% | 11.1% | 5.6% | 4.6% | 32.4%
Monkey 1 M1 13.4% | 10.3% | 20.6% | 6.2% | 82% | 3.1% | 16.5%
Monkey T | M1 Left | 9.7% | 3.2% | 3.2% | 6.5% | 9.7% | 9.7% | 12.9%
Monkey T | M1 Right | 10.5% | 10.5% | 8.8% | 10.5% | 7.0% | 7.0% | 15.8%
Robust Grip Affordance Encoding
Power Grasp Pinch Grasp
Any
Subject Area P L P+L P L P+L
Monkey R M1 15.7% | 8.3% | 15.7% | 10.2% | 4.6% | 2.8% | 25.9%
Monkey 1 M1 13.4% | 10.3% | 20.6% | 52% | 7.2% | 2.1% | 15.5%
Monkey T | M1 Left | 6.5% | 3.2% | 3.2% | 6.5% | 6.5% | 6.5% | 9.7%
Monkey T | M1 Right | 8.8% | 88% | 7.0% | 8.8% | 3.5% | 5.3% | 12.3%
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Figure 5.20: Population extralinear modulation £P°P for each condition pair in the
Grip Affordance Experiment. A: Monkey R. B: Monkey I. C: Monkey T left hemisphere.
D: Monkey T right hemisphere. Purple: Power Grasps vs. Pinch Grasps. Turquoise colors:
Power Grasps on different objects. Orange colors: Pinch Grasps on different objects. Dark
turquoise and orange: objects differed in perceived affordances. Medium turquoise and
orange: objects differed in learned affordances. Light turquoise and orange: objects differed
in perceived and learned affordances. Gray: mean and upper 95% one-sided confidence
interval of within-condition variability. 95% confidence intervals: bootstrap intervals, trials

resampled 10000 times.
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Figure 5.21: Mean population extralinear modulation & for each condition pair
in the Grip Affordance Experiment. A: Monkey R. B: Monkey I. C: Monkey T left
hemisphere. D: Monkey T right hemisphere. Black star: E?;p significantly greater than
within-condition £ variability. Black and red star: Eff;p additionally significantly greater

than mean Eﬁ‘;‘;’ver(;raspy (p < 0.05, one-sided bootstrap interval). Purple: Power

PinchGrasp
Grasps vs. Pinch Grasps. Turquoise colors: Power Grasps on different objects. Orange colors:
Pinch Grasps on different objects. Dark turquoise and orange: objects differed in perceived
affordances. Medium turquoise and orange: objects differed in learned affordances. Light
turquoise and orange: objects differed in perceived and learned affordances. Gray: mean

and upper 95% one-sided confidence interval of within-condition variability. 95% confidence

intervals: bootstrap intervals, trials resampled 10000 times.
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Significant grip affordance encoding for at least one same-grasp, different object
condition pair was observed at the population level for all subjects. Additionally, robust
population grip affordance encoding was observed for at least one same-grasp, different
object condition pair in all subjects except Monkey T left hemisphere. These effects were
generally only present in one or a few same-grasp condition pairs. Both perceived and
learned grip affordance differences were encoded, and grip affordance encoding was present
within both grip types. The sizes of these effects were relatively small compared to the
extralinear modulation observed related to object presence in the Object Presence
Experiment, but were nonetheless present in all subjects.

The extralinear modulation analysis suggests the presence of a small grip affordance
encoding signal in individual M1 units and in M1 population activity, in that when two
objects that differed by their perceived or learned grip affordances were grasped using the
same grasp, neural modulations were observed which exceeded what would be expected
from linear encoding of MFs alone. The following section presents a similar analysis from a

decoding perspective.

5.4.2 Decoding Perspective

The extralinear modulation analyses approach the question of grip affordance encoding
from an “encoding” perspective, in that a linear MF PC encoding model was built for each
unit, and the modulation of individual units were interrogated for evidence of grip affordance
encoding. The problem can also be approached from a “decoding” perspective. As in section
4.4.2, null space analyses were performed to isolate the components of neural activity that
were related to or linearly independent from MFs.

For the null space analyses, PCA was performed on trial-averaged FRs and trial-averaged
lagged MFs of the peri-movement period to generate mFR PC scores and mMF PC scores.
The top mMF PCs explaining 99% of the mMF variance were used, resulting in 13, 12, 13
and 11 mMR PCs for Monkey R, Monkey I, Monkey T left hemisphere and Monkey T right
hemisphere respectively. The number of mFR PCs was set to twice the number of mMF

PCs, to produce null and potent spaces of equal dimension.
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The mMF PC scores were then regressed against the mFR PC scores as in equation
4.13 in Section 4.4.2. The estimated weights matrix B was decomposed to produce Bpotent
and Bnuu, which where then used to calculate ]?‘potom and Fnulla the components of neural

A

activity in the potent and null spaces. Foens describes the neural activity that can be
linearly projected through B to decode mMF PCs, while Fou describes the activity for
which projection through B results in zero (see Section A.6.4 for more details).

For these analyses, context encoding is defined as neural modulation which is not linearly
related to MFs. Thus, such grip affordance encoding would manifest as separation between
same-grasp conditions in the null space. To characterize this null space separation, the
variance due to each condition pair V; ;; was calculated at each time point for the null space,
according to Equation 4.18 as in Section 4.4.2. The total variance in the null space, Vi,j was
also calculated by averaging V; ;; over the peri-movement period. These values are displayed
in Figures 5.22 and 5.23.

For all same-grasp condition pairs, null space variance was well above within-condition
estimated null space variance. However, these same-grasp null space variances were always
lower than the null space variance observed between Power Grasps and Pinch Grasps. This
suggests that grip affordance encoding may be present, but relatively small. Given that
neural separation between same-grasp condition pairs was small in general (Figure 5.16), the
effect may be present but small in magnitude.

To determine the proportion of the full neural variance which occurred in the null space
for each condition pair, the null space proportion by time 7; ;; and total null space proportion
I1; ; were calculated for each condition pair according to Equation 4.20 in Section 5.4.2. These
measures are shown in Figures 5.24 and 5.25.

The majority of neural variance due to Power Grasp vs. Pinch Grasp pairs occurred in
the potent space (outside of the null space), whereas the majority of neural variance due
to same-grasp condition pairs occurred in the null space for all same-grasp condition pairs
across subjects (Figure 5.25 purple colors vs. turquoise and orange colors). This further
suggests that the neural separations between same-grasp conditions were partially unrelated
to MFs and thus constitute additional encoding of perceived and learned grip affordance

differences, though the actual magnitudes of these effects were small.
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Figure 5.22: Variances due to each condition pair in the null space. A: Monkey R.
B: Monkey I. C: Monkey T left hemisphere. D: Monkey T right hemisphere. Purple: Power
Grasps vs. Pinch Grasps. Turquoise colors: Power Grasps on different objects. Orange colors:
Pinch Grasps on different objects. Dark turquoise and orange: objects differed in perceived
affordances. Medium turquoise and orange: objects differed in learned affordances. Light
turquoise and orange: objects differed in perceived and learned affordances. Gray: mean
and upper 95% one-sided confidence interval of within-condition variability. 95% confidence

intervals: bootstrap intervals, trials resampled 10000 times.
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Figure 5.23: Variances due to each condition pair in the null space. A: Monkey R.
B: Monkey I. C: Monkey T left hemisphere. D: Monkey T right hemisphere. Star: VZI;H
significantly greater than within-condition ol variability (p < 0.05, one-sided bootstrap
interval). Purple: Power Grasps vs. Pinch Grasps. Turquoise colors: Power Grasps on
different objects. Orange colors: Pinch Grasps on different objects. Dark turquoise and
orange: objects differed in perceived affordances. Medium turquoise and orange: objects
differed in learned affordances. Light turquoise and orange: objects differed in perceived
and learned affordances. Gray: mean and upper 95% one-sided confidence interval of within-

condition variability. 95% confidence intervals: bootstrap intervals, trials resampled 10000

times.
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Figure 5.24: Proportion of full inter-condition variance which occurred in the
null space over time 7. A: Monkey R. B: Monkey I. C: Monkey T left hemisphere. D:
Monkey T right hemisphere. Purple: Power Grasps vs. Pinch Grasps. Turquoise colors:
Power Grasps on different objects. Orange colors: Pinch Grasps on different objects. Dark
turquoise and orange: objects differed in perceived affordances. Medium turquoise and
orange: objects differed in learned affordances. Light turquoise and orange: objects differed
in perceived and learned affordances. Gray: mean and upper 95% one-sided confidence
interval of within-condition variability. 95% confidence intervals: bootstrap intervals, trials

resampled 10000 times.
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Figure 5.25: Proportion of full inter-condition variance which occurred in the
null space over time II. A: Monkey R. B: Monkey 1. C: Monkey T left hemisphere. D:
Monkey T right hemisphere. Red star: II; ; significantly greater than pgwerGrasp PinchGrasp (P
< 0.05, one-sided bootstrap interval). Purple: Power Grasps vs. Pinch Grasps. Turquoise
colors: Power Grasps on different objects. Orange colors: Pinch Grasps on different objects.
Dark turquoise and orange: objects differed in perceived affordances. Medium turquoise and
orange: objects differed in learned affordances. Light turquoise and orange: objects differed
in perceived and learned affordances. Gray: mean and upper 95% one-sided confidence
interval of within-condition variability. 95% confidence intervals: bootstrap intervals, trials

resampled 10000 times.
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Taken together, the results of the extralinear modulation analyses and the null space
analyses suggest that grip affordance encoding was present in M1 but was small in magnitude.
Encoding of perceived grip affordance differences and learned grip affordance differences were
both present. Grip affordance encoding was evident within both Power Grasps and Pinch
Grasps. In the next section, different encoding models are compared to confirm the presence
of grip affordance information unit FRs, to compare the incidence of perceived vs. learned
grip affordance encoding and to investigate the potential interactions between grip affordance

encoding and MF encoding.

5.5 Interaction of Grip Affordance and MF Encoding

In Section 5.4, evidence for grip affordance encoding in M1 individual units and
populations was presented in terms of the FR modulation that exceeded linear tuning to
MFs. In this section, the relation between FRs and MFs is explored with regards to the
small but evident grip affordance encoding. Specifically, we ask if grip affordance was
encoded concurrently with MF encoding, and whether grip affordance encoding had an
additive or interactive effect when present.

As in Section 4.5, several different linear models were constructed and compared. The
baseline model, the “MF only” model, related individual unit FRs to only MF PC scores, as

in Equation 4.22 in Section 4.5, reproduced below:

Nm
fn,t = 50,n + Z (5p,n3p,t+7') + € (51)

p=1

where f,; is the normalized FR of unit n at time ¢, 3 are constant weights, s, ., is MF PC
score s at time t + 7, and ¢ is a Gaussian noise term, € ~ N'(0,0?%). As in Section 5.4, T was
set to 40 ms. This model assumes a fixed linear tuning to movements which ignores context.

The next candidate models, direct grip affordance encoding models, described unit FRs as
linear combinations of MF PC scores along with indicator variables denoting the different grip

affordance context of the object being grasped. These models allowed a different mean FR for
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each grip affordance context, assuming that grip affordances were encoded directly in FRs.
Three different direct grip affordance encoding models were built to model direct encoding
of perceived grip affordances, learned grip affordances or both. The “Direct perceived grip

affordance encoding” model is defined in Equation 5.2:

Num

fn,t = 60,71 + Z 6p,nsp,t+‘r + ﬁcc,nc + € (52)

p=1
¢ = 0 for simple objects

¢ = 1 for compound single-grasp and compound multi-grasp objects
The “Direct learned grip affordance encoding” model is defined in Equation 5.3:

Num

Fai =B+ > BomSpasr + Binc+ e (5.3)

p=1
¢ = 0 for simple objects and compound single-grasp objects

¢ = 1 for compound multi-grasp objects

The “Direct perceived and learned grip affordance encoding” model is defined in Equation

5.4:

Num
fn,t = 50,n + Z ﬁp,nsp,t—i-r + ﬁccll,nC]' + cc22,n02 +e (54)

p=1
cl =0, ¢2 = 0 for simple objects
cl =1, ¢2 = 0 for compound single-grasp objects

cl =1, 2 = 1 for compound multi-grasp objects

The final candidate models, interactive grip affordance encoding models, described unit FRs
as combinations of MF PC scores along with indicator variables and interaction terms. These

models allowed the tuning coefficients to MF PC scores to change depending on the object
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context. Again, three different interactive models were built to model interactive encoding
of perceived grip affordances, learned grip affordances or both. The “Interactive perceived

grip affordance encoding” model is defined in Equation 5.5:

Num Num
fn,t = ﬁO,n + Z (ﬁp,nsp,t-l-‘r) + 587n0 + Z (ﬁz,ncsp,t—iﬂ') + € (55)
p=1 p=1

¢ = 0 for simple objects

¢ = 1 for compound single-grasp and compound multi-grasp objects

The “Interactive learned grip affordance encoding” model is defined in Equation 5.6:

Num Num
i =Bom + > BonSpise) T B5nc+ Y (BECSpatr) +e (5.6)
p=1 p=1

¢ = 0 for simple objects and compound single-grasp objects

¢ = 1 for compound multi-grasp objects

The “Interactive perceived and learned grip affordance encoding” model is defined in

Equation 5.7:

Nt Num Nm
Jnt = Bon+ Z (BpnSpisr)+ 5&201 + Z (5;}nclsp,t+T) + Bg?nc2 + Z (5;?n023p,t+T) +e (5.7)
p=1 p=1 p=1

cl =0, ¢2 = 0 for simple objects
cl =1, ¢2 = 0 for compound single-grasp objects

cl =1, 2 = 1 for compound multi-grasp objects

In order to evaluate these models, each was fit separately with linear regression, using the
full dataset of FRs f and MF PC scores s. The trial-averaged R? values, R%, were then
calculated for each model and each unit (see Section A.6.3 for details). R%, was used instead
of full R? in order to focus on the ability of the models to fit task-relevant activity, rather
than trial-to-trial variability. Table 5.2 displays the mean and median R2%, values for each
model and the R%, values for all units and improvement in R%, for the different models are

plotted in Figures 5.26 and 5.27.
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Table 5.2: Mean R3%, for the MF Only, Direct and Interactive models, Grip
Affordance Experiment. P: perceived grip affordance encoding. L: learned grip affordance

encoding. P+L: both perceived and learned grip affordance encoding.

Direct Interactive
Subject Area MF Only | P L [ P+L| P L | P+L
Monkey R M1 0.89 0.90 | 090 | 0.90 | 0.92]0.92]| 094
Monkey I M1 0.72 0.7410.74 | 075 | 0.79 | 0.79 | 0.84
Monkey T | M1 Left 0.81 0.81 1 0.81| 0.82 | 0.85]0.84 | 0.88
Monkey T | M1 Right 0.80 0.80 | 0.81 | 0.81 | 0.83|0.83 | 0.86

RZ, increases were modest for all subjects when adding direct grip affordance encoding.
Though R3, increases were larger for interactive grip affordance encoding models, these
models also featured many more parameters.

Due to the fact that R3, is bounded at 1, and also always increases when adding more
model parameters, it alone does not make a sufficient measure for model selection. As a
more concrete measure, the Bayesian Information Criterion (BIC) was calculated for each
model and each unit (see Section A.6.3). Model selection proceeded by choosing the model
with the lowest BIC. The BIC was chosen over other similar measures such as the Akaike
Information Criterion or likelihood ratio, as the BIC penalizes the number of parameters
more heavily and is thus more conservative. The number of units that had minimum BIC
for each of the models is reported in Table 5.3 and shown in Figure 5.28

According to the BIC measure, the majority of units in all subjects were better fit by
models which incorporated object context information. As in Section 4.5, chance levels of
model selection frequency were estimated by re-fitting models with object labels shuffled
across trials, repeated 100 times. For all subjects, MF Only models were selected at much
lower rates than would be expected by chance, and Interactive models were selected at

much higher rates than would be expected by chance, especially in Monkey R. Models which
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Figure 5.26: R%, for the MF Only, Direct, and Interactive models, Grip Affordance
Experiment. A: Monkey R. B: Monkey I. C: Monkey T left hemisphere. D: Monkey T
right hemisphere. R%, values for each unit for each model. Gray circles: individual unit
R%, values. Boxplots denote the median and interquartile range. MF: MF Only model. D:
direct grip affordance encoding models. I: interactive grip affordance encoding models. P:

perceived grip affordance, L: learned grip affordance.
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Figure 5.27: R2, increases for the MF Only, Direct, and Interactive models, Grip
Affordance Experiment. A: Monkey R. B: Monkey I. C: Monkey T left hemisphere. D:
Monkey T right hemisphere. R3, increases for the Direct and Interactive models vs. the
MF Only model. Orange circles: individual unit R%, increases. Boxplots denote the median
and interquartile range. MF: MF Only model. D: direct grip affordance encoding models.

I: interactive grip affordance encoding models. P: perceived grip affordance, L: learned grip

affordance.
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Table 5.3: The proportion of units which were best fit by the MF Only, Direct and
Interactive models according to BIC, Grip Affordance Experiment. The model for
which BIC was minimal was selected as the best model for each unit. P: perceived grip
affordance encoding. L: learned grip affordance encoding. P+L: both perceived and learned

grip affordance encoding.

Direct Interactive
Subject Area MF Only P L P+L P L P+L
Monkey R M1 9.3% 4.6% | 74% | 7.4% | 9.3% | 5.6% | 56.5%
Monkey 1 M1 10.3% 12.4% | 21.6% | 11.3% | 16.5% | 6.2% | 21.6%
Monkey T | M1 Left 22.6% 16.1% | 12.9% | 9.7% | 9.7% | 9.7% | 19.4%
Monkey T | M1 Right 15.8% 8.8% | 12.3% | 8.8% | 14.0% | 8.8% | 31.6%

featured Direct or Indirect encoding of grip affordance factors were selected for 90.7, 89.6,
77.4 and 84.2% of units for Monkey R, Monkey I, Monkey T left hemisphere and Monkey
T right hemisphere respectively (chance levels: 41.4, 37.3, 35.8 and 32.8%). Models which
featured Interactive grip affordance encoding were selected for 71.2, 44.3, 38.7 and 54.3% of
units for Monkey R, Monkey I, Monkey T left hemisphere and Monkey T right hemisphere
respectively (chance levels: 4.3, 0.8, 2.6 and 2.4%).

For Monkey R and Monkey T right hemisphere, the Interactive perceived and learned grip
affordance encoding model was the single model which best fit the most number of units.
For Monkey I and Monkey T left hemisphere, direct grip affordance encoding was more
prevalent. As in Section 5.4, there was no clear predominance of perceived grip affordance
encoding over learned grip affordance encoding, and many individual units were best fit by
models that incorporated direct or interactive encoding of both perceived and learned grip
affordance differences.

The selection of models with Interactive grip affordance encoding suggests that many

units changed their relations to MFs when objects with different grip affordances were
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Figure 5.28: The proportion of units for which each model was the best, according
to BIC, Grip Affordance Experiment. The model for which BIC was minimal was
selected as the best model for each unit. A: Monkey R. B: Monkey I. C: Monkey T left
hemisphere. D: Monkey T right hemisphere. MF: MF Only model. D, white hatches: direct
grip affordance encoding models. I, black hatches: interactive grip affordance encoding
models. P: perceived grip affordance, L: learned grip affordance. Orange lines: chance levels

of selecting each model, generated by shuffling object context labels 100 times.
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grasped. To assess the size of these effects, the angular distance between tuning coefficient
vectors © were calculated as in Equation 4.25 in Section 4.5 only for units which preferred
Interactive grip affordance encoding models. This resulted in average angular distances of
10.2, 18.2, 8.1 and 9.9 degrees for Monkey R, Monkey I, Monkey T left hemisphere and
Monkey T right hemisphere respectively. These relatively small © values suggest that any
grip affordance context related MF tuning coefficient changes were small in magnitude.
These results suggest that grip affordance encoding was prevalent in many individual
units in all subjects, and was often interactive with MF encoding. These model fitting
analyses identified grip affordance encoding in many more units than did the extralinear
modulation analyses of Section 5.4. This implies that grip affordance may have been present
in many units, but very small in magnitude. Interactive grip affordance encoding should
negatively impact across-context MF decoding, but the small size of the grip affordance
encoding effect suggests that this impact may be small. The next section directly addresses

the performance of MF decoders in the different object contexts.

5.6 Impact of Grip Affordance on MF Decoding

Successful implementation of an upper limb motor neuroprosthesis requires consistent
decoding across different contexts. A neuroprosthetic MF decoder must be able to decode
intended grasping movements made on objects that were not used for training the decoder.
One way that these objects could differ is in their perceived or learned grip affordances. In
this section, various decoders were built to determine the impact of grip affordance encoding
in M1 on MF decoding from M1 across different object contexts (objects with different
perceived or learned grip affordances).

As in Section 4.6, decoders were built to approximate the approach used in the recent
upper limb neuroprosthetic studies of Wodlinger et al and Clanton [119,437]. The decoding
framework is defined in Equation 4.26 in Section 4.6. Details of decoder fitting and cross-

validation are provided in Section A.6.5. First, decoders were built and tested on all data
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from the Grip Affordance Experiment to decode each normalized MF independently. These
decoders were evaluated using 10-fold cross-validation, with RMSE as the goodness of fit
measure. The performance of the full decoders are presented in Figure 5.29.

Full decoding results were qualitatively similar to the results for the Object Presence
Experiment in Section 4.6. In general, proximal joint angles and hand positions were decoded
better than distal joint angles. Hand positions and joint angles were decoded better than
hand velocities and joint angular velocities. EMGs were decoded at a level intermediate
between joint angles and joint angular velocities, with little difference between proximal and
distal EMGs.

To measure the potential effects of grip affordance encoding signals on across-context

decoding, 4 different data partitions were used for training separate decoders:

1. The “All Data” decoder, trained on data from all conditions.

2. The “Simple Object” decoder, trained on data from Power Grasps made on the Simple
Power Object and Pinch Grasps made on the Simple Pinch Object.

3. The “Compound Single-Grasp Object” decoder, trained on data from Power Grasps
made on the Compound Power Object and Pinch Grasps made on the Compound Pinch
Object.

4. The “Compound Multi-Grasp Object” decoder, trained on data from Power Grasps and
Pinch Grasps made on the Compound Multi-Grasp Object.

Each decoder was tested by decoding data in 3 partitions: the Simple Object data, the
Compound Single-Grasp Object data, and the Compound Multi-Grasp Object data. Thus,
decoding was performed with full data, within contexts or across contexts. For example,
training a decoder on Simple Object data and testing on Simple Object data represented
a case of within-context decoding. Training a decoder on Simple Object data and testing
on Compound Multi-Grasp data constituted a case of across-context decoding. All decoders
were fit and evaluated using 10-fold cross-validation. The resulting decoding RMSEs are

presented in Figure 5.30.
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Figure 5.29: Decoder performance in terms of RMSE when decoding normalized
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MF's using all data A Monkey R. B Monkey 1. C: Monkey T left hemisphere. D: Monkey T
right hemisphere. Each bar is a different normalized MF. Hatched bars are velocities. Dark
joint angular velocities, Light red: finger joint angles and joint angular velocities, Tan: hand

positions and velocities, Dark blue: proximal EMG, Light blue: distal EMG

red: shoulder and elbow joint angles and joint angular velocities
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Figure 5.30: Decoder performance in terms of RMSE when decoding within and
across contexts, Grip Affordance Experiment. A: Monkey R. B: Monkey I. C: Monkey
T left hemisphere. D: Monkey T right hemisphere. SO: Simple Objects. CSO: Compound
Single-Grasp Objects. CMO: Compound Multi-Grasp Object. Box plots represent the
median and interquartile range for all decoded MFs. Colored circles reach represent the
RMSE for a single decoded MF. Red circles: joint angles and joint angular velocities. Yellow
circles: hand positions and hand velocities. Blue circles: EMG. Lighter colors indicate distal

MFs, darker colors are proximal MF's.
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Only modest decreases in performance were observed when decoding between contexts
as compared to decoding within contexts. Performance of decoders trained on full data were
close to within-context decoders. Perceived and learned grip affordance differences both
affected decoder performance at approximately the same level.

For a more concise expression of decoder performance within and between contexts,
all within-context RMSEs were combined by the square root of the square and average of
within-context RMSE values. This was also done for between-context decoder RMSEs and
full decoder RMSEs. These averaged RMSE results are presented in Figure 5.31

To measure the impact of decoding across contexts or using full data decoders compared
to within-context decoders, the percent change in RMSE was calculated for across-context
and full data decoders compared to the within-context decoder values. These percentage
RMSE increases, averaged across all MFs, are presented in Table 5.4

As seen by the overall decoder RMSE increases, only modest performance decreases
were observed for across-context decoders. However, nearly all of the within-context decoder
performance was recovered by training decoders using the full dataset. Thus, grip affordance
encoding presented only a small impediment to decoders when attempting to decode grasps
on objects with different grip affordances than those used in the training dataset. Decoder
performance can be recovered by including all the different object contexts in the training
dataset.

Thus far the grip affordance encoding signal in M1 has been shown to be consistent but
small in magnitude, with only minor impact on decoding performance. In the next section,
the information content of the grip affordance encoding signal is examined in terms of the

relation of the grip affordance encoding signal to the afforded but unused grasp.
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Figure 5.31: Combined decoder RMSEs for within-context, between-context and

full data decoders, Grip Affordance Experiment. A: Monkey R. B: Monkey I. C:

Monkey T left hemisphere. D: Monkey T right hemisphere. Box plots represent the median

and interquartile range for all decoded MFs. Colored circles reach represent the RMSE for

a single decoded MF. Red circles: joint angles and joint angular velocities. Yellow circles:

hand positions and hand velocities. Blue circles: EMG. Lighter colors indicate distal MF's,

darker colors are proximal MFs.
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Table 5.4: Percent increase in RMSE for across-context and full data decoders,

compared to within-context decoders.

Subject Area Across-context | Full Data
Monkey R M1 11.1% 2.0%
Monkey I M1 6.0% 0.5%
Monkey T | M1 Left 1.7% 0.2%
Monkey T | M1 Right 3.7% 0.5%
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5.7 Relation of Grip Affordance and Grasp Encoding

The previous sections have focused on assessing the magnitudes of the differences in
behavior and neural activity during similar grasps on objects with differences in perceived
and learned grip affordances, and on what portion of neural differences may reflect encoding
of MF differences or contextual encoding of grip affordances. In this section, the relation
of grip affordance dependent differences and grasp encoding is examined in more detail.
Specifically, we ask if the presence of a perceived or learned grip affordance biases behavior
and neural activity toward the behavior or neural activity associated with the unused afforded
grip type. Only weak evidence is found for such biasing occurring in the early preparatory
period in neural activity.

Examples of such behavioral biasing have been observed in humans. In one study by
Gentilucci in 2002 [362], subjects grasped identically shaped sticks attached to different
objects. Although the graspable portions of the objects were the same, the ungrasped
portions of the object differed. It was found that when the ungrasped portion of the object
was large, the subjects exhibited larger grip apertures, suggesting that behavior may have
been biased toward behavior associated with the affordances of the large, ungrasped portion
of the object. The analyses of this section are designed to determine if similar effects were
obtained in both behavior and neural activity when perceived or learned grip affordances
were present but ungrasped.

As an illustration of this concept, we first consider the case of Power Grasps made
on the Simple Power Object and Power Grasps made on the Compound Power Object.
The Simple Power Object had only a singe perceived grip affordance for Power Grasps.
The Compound Power Object had two perceived grip affordances, for Power Grasps or
Pinch Grasps. The results of Sections 5.2 and 5.3 showed that behavior and neural activity
were significantly different for Power Grasps made on the Simple Power Object and the
Compound Power Object. Here, we investigate the hypothesis that the presence of the
perceived Pinch Grasp affordance biases the behavior and neural activity during Power
Grasps made on the Compound Power Object toward the behavior and neural activity

associated with Pinch Grasps relative to the behavior and neural activity observed during

207



Power Grasps made on the Simple Power Object. Such biasing could reflect “automatic
activation” of the representation of the perceived Pinch Grasp affordance. That is, when
a Pinch Grasp affordance is perceived, it may activate the neural representation associated
with Pinch Grasps, even when a Pinch Grasp is not actually performed. Such a pattern

" Conversely, a cognitive, purposeful avoidance of

would constitute a “pro-affordance bias.’
the unused Pinch Grasp affordance could bias neural activity away from the Pinch Grasp
representation. This would constitute an “anti-affordance bias.” Finally, the encoding of the
perceived Pinch Grasp affordance could act independently of the Pinch Grasp representation,
which would represent “no affordance bias.”

To characterize these potential biases in behavior and neural activity due to perceived

grip affordances, the perceived affordance shifts SMPC and STRPC were calculated according

to Equations 5.8-5.11.

SmMFPC o (MPinchGrasp,SpO,t - MPoworGrasp,SPO,t) ° (MPowerGrasp,CPO,t - MPowerGrasp,SPO,t>
PinchPerceived,t — HM ] — M, H2
PinchGrasp,SpO,t PowerGrasp,SPO,t
(5.8)
SmMFPC o (MPowerGrasp,SpO,t - MPinChGrasp,SpO,t> ° (MPinchGrasp,CpO,t - MPinChGrasp,SpO,t>
PowerPerceived,t — ||M — Mo ||2
PowerGrasp,SPO,t PinchGrasp,SpO,t
(5.9)
SmFRPC - (FPinchGrasp,SpO,t - FPowerGrasp,SPO,t) ° (FPowerGrasp,CPO,t - FPowerGrasp,SPO,t)
PinchPerceived,t — ||F ] _F ||2
PinchGrasp,SpO,t PowerGrasp,SPO,t
(5.10)
SmFRPC o (FPoworGrasp,SpO,t - FPinchGrasp,SpO,t) ° (FPinChGrasp,CpO,t - FPinChGrasp,SpO,lﬁ)
PowerPerceived,t — HF — Fo H2
PowerGrasp,SPO,t PinchGrasp,SpO,t
(5.11)

where M, ; is the vector of mMF PC scores for condition ¢ at time ¢, F;; is the vector of mFR
PC scores for condition ¢ at time ¢, SPO is the Simple Power Object, SpO is the Simple
Pinch Object, CPO is the Compound Power Object, CpO is the Compound Pinch Object, -

denotes the vector dot product operation and ||| denotes the vector norm operation. These
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perceived affordance shifts measure the direction effect of the presence of a perceived grip

affordance. A positive value of SEMIPC

BinchPerceiveq Would indicate that the behavior observed for

Power Grasps on the Compound Power Object (which featured a perceived Pinch Grasp
affordance) was biased toward the behavior observed for Pinch Grasps on the Simple Pinch
Object, relative to Power Grasps on the Simple Power Object. A negative value would
indicate that behavior was biased away from the perceived Pinch Grasp affordance. A value
approximately equal to zero indicates that the observed behavioral difference was unrelated
to the Pinch Grasp affordance.

Affordance shift values were also calculated with respect to learned grip affordances,

according to Equations 5.12-5.15.

SmMFPC o (MPinchGrasp,CMO,t - MPowerGrasp,CPO,t) : (MPowerGrasp,CMO,t - MPowerGrasp,CPO,t)
PinchLearned,t — M, M. 2
|| PinchGrasp,CMO,t — PowerGrasp,CPO,t”
(5.12)
SmMFPC . (MPowerGrasp,CMO,t - MPinchGraSp,CpO,t) ° (MPinchGrasp,CMO,t - MPinchGrasp,CpO,t)
PowerLearned,t — M, M 2
H PowerGrasp,CMO,t — PinchGrasp,CpO,tH
(5.13)
SmFRPC o (FPinchGrasp,CMO,t - FPowerGrasp,CPO,t> ° (FPowerGrasp,CMO,t - FPoworGrasp,CPO,t)
PinchLearned,t — ||F ] _F H2
PinchGrasp,CMO,t PowerGrasp,CPO,t
(5.14)
SmFRPC o (FPowerGrasp,CMO,t - FPinchGrasp,CpO,t) ° (FPinchGrasp,CMO,t - FPinchGrasp,CpO,t)
PowerLearned,t — ||F — F.. ||2
PowerGrasp,CMO,t PinchGrasp,CpO,t
(5.15)

where CMO denotes the Compound Multi-Grasp Object. The learned affordance shifts
measured the directional impact of the presence of a learned grip affordance. A positive
value indicates that behavior or neural activity is shifted towards the behavior or neural
activity associated with the learned but unused grip affordance.

Additionally, the analyses of Section 5.4 showed that M1 encoded perceived and learned

grip affordances in that neural modulation for same-grasp, different-context conditions was

209



greater than could be explained by linear tuning to MFs. To determine whether this grip
affordance encoding signal also contained evidence for automatic activation of perceived
and learned grip affordances, the affordance shifts were also calculated in null space neural
activity. The null space neural activity was the component of neural activity that could
not linearly combined to decode mMF PC scores. The null space affordance shifts were

calculated according to Equations 5.16-5.19.

rmull _ Fnull . Fnull _ Fnull
Snull PinchGrasp,SpO,t PowerGrasp,SPO,t PowerGrasp,CPO,t PowerGrasp,SPO,t
PinchPerceived,t — H Fnull _ Fnull H2
PinchGrasp,SpO,t PowerGrasp,SPO,t

(5.16)

rmull o Fnull . Fnull o Fnull
Snull PowerGrasp,SpO,t PinchGrasp,SpO,t PinchGrasp,CpO,t PinchGrasp,SpO,t

PowerPerceived,t — || null _ Fnull

2
PowerGrasp,SpO,t PinchGrasp,SpO,t | |

(5.17)

null o Fnull . Fnull o Fnull
PinchGrasp,CMO,t PowerGrasp,CPO,t PowerGrasp,CMO,t PowerGrasp,CPO,t

Sm}H —
PinchLearned,t || Fnull _ Fnull || 9
PinchGrasp,CMO,t PowerGrasp,CPO,t
(5.18)

rmull o Fnull . Fnull o Fnull
Snull PowerGrasp,CMO,t PinchGrasp,CpO,t PinchGrasp,CMO,t PinchGrasp,CpO,t

PowerLearned,t — || Fnull o Fnull ||2

PowerGrasp,CMO,t PinchGrasp,CpO,t

(5.19)
where F™1! is the vector of null space neural activity for condition i at time ¢, calculated
according to Equation 4.15.

The three potential affordance bias scenarios for the perceived pinch grip affordance are
depicted schematically in Figure 5.32.

The affordance shifts calculated in mMF PC space, mFR PC space and null space neural
activity are portrayed in Figures 5.33, 5.34 and 5.35.

Positive affordance shift values, indicating a pro-affordance bias, were evident in mMF

PC space before the reach for all subjects. This reflects the finding that subjects exhibited a
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Figure 5.32: Schematic illustration of three potential forms of grip affordance
bias for perceived pinch grip affordance. Ellipses represent distributions of behavior
or neural activity for different conditions. Blue ellipse: Power Grasp, Simple Power Object.
Light blue ellipse: Power Grasp, Compound Power Object. Red ellipse: Pinch Grasp, Simple
Pinch Object. Blue vector: vector between Power Grasp, Simple Power Object and Power
Grasp, Compound Power Object. Red vector: vector between Power Grasp, Simple Power
Object and Pinch Grasp, Simple Pinch Object. Green vector: the projection of the blue
vector onto the red vector. The affordance shift is the magnitude of the green vector divided
by the magnitude of the red vector, with the sign positive when the green and red vector
are aligned, and negative when the green and red vector are opposed. Dimensions could
correspond to mMF PC scores for S™MFPC mFR PC scores for S™FRPC and null space neural
dimensions for S™!'. The diagram shows affordance bias scenarios relative to perceived pinch
grip at a single time point; S was also calculated relative to perceived power grips, learned

pinch grips and learned power grips.
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Figure 5.33: Affordance shifts S™M'PC for the Grip Affordance Experiment.
Affordance shifts calculated in the 99% mMF PC space. A: Monkey R. B: Monkey I. C:
Monkey T left hemisphere. D: Monkey T right hemisphere. Blue: shifts for Power Grasp
affordances, Red: shifts for Pinch Grasp affordances. Solid lines: perceived affordances.

Dashed lines: learned affordances. Shaded 95% confidence intervals are bootstrap intervals,

trials resampled 10000 times.
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Figure 5.34: Affordance shifts S™RPC for the Grip Affordance Experiment.

Affordance shifts calculated in the 99% mFR PC space. A: Monkey R. B: Monkey I. C:

Monkey T left hemisphere. D: Monkey T right hemisphere. Blue: shifts for Power Grasp

affordances, Red: shifts for Pinch Grasp affordances.

Solid lines: perceived affordances.

Dashed lines: learned affordances. Shaded 95% confidence intervals are bootstrap intervals,

trials resampled 10000 times.
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Figure 5.35: Affordance shifts S™!! for the Grip Affordance Experiment. Affordance
shifts calculated in null space neural activity. A: Monkey R. B: Monkey 1. C: Monkey T left
hemisphere. D: Monkey T right hemisphere. Blue: shifts for Power Grasp affordances, Red:
shifts for Pinch Grasp affordances. Solid lines: perceived affordances. Dashed lines: learned

affordances. Shaded 95% confidence intervals are bootstrap intervals, trials resampled 10000

times.
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slightly different start button posture for objects that were only grasped with a Power Grasp
and objects that were only grasped with a Pinch Grasp, and exhibited an intermediate
posture for trials featuring the Compound Multi-Grasp Object (see Figure 5.4). However,
mMF PC affordance shifts were near zero and showed no consistent pattern otherwise during
the movement.

In the mFR PC space, affordance shift values were generally positive at the very earliest
portions of the trial. As the different objects were presented in different blocks (see 3.2.1),
background M1 activity appears to weakly reflected a bias toward the perceived and learned,
but unused grip affordances. However, mFR PC affordance shifts were inconsistent between
subjects and often near zero during the immediate pre-movement period and throughout the
movement, indicating that neural differences observed during the movement were unrelated
to encoding of the perceived or learned grip affordances.

Finally, null space affordance shifts showed no consistent pattern and were most
frequently not significantly different from zero. This indicates that the component of neural
activity specifically related to the encoding of grip affordance differences, though
sometimes significant (see Section 5.4) did not encode these grip affordances in a way that
related to the representation of the perceived or learned, but unused grip affordance.

In summary, the results presented in this chapter suggest that grip affordance encoding
was present in M1, but was small in magnitude. Subjects exhibited very similar but
nonetheless consistently significantly different MFs when executing the same grasp on
objects with different perceived and learned grip affordances (Section 5.2). Same-grasp
conditions were also separable in neural activity, with transient separations in individual
FRs and consistent, moderate separation in neural populations. Separation between
same-grasp conditions in neural activity was relatively larger than the separation between
same-grasp conditions in MFs, relative to the separation between Power Grasps and Pinch
Grasps (Section 5.3). The extralinear modulation analyses revealed that grip affordance
encoding was evident in a moderate number of individual neurons as well as at the
population level for all subjects, in that perceived and learned grip affordance differences
evoked neural modulation that could not be fully accounted for by linear encoding of MF's,

though this grip affordance encoding signal was small in magnitude (Section 5.4).
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Regression model comparisons revealed that grip affordance encoding was evident in many
units. For different units, grip affordances were encoded directly in unit FRs or were
encoded in an interactive manner with MF encoding (Section 5.5). Grip affordance
encoding had only a minor impact on MF decoding, which could be compensated for by
including trials for all different objects in the decoder training data set (Section 5.6).
Finally, object-dependent background and early preparatory activity may carry

information related to the afforded but unused grasp movement.

216



6.0 Results — Use Affordance Experiment — M1

Results from the Object Presence Experiment, described in Chapter 4, revealed the
significant differences in behavior and large differences in neural activity when reaches were
performed in the presence or absence of an object, as well as strong explicit encoding of
object presence in M1. Results from the Grip Affordance Experiment, described in Chapter
5, revealed subtle but significant changes in behavior and somewhat larger changes in neural
activity when objects with different perceived or learned grip affordances were grasped in
the same way, and also revealed weak but significant grip affordance encoding in M1. In
this chapter, we seek to determine if behavior and M1 neural activity change when grasping
objects with different learned use affordances, and whether M1 neural activity additionally
encodes object context related to the learned uses of different objects.

The Use Affordance Experiment was deigned to study how behavior and neural activity
differ when the same grasps are performed on objects with different learned uses. Many
objects, especially tools, have specific uses that are learned through experience. Often,
objects with different uses may be shaped similarly and afford similar grasps. For instance,
screwdrivers and awls have very similar shapes. They are both grasped using a full hand
power grasp around the handle. However, screwdrivers are associated with a rotational
twisting motion around the long axis, whereas awls are associated with a forward motion
along the long axis. That is, screwdrivers and awls have different learned use affordances;
screwdrivers afford screwing and awls afford puncturing.

In the Use Affordance Experiment, we ask whether behavior and M1 neural activity
depend on the difference in learned use affordances between two objects, even when the
objects are grasped in the same manner and with the same goal.

Two objects were designed and built for this experiment. In a preliminary session, both
objects were mechanically fixed in place, and subjects grasped both objects. After this initial
session, one object remained mechanically fixed in place, while the other object was released
and allowed to slide vertically on guide rods. Subjects were trained to lift the movable

object. That is, they learned a new use affordance for only the movable object. In a final
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session after this learning occurred, subjects simply grasped and held both objects, or lifted
the movable object on some trials. Throughout the sessions, kinematics, muscle activity and
neural activity were recorded. In this section, results from the experiment are presented for
Monkey R, Monkey I and Monkey T right hemisphere, from which M1 neural data were
recorded during the Use Affordance Experiment. Neural data were always recorded from
the hemisphere contralateral to the hand used in the task. Results for this experiment from
Monkey T PMV and AIP are presented in Section 7.

The main findings of this chapter are summarized as follows. Subjects grasped two
identically shaped objects, with two different grip types each, in two sessions: the pre-
learning session and the post-learning session. In the pre-learning session, objects were both
mechanically fixed in place and differed only by color. In the second session, one object
was released while the other remained fixed. Subjects grasped and held both objects, and
also grasped and lifted the mobile object. Thus in the pre-learning session, objects had only
superficial differences, whereas in the post-learning session, the objects further differed by
their learned use affordances. Subtle yet significant differences were observed in behavior
for grasps on the objects in the pre-learning session, though the objects differed only by
color. Larger behavioral differences were observed for the same grasps executed on the two
objects in the post-learning session, after a new use affordance was learned for one object.
M1 neural activity also differed for the same grasps executed on the different objects even in
the pre-learning session, though differences were larger in the post-learning session. Neural
activity differentiated same-grasp conditions to a relatively greater extent than did the MF's.
The separation between same-grasp conditions in individual unit FRs and population neural
activity was mostly accounted for by fixed linear tuning to MF's, and only weak evidence was
observed for explicit encoding of object context in both sessions in M1. Nevertheless, object
context was found to be encoded directly in individual unit FRs in some cases, and encoded
interactively with MFs in other cases. Object context had little impact on the ability to
decode MFs from M1 FRs with a simple linear model. Grasping without lifting the movable
object evoked behavior and neural activity that was heavily biased toward the behavior and
neural activity associated with subsequent grasping and lifting the movable object, relative

to the neural activity associated with grasping the fixed object.

218



Section 6.1 contains a detailed description of each subject’s behavior during the different
task conditions of the Use Affordance Experiment. The behavior is described in terms of the
observed movement features (MFs), comprised of 22 joint angles and joint angular velocities
of the arm, wrist and fingers, 3D hand position and hand velocity, and EMG from eight
muscle groups. Section 6.2 characterizes the differences in the MFs observed in the different
task conditions. Section 6.3 describes the single unit and population level M1 neural firing
rate (FR) responses recorded during the experiment, highlighting the differences in neural
activity between same-grasp conditions where present. Section 6.4 concerns the relation
between the M1 FRs and the MFs, with specific focus on the evidence for sporadic and
weak object context encoding in M1, defined as neural modulation beyond that which can
be accounted for by fixed linear tuning to MFs. Section 6.5 compares regression models
with direct or interactive object context information. Section 6.6 characterizes the impact
of the object context encoding signal on decoding accuracy. Finally, section 6.7 explores
the possibility that the differences in behavior and neural activity for power grasps in the

post-learning session was related to the learned use action afforded by the movable object.

6.1 Behavioral Results of the Grip Affordance Experiment

For each subject, two sessions were analyzed: a “pre-learning” session and a “post-
learning” session. In each session, subjects grasped two objects which were the same shape
but different colors. In the pre-learning session, both objects were mechanically fixed in place
and subjects grasped and held each object with either a power or a precision grip, resulting

in the following 4 task conditions:

Power Grasp and Hold, Object 1 (Fixed)
Pinch Grasp and Hold, Object 1 (Fixed)
Power Grasp and Hold, Object 2 (Fixed)
Pinch Grasp and Hold, Object 2 (Fixed)

Ll
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After the pre-learning session, Object 1 remained mechanically fixed in place while Object
2 was released and allowed to slide vertically on steel guide rods. Subjects learned to lift
Object 2 on cue, after grasping it with a Power Grasp. Once this new use was learned for
Object 2 and subjects could consistently execute lifts as well as grasps Object 2, data of the
post-learning session were recorded. In the post-learning session, subjects repeated all of the
task conditions from the pre-learning session, and also performed a Power Grasp and Lift

action with Object 2. This resulted in the following 5 task conditions:

Power Grasp and Hold, Object 1 (Fixed)
Pinch Grasp and Hold, Object 1 (Fixed)
Power Grasp and Hold, Object 2 (Movable)
Pinch Grasp and Hold, Object 2 (Movable)
Power Grasp and Lift, Object 2 (Movable)

SANEE R

All subjects performed 140 repetitions of each task condition, resulting in 560 trials for the
pre-learning session and 700 trials for the post-learning session.

For the remainder of this section, Power Grasp and Hold trials are referred to as “Power
Hold,” Pinch Grasp and Hold trials are referred to as “Pinch Hold” and Power Grasp and
Lift trials are referred to as “Power Lift.”

The objects of the Use Affordance Experiment are shown in Figure 6.1.

The objects were designed to elicit identical grasps of each type for the grasp-and-hold
conditions. To accomplish this, the objects were designed and fabricated to the same
dimensions, using CNC milling and 3D printing (see Section A.2.1). The objects were
instrumented with force sensors to detect correct and incorrect grasps. Object lifting was
tracked using a string potentiometer attached to the object base (Figure 6.2).

All subjects were able to quickly learn the lifting behavior after Object 2 was released.
All subjects were able to lift the object without assistance on the first day of training with
the movable object, and were consistently able to lift the object on cue within a few sessions.
More details of the behavioral training are provided in Section A.3. Figure 6.2 shows single

frames of Monkey T performing each of the 5 task conditions of the post-learning session.
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Session 1 - Pre-learning

Session 2 - Post-learning

Figure 6.1: Objects used in the Use Affordance Experiment. Black object: Object
1. Blue object: Object 2. During the pre-learning session, both objects were mechanically
fixed in place. During the post-learning session, Object 1 remained fixed in place and Object
2 was released and allowed to slide vertically. In both sessions, both objects were grasped
and held with a Power Grasp or a Pinch Grasp. In the post-learning session, an additional
condition was added for which the subject grasped Object 2 with a Power Grasp, held it,
and then lifted it.
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Figure 6.2: Still frames of video recording of Monkey T performing the task
conditions during the post-learning session in the Use Affordance Experiment.
Black object: Object 1. Red object: Object 2. A: Power Hold, Object 1 (Fixed). B: Pinch
Hold, Object 1 (Fixed). C: Power Hold, Object 2 (Movable). D: Pinch Hold, Object 2
(Movable). E: Power Lift, Object 2 (Movable).
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Trial structure was similar to that employed in the Object Presence Experiment and
the Grip Affordance Experiment. The subject started each trial with its hand on the start
button near waist. At this time, the subject was cued as to the required behavior (Power
Hold, Pinch Hold, or Power Lift). After 800-1200 ms, a go cue was presented, and the subject
reached forward to grasp the object. For Power Grasp conditions, the subject grasped the
vertical cylindrical portion of the object with a whole-hand grip, opposing digits 2-5 against
the palm. For the Pinch Grasp conditions, the subject grasped the tab at the top of the
object by opposing digit 2 against the thumb. For the grasp and hold trials, the subject was
required to maintain the grasp for 800-1200 ms to receive a reward.

For the Power Lift trials, subjects were required to perform a Power Grasp, maintain the
grasp for 800-1200 ms without lifting the object, then, after a cue, lift the object vertically
at least 2.5 cm to receive a reward. For Monkey I, the required hold time was only 500 ms,
after which the lift cue was delivered. Lift trials were denoted with a triangle on the feedback
monitor which remained present throughout the trials, and which provided feedback about
the required and actual lift distance during the lift phase. Trials were automatically aborted
if any inappropriate force sensor was activated. Grasp-and-hold trials were aborted if the
object was lifted at any time, and Power Lift trials were aborted if the object was lifted early.
Power Hold trials on Object 2 (the movable object) were excluded from analysis if a lift was
erroneously performed after the reward was delivered, which rarely occurred. Subjects only
ever lifted Object 2 using a Power Grasp, and never with a Pinch Grasp. Section 3.2 contains
more details of the task timing and visual feedback.

The objects were presented in blocks, and objects were changed between blocks by the
experimenter, out of view of the subject. For Object 1 blocks in both the pre- and
post-learning sessions, Power Hold and Pinch Hold trials were presented in an interleaved
pseudorandom fashion. For Object 2 blocks in the pre-learning session, Power Hold and
Pinch Hold trials were presented in an interleaved pseudorandom fashion. For Object 2
blocks in the post-learning session, Power Hold, Pinch Hold, and Power Lift trials were
presented in an interleaved psuedorandom fashion. Block schedule structure is described

further in Section 3.2.1.
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For all conditions, the Reach Start time was defined as the time point of the first
kinematic sample in which the hand velocity exceeded 1 mm/s for a sustained period. The
Target Contact time was defined by the initial uptick of the appropriate force sensors. For
lift trials, the lift time was defined by the initial uptick of the lift sensor potentiometer. See
Section A.4.5 for more details of data alignment to task epochs.

The subjects exhibited somewhat different reach times (the time between Reach Start and
Target Contact) for different grasps, and reach times varied between trials. Power Grasp
reach times were shorter than Pinch Grasp reach times on average. In order to compare
across conditions and across trials, trials were resampled at variable rates within the reach
period to produce an equal number of samples for each trial (see Section A.4.5 for details).

Trial-averaged hand positions and hand velocities are shown in Figure 6.3 for Monkey
R for both the pre-learning session and the post-learning session. Positions were calculated
relative to the hand position on the start button. The trial-averaged values were calculated
by averaging the values at each time point across all 140 trials for each condition. The hand
position was defined as the average x-y-z coordinates of markers HAN1, HAN2, HAN3 and
HAN4 (see Section A.4.1). The coordinate axes corresponded to the workspace as follows:
positive X pointed to the right of the subject, positive Y pointed forward from the subject
and positive Z pointed upward.

Different hand trajectories were observed for all Power Grasps vs. all Pinch Grasps, due
to the different locations of the graspable portions of the object and the different hand
speeds during the reach period. Some overshoot was observed in the hand Z-position, as
the subject lifted its hand off the start button and brought it back down to make contact
with the object. In the pre-learning session, the hand positions were very similar when the
same grasps were made on the different objects (Figure 6.3 A, solid vs. dashed lines). In the
post-learning session, the hand trajectories were slightly different for the same grasps made
on the different objects, especially in the hand Z-position and Z-velocity. During the target
hold period, the hand Z-position was slightly lower for the Power Hold and Power Lift trials
on Object 2 (the movable object), compared to Power Hold trials on Object 1 (the fixed
object). During the early reach period, the hand Z-velocity was slightly higher for Pinch
Hold trials on Object 2, compared to Pinch Hold Trials on Object 1.
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Figure 6.3: Trial-averaged hand positions and velocities for Monkey R in the pre-

and post-learning sessions of the Use Affordance Experiment. Hand positions are

relative to the mean hand position 400 ms before Reach Start. A: Pre-learning session. B:

Post-learning session. Solid blue lines: Power Hold, Object 1. Solid red lines: Pinch Hold,
Object 1. Dashed blue lines: Power Hold, Object 2. Dashed red lines: Pinch Hold, Object
2. Dotted blue line: Power Lift, Object 2.
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Trial-averaged joint angle trajectories of the arm are presented in Figure 6.4 for both the
pre- and post-learning sessions for Monkey R. The finger joint angles for Monkey R for the
pre- and post-learning sessions are presented in Figures 6.5 and 6.6.

Overall, arm and hand joint angle trajectories were dissimilar for all Power Grasps vs.
all Pinch Grasps. In the pre-learning session, small within-grasp differences were observed
in the elbow flexion, wrist flexion and wrist abduction angles when the same grasps were
performed on the two different objects. Arm and wrist joint angles were more consistent
within grasps in the post-learning session.

In the pre-learning session, digit 2-5 PIP flexion and digit 4 and 5 MCP flexion were
slightly higher for Pinch Grasps made on Object 1 compared to Pinch Grasps made on
Object 2. Power Grasps made on the two objects were highly consistent in the finger joint
angles, excepting some small differences in digits 2 and 3 PIP flexion.

In the post-learning session, Pinch Grasp finger joint angles were more consistent between
the two objects. Larger differences were observed between Power Grasps made on the two
objects. Digit 2-5 MCP and PIP flexion was greater when grasping Object 1 (the fixed
object) with a Power Grasp, compared to Power Grasps on Object 2 (the movable object),
even for the Power Hold trials on Object 2, when no lift action was performed. In addition,
the digits were more spread apart for Power Grasps on Object 1 compared to Power Grasps
on Object 2. Power Lift trials were associated with even less digit flexion and digit spreading.
Finger joint angles for Power Hold trials on Object 2 were intermediate between Power Hold
Trials on Object 1 and Power Lift trials on Object 2, though they were more similar to Power
Lift trials in general.

Trial-averaged muscle activity recorded from surface EMG electrodes are shown in Figure
6.7 for both the pre- and post-learning sessions for Monkey R. Details of surface EMG data
collection are presented in Section A.4.2.

As with the kinematics, the largest differences in EMGs were observed between all
Power Grasps and all Pinch Grasps. In the pre-learning session, Power Grasps were highly
consistent between the two objects. Pinch Grasps made on Object 2 elicited slightly lower
EMGs in the pectoralis, deltoid, triceps, biceps and wrist extensors compared to Pinch

Grasps made on Object 1.
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Figure 6.4: Trial-averaged arm joint angle trajectories for Monkey R in the pre-
and post-learning sessions of the Use Affordance Experiment. A: Pre-learning
session. B: Post-learning session. Solid blue lines: Power Hold, Object 1. Solid red lines:
Pinch Hold, Object 1. Dashed blue lines: Power Hold, Object 2. Dashed red lines: Pinch
Hold, Object 2. Dotted blue line: Power Lift, Object 2. El: elevation, Abd: abduction, Rot:

rotation, Flex: flexion.
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Figure 6.5: Trial-averaged finger joint angle trajectories for Monkey R in the

pre-learning session of the Use Affordance Experiment.

Hold, Object 1.

Solid red lines:

Pinch Hold, Object 1.

Solid blue lines:
Dashed blue lines:

Power

Power

Hold, Object 2. Dashed red lines: Pinch Hold, Object 2. CMC: carpometacarpal joint,

MCP: metacarpophalangeal joint, PIP: proximal interphalangeal joint. Flex: flexion, Abd:

abduction.

228



Joint Angle (degrees)

Figure 6.6: Trial-averaged finger joint angle trajectories for Monkey R in the post-
learning session of the Use Affordance Experiment. Solid blue lines: Power Hold,
Object 1. Solid red lines: Pinch Hold, Object 1. Dashed blue lines: Power Hold, Object 2.
Dashed red lines: Pinch Hold, Object 2. Dotted blue lines: Power Lift, Object 2. CMC:

carpometacarpal joint, MCP: metacarpophalangeal joint, PIP: proximal interphalangeal
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Figure 6.7: Trial-averaged EMG muscle activations in the pre- and post-learning
sessions the Use Affordance Experiment. EMG values are relative to the mean EMG
values 400 ms before Reach Start. A: Pre-learning session. B: Post-learning session. Solid
blue lines: Power Hold, Object 1. Solid red lines: Pinch Hold, Object 1. Dashed blue lines:
Power Hold, Object 2. Dashed red lines: Pinch Hold, Object 2. Dotted blue lines: Power
Lift, Object 2. P: proximal, D: distal.
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In the post-learning session, Pinch Grasps were more consistent between the two objects.
Power Grasps made on Object 2 elicited slightly lower EMGs in the pectoralis, triceps, biceps
and forearm muscles compared to Power Grasps made on Object 1. In general, EMGs for
Power Hold trials on Object 2 were more similar to EMGs for Power Lift trials made on
Object 2.

Patterns of variability in the MFs were qualitatively consistent across the subjects. In
all subjects, the largest separations in MFs were between all Power Grasps and all Pinch
Grasps. All subjects displayed slight differences in MFs when executing the same grasps on
different objects, even during the pre-learning sessions. Such differences were unexpected,
as during the pre-learning sessions the objects were identical other than their color. In the
post-learning sessions, larger MF differences were observed between Power Grasps made on
the different objects for Monkey R and Monkey T, though less so for Monkey I. For all
subjects, the MFs for the Power Hold trials on Object 2 (the movable object) were more
similar to the Power Lift trials on Object 2 compared to the Power Hold trials on Object
1, even though the required behaviors for Power Hold were the same for both objects. This
indicates that slightly different Power Hold behaviors were observed for the two objects after
learning the lift affordance for Object 2, even when Object 2 was not lifted. The next section
contains direct comparisons of MFs in the different conditions in order to characterize the

size of the grip-type dependent and object-dependent variability in MFs.

6.2 Movement Feature Differences Across Conditions

The goal of the experimental design of the Use Affordance Experiment was to elicit very
similar grasps on objects which were at first identical in all but color (pre-learning session),
and later, which differed in terms of the learned use affordances of the objects (post-learning
session). The analyses in this section describe the relative differences observed in the MFs
for the various conditions of the Use Affordance Experiment.

To measure the differences in MFs between different conditions, the Euclidean distance

between each pair of conditions was calculated at each time point in subsets of MFs. The
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MF subsets were the same as in Chapters 4 and 5, and inter-condition distances in the MF
subsets were calculated according to equation 4.1 in Section 4.3. The resulting MF subset
distances are shown in 6.8 for both the pre- and post-learning sessions for Monkey R.

Across the MF subsets, the largest distances were observed between Power Grasps and
Pinch Grasps. Power Grasp vs. Pinch Grasp distances differed slightly between the pre-
and post-learning sessions due to the differences in the placements of the kinematic tracking
markers and EMG electrodes on the subject in the two sessions. In all MF subsets, distances
between Power Grasps were generally very small in the pre-learning session and increased for
the post-learning session. The Power Hold (Object 2) vs. Power Lift (Object 2) distances
(Figure 6.8 light turquoise traces) were the lowest of the within-Power-Grasp distances,
indicating that the subject used similar hand posture and muscle activity for all Power
Grasps on Object 2 after learning the lifting use affordance, even when the object was not
lifted. Distances between the Pinch Grasps made on the different objects increased in hand
position and hand speed during the reach between the pre- and post-learning sessions, but
decreased in EMG.

In order to characterize inter-condition distances across all of the MFs together, the 58
trial-averaged, centered MFs were combined in a dimensionally-reduced form using Principal
Components Analysis (PCA) with varimax rotation, as in Sections 4.3 and 5.3. For Monkey
R, 12 PCs (14 PCs) explained 99% of the variance in trial-averaged, centered MFs for the
pre-learning session (post-learning session). The first 12 MF VPC scores and VPC loadings
are shown in Figure 6.9 for the pre-learning session and Figure 6.10 for the post-learning
session, with each condition plotted separately. VPCs are sorted by amount of variance
explained.

The largest separations in VPCs were between Power Grasps and Pinch Grasps. In the
pre-learning session, small separations were observed between same-grasp conditions for both
Pinch Grasps and Power Grasps made on the different objects. Separations between Power
Grasps were more prominent in the post-learning session, as they were larger in magnitude
and present in more of the VPCs compared to the pre-learning session. In general, within-

grasp separations were confined to specific time periods in specific VPCs.
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Figure 6.8: Inter-condition distances in MF subsets for Monkey R in the pre-

and post-learning sessions of the Use Affordance Experiment A: distances in hand
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angular velocities. E: distances in EMGs. Left-hand plots: pre-learning session. Right-hand

plots: post-learning session.
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Figure 6.9: Varimax PCA of the MFs in the pre-learning session of the Use
Affordance Experiment, Monkey R. Trial-averaged scores in the first 12 VPCs. Solid
blue lines: Power Hold, Object 1. Solid red lines: Pinch Hold, Object 1. Dashed blue lines:
Power Hold, Object 2. Dashed red lines: Pinch Hold, Object 2. Bar graph insets below each
VPC score plot denote the loading vector corresponding to the VPC.
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Figure 6.10: Varimax PCA of the MFs in the post-learning session of the Use
Affordance Experiment, Monkey R. Trial-averaged scores in the first 12 VPCs. Solid
blue lines: Power Hold, Object 1. Solid red lines: Pinch Hold, Object 1. Dashed blue
lines: Power Hold, Object 2. Dashed red lines: Pinch Hold, Object 2. Dotted blue lines:
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corresponding to the VPC.

235



To directly compare the inter-condition separation across the MF PCs, the Euclidean
distance in MF PC space, Dyrpc, was calculated for each pair of conditions, as in Equation
4.2 in Section 4.1. The MF PC distances Dyrpc are shown in Figure 6.11 and the time-
averaged MF PC distances Dyppc are shown in Figure 6.12 for both the pre- and post-
learning sessions for all subjects.

Again, the largest distances were observed between Power Grasps and Pinch Grasps
(Figure 6.11, purple trace). These distances peaked around the time of target contact and
maintained a moderate level during the target hold period. Relatively small distances were
observed between condition pairs in which the same grasp was performed on different objects,
even in the pre-learning sessions. These within-grasp distances persisted or increased in the
post-learning session for all subjects. For every condition pair, MF distances Dyppc were
significantly greater than expected within-condition variation in Dyppc (Figure 6.12 stars),
even during the pre-learning session when objects only differed in their color.

For Monkey I, Power Hold trials diverged from the Power Lift trials rapidly after target
contact, due to the shorter hold period for Power Lift trials for Monkey I. In the post-learning
session, the Power Hold (Object 2) and Power Lift (Object 2) were the closest within-Power-
Grasp condition pair, (Figure 6.11 light turquoise vs. dark and medium turquoise). This
indicates that the MF's for the Power Hold trials on Object 2 were more similar to the Power
Lift trials on Object 2, compared to the Power Hold trials on Object 1, even though the
object was not lifted.

The MF PC distances varied slightly in magnitude in the pre- and post-learning
sessions. This was likely due to differences in the MF recording setup in each session. To
accommodate these differences and provide a more consistent measure of the size of
within-grasp distances, the size of within grasp distances were calculated relative to the
average Power Grasp vs. Pinch Grasp distance. These values were calculated by dividing
the mean MFPC distance Dyppc for either Power Hold (Object 1) vs. Power Hold (Object
2) (Figure 6.12 dark turquoise bars) or Pinch Hold (Object 1) vs. Pinch Hold (Object 2)
(Figure 6.12 orange bars) by the average of the Dyppc for the two Power Grasp vs. Pinch
Grasp condition pairs (Figure 6.12 purple bar). In order to make more direct comparisons

of the variance due only to the grasp and hold trials in the pre- and post-learning sessions,
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Figure 6.11: Scaled Euclidean inter-condition distances between pairs of trial-
averaged MF PC scores in the pre- and post-learning sessions of the Use
Affordance Experiment. Distances were calculated in the 99% MF PC space. A: Monkey
R. B: Monkey I. C: Monkey T. Purple: mean Power Hold vs. Pinch Hold for Objects 1 and
2. Dark turquoise: Power Hold, Object 1 vs. Power Hold, Object 2. Medium turquoise:
Power Hold, Object 1 vs. Power Lift, Object 2. Light turquoise: Power Hold, Object 2 vs.
Power Lift, Object 2. Orange: Pinch Hold, Object 1 vs. Pinch Hold, Object 2. Gray: mean
and upper 95% one-sided confidence interval of within-condition variability. 95% confidence

intervals are bootstrap intervals, trials resampled 10000 times.
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Figure 6.12: Mean scaled Euclidean inter-condition distances between pairs of
trial-averaged MF PC scores in the pre- and post-learning sessions of the Use
Affordance Experiment. Distances were calculated in the 99% MF PC space and averaged
over time. A: Monkey R. B: Monkey I. C: Monkey T. Star: Dyppc,; significantly greater
than within condition Dyppc variability (p < 0.05, one-sided bootstrap interval). Purple:
mean Power Hold vs. Pinch Hold for Objects 1 and 2. Dark turquoise: Power Hold, Object
1 vs. Power Hold, Object 2. Medium turquoise: Power Hold, Object 1 vs. Power Lift,
Object 2. Light turquoise: Power Hold, Object 2 vs. Power Lift, Object 2. Orange: Pinch
Hold, Object 1 vs. Pinch Hold, Object 2. Gray: mean and upper 95% one-sided confidence
interval of within-condition variability. 95% confidence intervals are bootstrap intervals,

trials resampled 10000 times.
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the MF PCs were recalculated for the post-learning session excluding the Power Lift trials.
These recalculated MF PCs were then used to calculate the proportional effect sizes. These

proportional effect sizes are presented in Table 6.1.

Table 6.1: Proportional size of within-grasp MF PC distances for the pre- and
post-learning sessions in the Use Affordance Experiment. Proportional effect sizes
were calculated by dividing Dyppc for same-behavior, different-object condition pairs by the

average Dyppc for Power Grasp vs. Pinch Grasp condition pairs.

Pre-learning | Post-learning

Subject Area Power | Pinch | Power | Pinch
Monkey R M1 0.16 0.19 0.40 0.17
Monkey I M1 0.22 0.09 0.23 0.17
Monkey T | M1 Right | 0.17 0.07 0.26 0.21

For all subjects, the proportional sizes of the MF PC distances between same-grasp trials
performed on the different objects increased from the pre-learning session to the post-learning
session by a factor of 1.62, 1.29 and 1.96 on average for Monkey R, Monkey I and Monkey
T. For Monkey I, this increase was nominal in Power Grasps.

Though small, these within-grasp differences were significant, and notable because the
objects were identical other than color for the pre-learning session. For the post-learning
session, the objects only differed by color and by the learned use affordance for Object 2.
However, MFPC differences were observed even when the required behaviors (grasp and
hold) were the same for the two objects. These differences were generally proportionally

larger after the use affordance had been learned for Object 2.
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6.3 M1 Neural Activity Differences Across Conditions

This section describes the neural activity in M1 recorded during the Use Affordance
Experiment. M1 neural activity was highly divergent when comparing Power Grasps to
Pinch Grasps. Some variability was also observed when comparing conditions in which
the same grasp was made on different objects in both individual unit FRs and population
activity.

After excluding channels with crosstalk and low FR units (see Section A.4.4), a total of
106 (113), 86 (60) and 58 (52) units were analyzed for Monkey R, Monkey I and Monkey
T respectively for the pre-learning (post-learning) session. These units consisted of both
multi-unit spiking activity and well-isolated single-units.

The FRs of individual units showed a diversity of different activity patterns. In some
cases, individual units were recorded in both the pre- and post-learning sessions. These
instances were identified using an algorithm developed by Fraser and Schwartz (2012) [439],
which uses pairwise cross-correlograms, autocorrelograms, waveform shapes and mean FRs
to track units that were present in multiple recording sessions. In some instances, units
which showed little difference in FRs for same-grasp conditions in the pre-learning session
had different FRs for same-grasp conditions in the post-learning period, suggesting potential
encoding of the learned use affordance. Three examples of such units are shown in Figure
6.13.

For each of the example neurons displayed in Figure 6.13, little to no significant FR
differences were observed between Power Hold, Object 1 trials and Power Hold, Object
2 trials in the pre-learning session (Figure 6.13 left-hand plots, solid blue vs. dashed blue
traces). Significant differences between Power Hold trials on the different objects appeared in
the post-learning session (Figure 6.13 right-hand plots, solid blue vs. dashed blue traces and
turquoise horizontal bars at top). For Monkey R Unit 95.1, these FR differences occurred in
the pre-movement and reach periods. For Monkey I Unit 20.1, the FR differences occurred
in the pre-movement period. For Monkey T Unit 16.1, the FR differences occurred after
target contact. Notably, for all of these example units units also displayed FR modulation

related to execution of the lifting action (Figure 6.13 right-hand plots, dotted blue traces).
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Figure 6.13: Trial-averaged FRs of 3 example units recorded in the pre- and post-

learning sessions of the Use Affordance Experiment. A: Monkey R Unit 95.1. B:

Monkey I Unit 20.1. C: Monkey T Unit 16.1. Left-hand plots: pre-learning session. Right-

hand plots: post-learning session. Solid blue lines: Power Hold, Object 1. Solid red lines:

Pinch Hold, Object 1. Dashed blue lines: Power Hold, Object 2. Dashed red lines: Pinch

Hold, Object 2. Dotted blue lines: Power Lift, Object 2. Purple horizontal bars: at least one

Power Grasp vs. Pinch Grasp pair significantly different. Turquoise horizontal bars: Power

Hold, Object 1 significantly different from Power Hold, Object 2. Orange horizontal bars:

Pinch Hold, Object 1 significantly different from Pinch Hold, Object 2 (permutation test of

difference in mean FRs, n=10000, p < 0.01).
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These units exemplify common patterns in individual unit FRs in the Use Affordance
Experiment. Where they occurred, within-grasp FR differences were generally small
compared to between-grasp differences. Within-grasp FR differences generally manifested
as a modulation of the FR trajectory for the underlying grasp, as opposed to manifesting
as a large change in MF trajectory timecourse. Within-grasp FR differences were typically
constrained to specific temporal periods in individual units.

To determine the prevalence of separability of conditions in the FRs of individual units,
permutation tests for a difference in mean FRs (n=10000, p < 0.01) were performed at
each time point between each pair of conditions for each unit. The percentage of neurons
displaying concurrent significant modulation (significantly different mean FRs) for each pair
of conditions is shown in Figure 6.14 for all subjects.

For all subjects, the percentage of units which were concurrently significantly modulated
for Power Grasps vs. Pinch Grasps was consistently high across the pre- and post-learning
sessions (Figure 6.14 purple traces). Only a small percentage of units were concurrently
significantly modulated for condition pairs in which the same grasp was executed on different
objects in the pre-learning session. In the post-learning session, relatively more units were
concurrently significantly modulated for the Power Hold (Object 1) vs. Power Hold (Object 2)
condition pair (Figure 6.14 dark turquoise traces), though this percentage remained relatively
low. Conversely, the percentage of units which were concurrently significantly modulated
for the Pinch Hold (Object 1) vs. Pinch Hold (Object 2) condition pair (Figure 6.14 orange
traces) were similar between the pre- and post-learning sessions. In the post-learning sessions,
preparatory activity immediately preceding the lifting action was evident as the number of
units significantly modulated for Power Hold vs. Power Lift pairs (Figure 6.14 medium and
light turquoise traces) increased towards the end of the trials. This lifting preparatory
activity began during the reach period for Monkey R, after target contact for Monkey I and
only just before the lift cue for Monkey T right hemsiphere.

Figure 6.14 portrays the number of neurons with concurrent significant modulation for
each condition pair. To visualize the number of individual units with any significant
modulation over the whole timecourse of the trial, Venn diagrams were constructed which

tabulated the occurrence of significant inter-condition modulation for at least 100 ms (5
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Figure 6.14: Percentage of units with significantly modulated activity for each
pair of conditions in the pre- and post-learning sessions of the Use Affordance
Experiment. Percentage of units with significant modulation for each pair of conditions at
each time point (p < 0.01, permutation test, 10000 shuffles). A: Monkey R. B: Monkey I. C:
Monkey T. Left-hand plots: pre-learning session. Right-hand plots: post-learning session.
Purple: any Power Hold vs. any Pinch Hold. Dark turquoise: Power Hold, Object 1 vs.
Power Hold, Object 2. Medium turquoise: Power Hold, Object 1 vs. Power Lift, Object
2. Light turquoise: Power Hold, Object 2 vs. Power Lift, Object 2. Orange: Pinch Hold,
Object 1 vs. Pinch Hold, Object 2.
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timepoints). These diagrams are shown for all subjects in Figure 6.15. To visualize the
number of individual units showing sustained tuning, further diagrams were constructed
which tabulate instance of inter-condition modulation which lasted at least 500 ms (25
timepoints). These diagrams are shown in Figure 6.16. The Venn diagrams excluded
modulation related to Power Lift trials.

For all subjects, the number of units displaying > 100 ms of significant modulation
between conditions in which the same grasp was executed on different objects increased
between the pre-learning and post-learning sessions. Additionally, for all subjects the number
of units with short-term modulation between Pinch Grasps was greater than the number of
units with short-term modulation between Power Grasps during the pre-learning session.
This relationship switched for the post-learning session. The great majority of units which
displayed short-term within-grasp modulation were also modulated between Power Grasps
and Pinch Grasps.

The number of units displaying > 500 ms of significant modulation for same-grasp
conditions was much lower than the number of units displaying > 100 ms of significant
modulation. This suggests that within-grasp modulation was transitory and constrained to
only certain time periods in each individual unit.

To examine the patterns of FR variability in the neural population as a whole, varimax
PCA was performed on the FRs, as in Sections 4.3 and 5.3. The number of PCs accounting
for 99% of the variance was 25 (36), 33 (32) and 26 (30) for Monkey R, Monkey I and
Monkey T, respectively in the pre-learning (post-learning) session. The scores of the top 16
FR VPCs are plotted in Figure 6.17 for the pre-learning session and in Figure 6.18 for the
post-learning session for Monkey R, with the scores for each condition plotted separately.

As in the MF VPCs, the largest source of separation in FR VPCs was the difference
between all Power Grasps and all Pinch Grasps (Figures 6.17 and 6.18 blue traces vs. red
traces). In the pre-learning session, moderate separation was observed between conditions
in which the same grasp was made on different objects (Figure 6.17 solid vs. dashed traces).
This within-grasp variance was more prevalent between the two Pinch Grasp conditions.

In the post learning session, within-grasp separation was more prevalent between the

Power Grasp conditions. This within-grasp separation was apparent in many FR VPCs.
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Figure 6.15: Number of units with > 100 ms of significantly modulated activity,
Use Affordance Experiment. A: Monkey R. B: Monkey I. C: Monkey T. Left-hand
plots: pre-learning session. Right-hand plots: post-learning session. Purple circles: any
Power Grasp condition significantly different from any Pinch Grasp condition. Turquoise
circles: Power Hold, Object 1 significantly different from Power Hold, Object 2. Orange
circles: Pinch Hold, Object 1 significantly different from Pinch Hold, Object 2. Significant
differences were determined by permutation test, 10000 shuffles, p < 0.01
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Figure 6.16: Number of units with > 500 ms of significantly modulated activity,
Use Affordance Experiment. A: Monkey R. B: Monkey I. C: Monkey T. Left-hand
plots: pre-learning session. Right-hand plots: post-learning session. Purple circles: any
Power Grasp condition significantly different from any Pinch Grasp condition. Turquoise
circles: Power Hold, Object 1 significantly different from Power Hold, Object 2. Orange
circles: Pinch Hold, Object 1 significantly different from Pinch Hold, Object 2. Significant
differences were determined by permutation test, 10000 shuffles, p < 0.01
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Figure 6.17: Varimax PCA of the FRs in the pre-learning session of the Use
Affordance Experiment, Monkey R. Scores in the top 16 FR VPCs. Solid blue lines:
Power Hold, Object 1. Solid red lines: Pinch Hold, Object 1. Dashed blue lines: Power
Hold, Object 2. Dashed red lines: Pinch Hold, Object 2. Dotted blue lines: Power Lift,
Object 2.
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Figure 6.18: Varimax PCA of the FRs in the post-learning session of the Use
Affordance Experiment, Monkey R. Scores in the top 16 FR VPCs. Solid blue lines:
Power Hold, Object 1. Solid red lines: Pinch Hold, Object 1. Dashed blue lines: Power
Hold, Object 2. Dashed red lines: Pinch Hold, Object 2. Dotted blue lines: Power Lift,
Object 2.
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The Power Lift condition was further separated from the two Power Hold conditions in
several FR VPCs (notably FR VPCs 6, 7, 8 10 and 14). In other FR VPCs, the two Power
Grasps on Object 2 were grouped together, and were separate from the Power Grasp for
Object 1 (notably, FR VPCs 1, 2, 3, 5, 9, 13 and 16).

To visualize the magnitude of inter-condition modulation in the population FRs over
time, the Euclidean distances between each pair of conditions was calculated. This distance
was first calculated in full FR space, treating the FR of each unit as a separate dimension.
This distance, deemed the population modulation A was calculated by combining the
individual unit modulations, § according to Equations 4.3 and 4.4 in Section 4.3. The
resulting A values are plotted in Figure 6.19.

The patterns in population modulation (Figure 6.19) were similar to those observed in
the percentage of significantly modulated units (Figure 6.14). As in Section 5.3, magnitude
of population modulation was lower in general for Monkey I compared to the other subjects.

For more direct comparison with the inter-condition distances in MF PC space Dyppc,
the inter-condition distances were also calculated in FR PC space, according to Equation 4.5
in Section 4.3. The FR PC distances Dprpc are shown in Figure 6.20 and the time-averaged
FR PC distances Dgrpc are shown in Figure 6.21 for both the pre- and post-learning sessions
for all subjects.

For all subjects, distances in FR PC space were largest for Power Grasp vs. Pinch Grasp
pairs. Except for Power Hold, Object 1 vs. Power Hold Object 2 for Monkey T in the
pre-learning session, Dpgpc for every same-behavior, different object condition pair was
significantly greater than expected within-condition variability in Degpc (Figure 6.21, stars).
For all subjects, the Power Hold, Object 2 and Power Lift, Object 2 conditions were the
most similar Power Grasp conditions in FR PCs of the post-learning session throughout the
reach period until the Target Contact time (Figure 6.20 light turquoise traces). After target
contact, lift trials diverged from hold trials.

Due to differences in the sampled neural population between the pre- and post-learning
sessions, the overall magnitude of modulation may have shifted between the sessions. In
order to compare the size of effects in the pre-learning session vs. the post-learning session,

the proportional size of within-grasp modulation was calculated by dividing the
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Figure 6.19: Population modulation A and for pairs of conditions in pre- and post-
learning sessions of the Use Affordance Experiment. A: Monkey R. B: Monkey I. C:
Monkey T. Left-hand plots: pre-learning session. Right-hand plots: post-learning session.
Purple: mean Power Hold vs. Pinch Hold for Objects 1 and 2. Dark turquoise: Power Hold,
Object 1 vs. Power Hold, Object 2. Medium turquoise: Power Hold, Object 1 vs. Power Lift,
Object 2. Light turquoise: Power Hold, Object 2 vs. Power Lift, Object 2. Orange: Pinch
Hold, Object 1 vs. Pinch Hold, Object 2. Gray: mean and upper 95% one-sided confidence

interval of within-condition variability.
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Figure 6.20: Scaled Euclidean inter-condition distances between pairs of trial-
averaged FR PC scores in the Use Affordance Experiment. Distances were
calculated in the 99% FR PC Space. A: Monkey R. B: Monkey I. C: Monkey T. Left-
hand plots: pre-learning session. Right-hand plots: post-learning session. Purple: mean
Power Hold vs. Pinch Hold for Objects 1 and 2. Dark turquoise: Power Hold, Object 1 vs.
Power Hold, Object 2. Medium turquoise: Power Hold, Object 1 vs. Power Lift, Object
2. Light turquoise: Power Hold, Object 2 vs. Power Lift, Object 2. Orange: Pinch Hold,
Object 1 vs. Pinch Hold, Object 2. Gray: mean and upper 95% one-sided confidence interval
of within-condition variability. 95% confidence intervals (shaded regions or error bars) are

bootstrap intervals, trials resampled 10000 times.
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Figure 6.21: Time-averaged scaled Euclidean inter-condition distances between
pairs of trial-averaged FR PC scores in the Use Affordance Experiment. Distances
were calculated in the 99% FR PC Space. A: Monkey R. B: Monkey 1. C: Monkey T. Left-
hand plots: pre-learning session. Right-hand plots: post-learning session. Star: ﬁFRpCM
significantly greater than within condition Dpgrpc variability (p < 0.05, one-sided bootstrap
interval). Purple: mean Power Hold vs. Pinch Hold for Objects 1 and 2. Dark turquoise:
Power Hold, Object 1 vs. Power Hold, Object 2. Medium turquoise: Power Hold, Object 1
vs. Power Lift, Object 2. Light turquoise: Power Hold, Object 2 vs. Power Lift, Object 2.
Orange: Pinch Hold, Object 1 vs. Pinch Hold, Object 2. Gray: mean and upper 95% one-
sided confidence interval of within-condition variability. 95% confidence intervals (shaded

regions or error bars) are bootstrap intervals, trials resampled 10000 times.
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within-grasp distances by the mean between-grasp distances, as in Section 6.2. For these
calculations, FR PCs were recalculated in the post-learning sessions, excluding Power Lift,
Object 2 trials to further facilitate direct comparison between the sessions. These

proportional effect sizes are shown in Table 6.2.

Table 6.2: Proportional size of within-grasp FR PC distances for the pre- and
post-learning sessions in the Use Affordance Experiment. Proportional effect sizes
were calculated by dividing Dprpc for same-behavior condition pairs by the average Drrpc

for Power Grasp vs./ Pinch Grasp.

Pre-learning | Post-learning

Subject Area Power | Pinch | Power | Pinch

Monkey R M1 0.28 0.28 0.49 0.37

Monkey 1 M1 0.57 0.70 0.50 0.51
Monkey T | M1 Right | 0.29 0.35 0.45 0.37

For Monkey R and Monkey T, the proportional size of the Power Hold, Object 1 vs.
Power Hold, Object 2 distances increased between the pre-learning session and the post-
learning session. However, for Monkey I, this proportional distance decreased between the
pre-learning and post-learning session. The FR PC proportional effect sizes of the post-
learning session were 1.54, 0.80 and 1.28 times the proportional effect sizes of the pre-learning
session on average for Monkey R, Monkey I and Monkey T.

The proportional within-grasp distances were larger in FR PCs than in MF PCs, for
both the pre-learning and post-learning sessions. This neural separation between conditions
for which the behaviors were very similar may reflect encoding of the learned use affordances
of the object, or of contextual object differences in general. In the next section, evidence for

such object context encoding is considered.
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6.4 Evidence for Object Context Encoding

The analyses of Sections 6.2 and 6.3 revealed that both MFs and FRs were significantly
different for conditions in which the same grasp was performed on objects of different color
(in the pre-learning session) or on objects with different learned use affordances (in the post-
learning session). The neural differences for these same-grasp, different-context condition
pairs were relatively larger than the behavioral differences. Relative to mean Power Grasp
vs. Pinch Grasp distances, mean FR PC distances Dpgpc for same-grasp condition pairs
were 1.60, 5.08 and 3.26 times as large as the corresponding mean MF PC distances Dgrpc
in the pre-learning session, and 1.73, 2.62 and 1.74 times as large in the post-learning session
for Monkey R, Monkey I and Monkey T respectively. This disparity in the relative sizes of
neural and behavioral distances can be visualized using MDS, as shown in Figure 5.18.

This relative disparity in the separation of same-grasp conditions in FRs as compared to
MF's suggests the possibility that the neural differences observed between these conditions
not only reflect encoding of MF differences, but may also additionally constitute encoding
of the perceived and learned grip affordance differences.

In this section, evidence is considered for the presence of context encoding related to
the learned use affordances of the object being grasped. Context encoding is here defined
as neural variation between conditions in which the same action was performed in different
contexts beyond what can be accounted for by linear neural tuning to MFs. In Section 4.4,
M1 neural activity was shown to contain strong context encoding related to the context
of whether or not an object was present. In Section 5.4, M1 neural activity was shown
to contain weak context encoding related to the perceived and learned grip affordance of
different grasped objects. In this section, evidence is considered for context encoding in
M1 related to the learned use affordances of grasped objects. Evidence for object context
encoding is presented first from an encoding perspective (Section 6.4.1), then from a decoding
perspective (Section 6.4.2). In summary, the analyses of this section show that M1 contextual
encoding of object color and learned object use affordance was negligible in size, sporadic

and inconsistent between subjects.
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Figure 6.22: MDS of MF PC and FR PC inter-condition distances in the Use
Affordance Experiment. A: Monkey R. B: Monkey 1. C: Monkey T. Left-hand plots:
MDS of MF PC distances. Right-hand plots: MDS of FR PC distances. Blue markers:
Power Hold. Red markers: Pinch Hold. Circles: Object 1. Triangles: Object 2. Power Lift
trials are excluded from this plot. Plots were rotated to align the mean of both Pinch Hold

conditions with the x-axis, and scaled so that the MF PC and FR PC distances between

mean Power Hold and mean Pinch Hold were visually equal.
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For the following analyses, the Power Lift, Object 2 trials were excluded from analysis.
This was done in order to focus only on conditions in which the same grasp and hold actions
were performed on the different objects. Thus the four conditions that are analyzed in both

the pre- and post-learning sessions are:

Power Hold, Object 1
Pinch Hold, Object 1
Power Hold, Object 2
Pinch Hold, Object 2

Ll

6.4.1 Encoding Perspective

Given the base hypothesis that M1 neural activity is simply and directly related to
movements or muscle activity, FRs were first modeled as linear combinations of MF PCs, as
in equation 4.7 in Section 4.4.1. As in Section 4.4.1 and 5.4.1, PCA was performed on the
full matrix of normalized lagged MF's for each subject, and the top PCs explaining 99% of
the variance were extracted, resulting in 29 (28), 22 (23) and 17 (19) MF PCs for Monkey R,
Monkey I and Monkey T respectively for the pre-learning (post-learning) session. The linear
MF PC neural tuning models were fit via regression. The resulting trial-averaged regression
R, values are shown in Figure 6.23.

The R2, distributions suggest that M1 units were well-modeled by linear combinations of
MF PCs in general when considering trial-averaged data. Monkey R exhibited the strongest
tuning on average, followed by Monkey T, then Monkey I. The mean R3, values did not
change substantially between the pre- and post-learning sessions.

As described in Section 6.2, small but consistent and significant differences were observed
in the MF PC scores when the same grasp and hold actions were performed on the different
objects (Figure 6.11, dark turquoise and orange traces), in both the pre- and post-learning
sessions. Relatively larger differences were observed in the FR PC scores for these condition
pairs (Figure 6.22). We hypothesized that M1 units may encode the learned use affordance

differences of the objects, or simply the perceived color difference of the objects, along with
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Figure 6.23: Regression R%, distributions for the linear tuning of unit FRs to MF
PCs in the pre- and post-learning sessions of the Use Affordance Experiment.
A: Monkey R. B: Monkey I. C: Monkey T. Left-hand plots: pre-learning session. Right-
hand plots: post-learning session. R%, were obtained from trial-averaged neural data and

predictions (trial-to-trial variability excluded). Black dashed lines: mean values.
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MF encoding. In that case, the FR modulations between same-grasp conditions would
exceed what can be accounted for by a linear tuning model alone, resulting in “extralinear
modulation.”

To test the hypothesis of use affordance related encoding in M1 units, the extralinear
modulation (modulation beyond that which can be accounted for by linear movement
tuning), £, was calculated for each condition pair for each unit, as in Equations 4.9-4.11 in
Section 4.4.1. The extralinear modulation was defined as the modulation in FRs ¢ minus
the modulation in predicted FRs B generated from the linear FR to MF PC tuning models.
The time-averaged extralinear modulations £ were calculated by averaging each £ over the
entire peri-movement period.

As in Section 4.4.1 and Section 4.4.2, a unit was considered context encoding if ¢ for a
same-grasp condition pair was significantly greater than expected within-condition &
variation, and was further considered robustly context encoding if that same-grasp & was
additionally greater than mean ¢ for Power Grasp vs. Pinch Grasp (p < 0.05, bootstrapped
one-sided interval, trials resampled 10000 times).

Table 6.3 displays the percentage of units with significant object context tuning in the
pre- and post-learning sessions.

Only a small number of individual units showed evidence for significant or robust context
encoding in either the pre- or post-learning sessions within either grip type. The only
instances of context encoding for which over 10% of units were sensitive were within both grip
types in the post-learning session in Monkey R, suggesting a potential minor encoding of use
affordance in Monkey R M1. For Monkey I and Monkey T, 8.6 and 9.3% of units displayed
some evidence of context encoding between Pinch Grasps in the pre-learning session. This
suggests a very minor potential encoding of color difference in these subjects, restricted only
to the Pinch Grasps of the pre-learning session.

As noted in Section 6.4, some individual units were recorded in both the pre- and
post-learning sessions, as identified by the unit tracking algorithm developed by Fraser and
Schwartz [439]. To determine the frequency of use affordance encoding related to the

learning of the lift action in individual units, the occurrence of object context encoding in
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Table 6.3: Percentage of object context encoding units based on magnitude of
extralinear modulation. Unit n is considered significantly context encoding if an instance
of ESamOQraspDiffcmntObjcctm is significantly greater than within-condition ¢ variability. Unit
n is further considered robustly context encoding if an instance of ESameGramDiﬁeremomeet7n
is significantly greater than EpowerGraspvpithrasp,n (p < 0.05 bootstrap one-sided interval).
Power: object context encoding observed for Power Hold, Object 1 vs. Power Hold, Object
2. Pinch: object context encoding observed for Pinch Hold, Object 1 vs. Pinch Hold, Object

2.
Significant Context Encoding
Pre-learning | Post-learning
Subject Area Power | Pinch | Power | Pinch
Monkey R M1 2.8% 4.7% | 11.5% | 11.5%
Monkey 1 M1 0.0% 9.3% 3.3% 0.0%
Monkey T | M1 Right | 1.7% 8.6% 3.8% 1.9%
Robust Context Encoding
Pre-learning | Post-learning
Subject Area Power | Pinch | Power | Pinch
Monkey R M1 1.9% 3.8% | 8.8% 8.8%
Monkey I M1 0.0% 7.0% | 3.3% 0.0%
Monkey T | M1 Right | 0.0% 5.2% 3.8% 1.9%
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these tracked units was tabulated across the pre- and post-learning sessions. The percentage
of tracked units displaying object context encoding in only one, both, or neither of the pre-
and post-learning sessions is shown in Table 6.4.

Only a small percentage of units showed any evidence of context encoding in the two
categories. As in the units as a whole, the only notable effects were in Monkey R, where
a small increase was observed associated with the learning of the use affordance, and in
Monkey I, where some potential color encoding units were observed only with respect to
Pinch Grasps in the pre-learning session.

The individual unit extralinear modulation results were inconsistent between subjects
and small in terms of the number of units displaying the effect. To measure the strength
of object presence encoding at the population level, population extralinear modulation £P°P
was calculated according to Equation 4.12 in Section 4.4.1. The time-averaged population
extralinear modulation EpOp for each condition pair was also calculated by averaging each
EPOP over time in the peri-movement period. The population extralinear modulation results
are shown in Figure 6.24 and the time-averaged population extralinear modulation results
are shown in Figure 6.25 for both the pre- and post-learning sessions.

The only within-grasp condition pair & which qualified as showing evidence of robust
context encoding was Pinch Hold, Object 1 vs. Pinch Hold, Object 2 for Monkey I in the pre-
learning session (Figure 6.25 B, left hand plot, orange bar). Additionally, Monkey R showed
evidence of significant object context encoding for both grip types in the post-learning session
only. These results suggest that context encoding related to the color of the objects or the
learned use affordances of the objects were very small where present and were inconsistent
between subjects. Similar analyses and conclusions are presented in the following section,

approaching the question of context encoding from a “decoding” perspective.
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Table 6.4: Frequency of object context encoding in units recorded in both the
pre- and post-learning sessions of the Use Affordance Experiment, based on
magnitude of extralinear modulation. Unit n is considered object presence encoding if
an instance of ESamCQrasp,DigmntObjoct,n is significantly greater than both Epowchrasp,PinChGrasp,n
p < 0.05 (bootstrap one-sided interval, trials resampled 10000 times). Power Grasps: object
context encoding due to extralinear modulation for Power Hold, Object 1 vs. Power Hold,
Object 2. Pinch Grasps: object context encoding due to extralinear modulation for Pinch
Hold, Object 1 vs. Pinch Hold, Object 2. # Tracked Units: number of tracked units, with
the number of units recorded in the pre- and post-learning sessions in parentheses. Pre
Only: object context encoding observed in the pre-learning session but not the post-learning
session. Post Only: object context encoding observed in the post-learning session but not
the pre-learning session. Both: object context encoding observed in both the pre- and
post-learning sessions. Neither: object context encoding observed in neither the pre- nor

post-learning session.

Power Grasps
Subject Area # Tracked Units | Pre Only | Post Only | Both
Monkey R M1 67 (106, 113) 1.5% 11.9% 1.5%
Monkey 1 M1 49 (86, 60) 0.0% 4.1% 0.0%
Monkey T | M1 Right 35 (58, 52) 0.0% 5.7% 0.0%
Pinch Grasps
Subject Area # Tracked Units | Pre Only | Post Only | Both
Monkey R M1 67 (106, 113) 4.5% 11.9% 3.0%
Monkey I M1 49 (86, 60) 14.3% 0.0% 0.0%
Monkey T | M1 Right 35 (58, 52) 5.7% 0.0% 2.9%
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Figure 6.24: Population extralinear modulation £P°P for each condition pair in the
pre- and post-learning sessions of the Use Affordance Experiment. A: Monkey R.
B: Monkey I. C: Monkey T. Purple: Power Hold vs. Pinch Hold for Objects 1 and 2. Dark
turquoise: Power Hold, Object 1 vs. Power Hold, Object 2. Orange: Pinch Hold, Object
1 vs. Pinch Hold, Object 2. Gray: mean and upper 95% one-sided confidence interval of
within-condition variability. 95% confidence intervals: bootstrap intervals, trials resampled

10000 times.
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Figure 6.25: Mean population extralinear modulation & for each condition pair
in the pre- and post-learning sessions of the Use Affordance Experiment. A:
Monkey R. B: Monkey I. C: Monkey T. Left-hand plots: pre-learning session. Right-hand
plots: post-learning session. Black star: Zﬁj" significantly greater than within-condition

€"" variability. Black and red star: gsz additionally significantly greater than mean

~Pop
gPowerGrasp,PinchGrasp

vs. Pinch Hold for Objects 1 and 2. Dark turquoise: Power Hold, Object 1 vs. Power Hold,

(p < 0.05, one-sided bootstrap interval). Purple: mean Power Hold
Object 2. Orange: Pinch Hold, Object 1 vs. Pinch Hold, Object 2. Gray: mean and upper

95% one-sided confidence interval of within-condition variability. 95% confidence intervals:

bootstrap intervals, trials resampled 10000 times.
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6.4.2 Decoding Perspective

The extralinear modulation analyses approach the question of object context encoding
from an “encoding” perspective, in that a linear MF PC encoding model was built for each
unit, and the modulation of individual units were interrogated for evidence of object presence
encoding. The problem can also be approached from a “decoding” perspective. As in section
4.4.2, null space analyses were performed to isolate the components of neural activity that
were related to or linearly unrelated to MFs. as in Section 6.4.2, Power Lift, Object 2 trials
were excluded from these analyses.

For the null space analyses, PCA was performed on FRs and trial-averaged lagged MFs
of the peri-movement period to generate the mFR PC scores and mMF PC scores. The top
mMF PCs explaining 99% of the variance were used, resulting in 11 (12), 11 (11) and 10
(10) mMF PCs for Monkey R, Monkey I and Monkey T respectively for the pre-learning
session (post-learning session). The number of mFR PCs was set to twice the number of
mMF's PCs, to produce null and potent spaces of equal dimension.

The mMF PC scores were then regressed against the mFR PC scores as in equation
4.13 in Section 4.4.2. The estimated weights matrix B was decomposed to produce Bpomm
and Bnuu, which where then used to calculate ]?‘potont and Fnulla the components of neural

A

activity in the potent and null spaces. Fyoent describes the neural activity that can be
linearly projected through B to decode mMF PCs, while Fou describes the activity for
which projection through B results in 0 (see Section A.6.4 for more details).

For these analyses, object context encoding is defined as neural modulation which is not
linearly related to MFs. Thus, such object context encoding would manifest as separation
between same-grasp conditions in the null space. To characterize this null space separation,
the variance due to each condition pair V; ;, was calculated at each time point for the null
space, according to Equation 4.18 as in Section 4.4.2. The time-averaged variance in the
null space, V; ; was also calculated by averaging V; ;; over the peri-movement period. These
values are displayed in Figures 6.26 and 6.27 for both the pre- and post-learning sessions.

For all condition pairs except Power Hold, Object 1 vs. Power Hold Object 2 in Monkey

. . . . T7null s L
T in the pre-learning session, null space variance V' exceeded expected within-condition
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Figure 6.26: Variances due to each condition pair in the null space for the pre-
and post-learning sessions of the Use Affordance Experiment. A: Monkey R. B:
Monkey I. C: Monkey T left right hemisphere. Left-hand plots: pre-learning session. Right-
hand plots: post-learning session. Purple: mean Power Hold vs. Pinch Hold for Objects 1
and 2. Dark turquoise: Power Hold, Object 1 vs. Power Hold, Object 2. Orange: Pinch
Hold, Object 1 vs. Pinch Hold, Object 2. Gray: mean and upper 95% one-sided confidence
interval of within-condition variability. 95% confidence intervals: bootstrap intervals, trials

resampled 10000 times.

265



* * *
15.0
12.5
= 10.0
>
S 75
5.0
2.5
0.0 —
10 * * * 10 * * *
8
— 6
3
S
4
2
0
10 * * *
8
—_— 6
3
s
4
2
. -

Figure 6.27: Variances due to each condition pair in the null space for the pre-
and post-learning sessions of the Use Affordance Experiment. A: Monkey R. B:
Monkey I. C: Monkey T. Left-hand plots: pre-learning session. Right-hand plots: post-
learning session. Star: V?;H significantly greater than within-condition o variability (p
< 0.05, one-sided bootstrap interval). Purple: mean Power Hold vs. Pinch Hold for Objects
1 and 2. Dark turquoise: Power Hold, Object 1 vs. Power Hold, Object 2. Orange: Pinch
Hold, Object 1 vs. Pinch Hold, Object 2. Gray: mean and upper 95% one-sided confidence
interval of within-condition variability. 95% confidence intervals: bootstrap intervals, trials

resampled 10000 times.
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7™ variance. However, null space variances were generally very small in magnitude. On