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ABSTRACT

A fundamental way in which we interact with the world around us is voluntary movement.

The primary motor cortex (M1) is known for its central role in driving this intentional

movement, and decades of research in the field of motor control has shown that individuals

can learn to modulate even single neurons in M1 at will. Indeed, the fact that neural activity

in M1 can be volitionally controlled makes it a powerful target for brain-computer interface

(BCI) devices and their clinical applications.

Yet M1 also encodes non-volitional information. This brain area receives pronounced

sensory inputs. It also contributes to sensory-evoked—as well as voluntary—motor responses.

What does this duality in M1 imply for its volitional control? To what extent do non-

volitional signals restrict our ability to voluntarily modulate M1?

This thesis provides insight into the constraints imposed by sensory context on M1 by

explicitly probing voluntary control of individual neurons in this area under a variety of

sensory conditions. To do this, three macaque monkeys were trained in a BCI paradigm

that decoupled volitional modulation of M1 from specific aspects of sensory feedback. In

these experiments, the firing rate of a single neuron—termed the command neuron—directly

determined the position of a computer cursor along a one-dimensional axis. Altering the ori-

entation and location of this movement axis and the posture in which the animal’s arm rested

created distinct sensory contexts for the subject without changing the neural requirements

of the task. We leveraged this paradigm to assess monkeys’ ability to modulate individual

neurons in M1 under different sensory contexts.

We found that sensory context persistently affected volitional control of single neurons

in M1. For all three subjects, the ability to perform the task significantly changed based on

movement orientation: rotating the feedback axis could render the same neural task effortless

or problematic. Axis location within the workspace also affected the ability to modulate
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individual neurons, albeit to a lesser extent than orientation. Notably, the disparity in

single-neuron control across sensory contexts was not resolved even after extended training

in the task. We found that additional practice within a session or across multiple days

was not sufficient to erase the interaction between movement orientation and the ability to

voluntarily modulate individual neurons.

Overall, these findings suggest that sensory context does limit the degree to which M1

activity is under volitional control. This interplay between sensory and volitional signals,

which manifested at the level of individual neurons within M1, may constitute an additional

constraint on motor learning. The notion that sensory inputs may impose bounds on the

voluntary modulation of M1 could also have direct implications for the development of clinical

neuroprosthetic devices and other advances in neurotechnology.
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RESUMEN

Una herramienta fundamental a la hora de interactuar con el mundo que nos rodea es el

movimiento voluntario. La corteza motora primaria (M1) es conocida por su rol capital en

la ejecución de movimiento intencionado y décadas de investigación en el campo del control

motor han demostrado que es posible aprender a modular hasta neuronas individuales de

esta área del cerebro a voluntad. Esa capacidad para controlar la actividad neuronal de la

M1 de forma voluntaria la convierte en un blanco enormemente atractivo para el desarrollo

de interfaces cerebro-máquina (BCI por sus siglas en inglés) y la aplicación cĺınica de estos

dispositivos.

Sin embargo, la corteza M1 también codifica información no volitiva. Esta región recibe

potentes señales sensoriales y contribuye también al desempeño de acciones motoras suscita-

das no por una intención sino en respuesta a est́ımulos externos. ¿Qué implica esta dualidad

de la M1 a la hora de controlar su actividad de forma intencional? ¿Hasta qué punto res-

tringen esas señales no volitivas nuestra capacidad de modular voluntariamente la región

M1?

Esta tesis doctoral constituye un estudio expĺıcito del control voluntario de neuronas

individuales ante distintas condiciones del entorno y contribuye a esclarecer los ĺımites que

el contexto sensorial impone sobre la corteza M1. Para ello, tres macacos Rhesus recibieron

entrenamiento para controlar un modelo de interfaz cerebro-máquina cuyo diseño disocia la

modulación volitiva de la M1 de la retroalimentación sensorial. En estas pruebas, la actividad

de una sola neurona, a la que llamamos la neurona comandante, determina de forma directa

la posición del cursor en pantalla a lo largo de un eje unidimensional. Este paradigma de

BCI permite alterar el ángulo de ese eje de movimiento, su localización respecto al centro

de la pantalla o la postura en la que descansa el brazo del animal, todo ello sin cambiar las

propiedades neuronales de la tarea asignada al sujeto, lo que da lugar a una serie de con-
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textos sensoriales distintivos que comparten requisitos neuronales idénticos. Esta flexibilidad

de diseño posibilita la evaluación de la capacidad del sujeto para modular la actividad de

neuronas individuales en la M1 dado un abanico de contextos sensoriales.

Los resultados descritos a lo largo de esta tesis indican que el contexto sensorial afecta

de forma persistente el control volitivo de neuronas individuales en la corteza M1. Todos

los animales manifestaron un cambio significativo en su habilidad para mover el cursor en

función de la orientación del movimiento: solo rotar el eje sobre el que se mueve el cursor pod́ıa

hacer la misma tarea neuronal resultar fácil o suponer un desaf́ıo. También la localización

del eje de movimiento en la pantalla demostró influir sobre la capacidad para controlar la

neurona comandante, si bien en menor medida que el ángulo del eje. Cabe señalar que un

entrenamiento prolongado en el uso de la misma neurona comando no fue capaz de resolver

esta discrepancia de control entre contextos sensoriales. Tanto en una sola sesión como a

lo largo de múltiples d́ıas, la ampliación del periodo de práctica no resultó suficiente para

eliminar esta interacción entre la orientación del movimiento y la capacidad para modular

neuronas individuales de forma voluntaria.

En conjunto, estos resultados indican que el contexto sensorial śı limita el alcance de

nuestro control voluntario sobre la actividad de la corteza M1. Esta interacción entre señales

sensoriales y volitivas presente al nivel de neuronas individuales puede constituir una res-

tricción adicional sobre el aprendizaje motor. La noción de que la información sensorial sea

capaz de condicionar la modulación neuronal voluntaria puede asimismo tener implicaciones

directas para el desarrollo de neuroprótesis cĺınicas y otros avances en neurotecnoloǵıa.
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1

Background

1.1 Volitional Nature of the Primary Motor Cortex

The primary motor cortex (M1) is heavily involved in the generation of intentional movement

(Porter and Lemon, 1993; Scott, 2003). Neural activity in this brain area has been shown

to correlate with a range of action-related variables, such as muscle activation, movement

kinematics and limb dynamics (Evarts, 1968; Georgopoulos et al., 1982; Todorov, 2000;

Holdefer and Miller, 2002; Sergio and Kalaska, 2003; for reviews see Porter and Lemon,

1993; Scott, 2003). For instance, single cells in the motor cortex display robust directional

tuning during movement execution (Georgopoulos et al., 1982; Georgopoulos et al., 1986;

Moran and Schwartz, 1993). These ties to intention execution and voluntary movement

make it possible to volitionally modulate M1 activity and even dissociate this modulation

from movement, as detailed below.

Brain-computer interface (BCI) paradigms are frequently employed in the study of sen-

sorimotor control (Golub et al., 2016). This is due to their built-in flexibility: they allow

researchers to reduce the complexity of the studied system by involving only a subset of the

neural population, which can be recorded from in real-time, and defining the exact mapping

between that population’s activity and the sensory feedback returned. For instance, when a
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subject performs an arm reach it impossible to know with any certainty whether the neurons

being recorded from are the only ones contributing to the generation of that movement or

to quantify every aspect of the sensory feedback that the subject receives throughout the

reach—a combination of visual, proprioceptive and haptic information. In a BCI reaching

task, however, it is up to the experimenter to explicitly stipulate the relationship between

neural activity and sensory feedback, from selecting which of the recorded neurons will di-

rectly affect the outcome of the task to specifying the precise sensory modalities involved in

the behavior. By providing this kind of tractable environment to probe motor control, BCI

setups constitute an instrumental tool to assess the extent to which neurons in M1 can be

volitionally modulated.

Early operant conditioning studies showed that individuals can learn to reliably modulate

even single neurons in M1 at will if provided direct feedback of firing rate (Fetz, 1969; Fetz

and Baker, 1973). In these pivotal studies, Fetz and colleagues measured the activity of a

single cell in M1 and trained monkeys to increase the firing rate of this neuron to receive a

biscuit. This was made possible because animals were given neurofeedback, that is, sensory

feedback that directly related to the firing of the neuron in question. For instance, the subject

would be allowed to look at a meter to aid in the task: the needle would go to one side of

the meter when the firing rate was low, and it would go to the other side when the subject

increased the neuron’s firing rate. What they found was that animals were able to find a

strategy to modulate the selected neuron, whether neurofeedback was provided visually or

when the needle was replaced by an auditory cursor. These experiments were the first to

demonstrate animals were able to voluntarily modulate activity of single cells in M1 in the

context of a goal-directed task, guided by otherwise arbitrary effectors such as the position

of a needle on a meter or the pitch of an auditory cursor.

Further examination following those studies has shown that M1 activity can be flexibly

dissociated from movement across a range of behaviors (Schieber, 2011). For instance,

the strength of the correlation between M1 modulation and the bursts of muscle activity
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that ordinarily accompany it can be flexibly adjusted by conditioning on electromyography

feedback, making it possible to both magnify the neuron-to-muscle connection (Davidson

et al., 2007) or decouple it entirely (Fetz and Finocchio, 1971, 1975).

Indeed, during BCI control subjects often stop moving the native limb altogether, even

when the decoder is trained on overt movements (Taylor et al., 2002; Carmena et al., 2003).

Moreover, when neural activity is used to drive electrical stimulation of paralyzed muscle tis-

sue, subjects can learn to modulate individual neurons to control muscles regardless of their

original correspondence with limb movement (Moritz et al., 2008). Similarly, subjects can

volitionally control small ensembles of neurons in the motor cortex irrespective of prior di-

rectional tuning or co-modulation patterns (Moritz and Fetz, 2011; Law et al., 2014; Koralek

et al., 2012; Clancy et al., 2014; Kennedy et al., 2000).

Together, the above body of literature suggests that there are few constraints—if any—on

the volitional modulation of M1. However...

1.2 Sensory Signals in the Primary Motor Cortex

Non-volitional signals are also present in the motor cortex, and may be powerful enough to

compete with voluntary modulation. Anatomical studies describe prominent somatosensory

inputs arriving at M1 (Rosén and Asanuma, 1972; Sato and Svoboda, 2010; Hooks et al.,

2013), which can trigger salient sensory-evoked responses in the motor cortex (Kleinfeld et

al., 2002; Ferezou et al., 2007; Huber et al., 2012; Petrof et al., 2015; Stavisky et al., 2017b).

At the same time, there is evidence of cortical involvement in reflexive motor responses.

The long-latency response (LLR) is the slowest component of reflexes, and precedes the

earliest voluntary motor command in the reaction to feedback disturbances during movement.

LLRs can be triggered by postural (Bedingham and Tatton, 1984; Pruszynski and Scott,

2012) or visual (Day and Lyon, 2000; Franklin and Wolpert, 2008) perturbations, and have

been shown to engage M1 and other cortical circuits that are fundamental to voluntary
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movement (Evarts and Tanji, 1976; Cheney and Fetz, 1984; Jacobs and Horak, 2007; Scott,

2004; Pruszynski, 2014; Scott et al., 2015). Furthermore, LLRs share some features that are

characteristic of voluntary control: they are sensitive to the subject’s intention and to task

goals (Crago et al., 1976; Tanji and Evarts, 1976; Colebatch et al., 1979; Shemmell et al.,

2009; Nashed et al., 2012), they adapt during learning (Franklin et al., 2014), and they can

change depending on factors such as the physical properties of the limb and the environment

(Kurtzer et al., 2014; Shemmell et al., 2009).

Sensory-evoked modulation is not limited to somatosensation: visual responses have also

been shown to drive motor cortex. During BCI experiments, visual perturbations of the

cursor can drive fluctuations in motor cortical activity unrelated to corrective cursor move-

ments (Stavisky et al., 2017a), and visual feedback can influence BCI control depending

on whether it is congruent or incongruent with proprioception (Suminski et al., 2010). In

human BCI clinical trials, Collinger and colleagues have observed that the neural encoding

of grasp changes depending on whether that grasp is performed in open air or around an

object, to the point where it could compromise grasp control (Downey et al., 2017).

The extent to which these sensory-evoked responses might impact volitional control is

therefore not known.

1.3 Reconciling the Duality

Together, these two streams of observations beg certain questions. To what degree is neural

activity in M1 under volitional control? How is volitional control dependent on sensory

context? Can the volitional and sensory signals that coexist in M1 be balanced without

compromising behavioral performance?

To address these questions, we leveraged BCIs to design a paradigm that dissociates

volitional and sensory drivers of neural activity. We trained three macaque monkeys to per-

form experiments in which the modulation of a single neuron’s firing rate in M1 dictated the
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position of a computer cursor along a one-dimensional axis. While the neural requirements

were kept identical throughout a session, we isolated and altered aspects of the task’s sensory

feedback in order to assess their influence on the subject’s ability to succeed at the task.

We tested three manipulations of sensory context through this framework: axis orientation,

movement location in the workspace and arm posture.

Our paradigm revealed that certain sensory features can impact the ability to volitionally

modulate single-cell activity in M1. Specifically, we found that the orientation of the cursor

axis substantially impacted the ability to voluntarily modulate a majority of the neurons

tested across all animals: subjects would be able to easily and quickly modulate a given

neuron to drive the cursor along the axis at one angle, yet immediately exhibit difficulty

modulating it when the cursor axis was rotated, despite the neural task remaining the same

across conditions. Changing the location within the screen where the cursor movement

took place also had an impact on control, albeit to a lesser extent than orientation. Our

preliminary examination of postural effects, while inconclusive, demonstrated the promise

of this novel paradigm to study the influence of sensory modalities beyond vision, such as

somatosensation. Crucially, providing the subjects with days of additional training did not

rescue their difficulty in controlling the cursor under certain sensory contexts.

Combined, the findings described in this thesis suggest that the extent to which M1

activity is under volitional control is limited by sensory context.
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2

Experimental Setup

All animal procedures were approved by the Institutional Animal Care and Use Committees

of Carnegie Mellon University and the University of Pittsburgh.

2.1 Surgical Procedure

Three male rhesus macaques (Macaca mulatta) were each implanted with a recording micro-

electrode array (Blackrock Microsystems), which was inserted into the primary motor cortex

(M1) using standard procedures (Suner et al., 2005; Velliste et al., 2008; Zhou et al., 2019).

Each chronically-implantable array contained 96 electrodes in a grid configuration, with an

electrode spacing of 400 µm and an electrode shaft length of 1.5 mm.

Arrays were visually placed on the caudal convexity of the precentral gyrus at the level

of the spur of the arcuate sulcus of the hemisphere contralateral to the active arm, aiming

for the proximal arm representation. Implant surgery occurred only after animals had been

trained to perform reaching tasks in a virtual reality environment.
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2.2 Neural Recordings

Microelectrode array voltage signals were amplified (1000x – 32000x), band-pass filtered (250

Hz – 8 kHz) and processed with a multichannel acquisition processor system (Plexon Inc.,

Monkeys N and A; Blackrock Microsystems, Monkey R). Waveform data was converted to

spiking events by threshold crossing, and snippets that crossed the threshold were manually

sorted online to isolate neurons for BCI decoding.

For all data sets included in this thesis, the subject’s arms were lightly restrained dur-

ing recordings. Subjects tended to exhibit minimal overt arm or hand movements while

performing these BCI tasks; however this was not quantified during our experiments.

2.3 Virtual Reaching Environment

Before ever engaging in the single-neuron experiments detailed throughout this thesis (see

3 Dissociation of Sensory and Volitional Drivers of Neural Activity), subjects had to learn

to perform two core behavioral tasks involving a virtual-reality environment. Prior to being

implanted with a recording array, each animal was first trained to execute hand reaches in

this virtual environment. Once that stage had been mastered and the microelectrode array

was in place, subjects were trained in a BCI task, in which they were required to modulate

neural activity rather than perform an overt movement in order to interact with the virtual

environment.

2.3.1 Hand-Control Center-Out Task

In our hand-control center-out paradigm, the subject sits in a non-human primate chair

facing a mirror that reflects a 3D image from a stereoscopic computer monitor (Dimension

Technologies). The display is mounted in a periscope-like design in front of the animal and

incorporates a piece of black canvas immediately underneath. In this way, it is impossible
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for subjects to see their limbs: the only visual feedback about arm movement is therefore

through the computer monitor.

During the task, the movement of the arm ipsilateral to the recording site is restrained.

Conversely, the contralateral arm is allowed to move freely, and through it the animal will

be able to control cursor movement. To make this possible, the free arm is fitted with

an infrared-emitting optical marker (Optotrak, Northern Digital) taped to the back of the

hand. The 3D position of this infrared marker is tracked by 3 cameras placed in front of the

subject, facing the active arm. Movement of the marker, and therefore the animal’s hand, is

captured by these cameras, fed to a computer, and returned in real time as the proportional

movement of a spherical green cursor on the stereoscopic monitor.

On a typical hand-control trial, a blue spherical target is presented on the screen to

indicate the possibility to start a new trial. For the trial to begin, the subject must move the

tracked hand such that the green cursor is positioned over this central target, and keep the

cursor within the target for a variable hold period (typically 500 ms). Once the hold period

expires, the blue target disappears and reappears at one of the potential reach positions.

The subject must then move the active arm to once again drive the green cursor to the

blue target within a certain timeout period. Well-trained animals can perform this reaching

movement in less than 600 ms, including reaction time. The subject is rewarded after holding

the cursor within the target for a second hold period (also in the order of 500 ms).

In addition to the central target, there are a total of 26 possible peripheral targets,

distributed in the 3D space within the virtual environment on the corners, faces, and edges

of a cube and pushed outward to lie on a sphere, such that all the targets in the periphery

are equidistant to the central target. This 3D reaching task typically includes two different

types of reaches: center-out reaches require the subject to drive the cursor from the center of

the workspace to one of the peripheral targets, whereas out-center reaches require the cursor

to move from a target in the periphery to the central target.
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For well-trained subjects, target and cursor radii are set to 6 mm and the workspace is

scaled such that there are 85 mm from the center to the periphery, since this is as far as

animals are typically able to reach. The workspace is carefully calibrated to ensure that the

subject has free access to all the targets without the arm physically touching any obstacles

in the vicinity.

2.3.2 Brain-Control Center-Out Task

In the brain-control—or just BCI, for short—center-out task, arm movement is unnecessary

and the behavior of the cursor is instead governed by the real-time activity of a neural pop-

ulation. Specifically, subjects controlled the 2D velocity of a computer cursor by modulating

the activity of the recorded neurons, and were tasked with hitting one of eight visual targets

uniformly spaced around a circle of radius 85 mm.

Cursor movements were driven by a population vector algorithm (PVA) velocity decoder

(Georgopoulos et al., 1986; Taylor et al., 2002; Chase et al., 2009). The implementation of

this BCI decoder is described in detail in previous work from our group (Zhou et al., 2019).

Briefly, spikes from each of the N recorded neurons were binned in 33-ms intervals, nor-

malized by decoding parameters (baseline firing rate, tuning dynamic range), and smoothed

online by averaging the last 5 time bins together. Each neuron’s normalized firing rate values

were used to scale a unit vector pointing in the neuron’s preferred direction, and these scaled

individual vectors were averaged to produce the cursor velocity.

Decoder parameters were obtained through a calibration period using a co-adaptive pro-

cedure (Chase et al., 2012) that cycled through the 8 possible targets and regressed the

observed firing rates for each trial against target direction to recursively update estimates of

the linear tuning while gradually decreasing the level of assistance provided to the subject’s

cursor control. After approximately 5 cycles (typically involving around 2 min of data col-

lection), the subject was able to reliably control cursor movement, and decoding parameters

were fixed for the remainder of the center-out session.
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At the start of each trial, cursor position was reset to the center and a peripheral target

appeared on the workspace. In a successful trial, the subject would drive the cursor to the

target within 3 s and hold it in place for 100 ms to receive a reward.

A short session of the brain-control center-out task described here was run at the begin-

ning of each single-neuron experiment in order to establish baseline firing rates across the

neural population (see 3.1.1 Initialization of Target Firing Rates).
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3

Dissociation of Sensory and Volitional

Drivers of Neural Activity

This chapter introduces the paradigm that enabled the findings reported in later chapters

of this dissertation. Building on the foundational methodology discussed in chapter 2, here

we provide detailed descriptions of the behavioral and neural aspects of this experimental

setup.

We designed the Feedback Alteration Single-cell Task (FAST) to probe the influence

that sensory context can exert on an individual’s ability to voluntarily modulate M1 activity.

This novel BCI paradigm separates the neural requirements of the task from certain features

of sensory feedback, and allows us to evaluate a subject’s ability to volitionally control the

activity of a single neuron across a range of sensory conditions.

This is achieved by translating the firing activity of a single cell—termed the command

neuron (CN)—into the real-time position of a computer cursor along a one-dimensional (1D)

movement axis, while allowing for flexible manipulation of task feedback to test volitional

modulation across sensory contexts (Figure 3.1).

To successfully complete a trial, subjects had to control the CN’s firing rate to drive the
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Figure 3.1 | The FAST paradigm dissociates the neural requirements of the task from
its sensory consequences. A 1D BCI position decoder takes in the activity of a command
neuron (CN) to drive a cursor along the movement axis on the display.

cursor along the axis on the display and sequentially hit a low firing rate target and a high

firing rate target within 2 s. Trials were presented continuously, with no inter-trial interval.

Blocks of trials were characterized by the different sensory contexts provided; for instance,

the orientation of the movement axis could vary across conditions (Figure 3.1). Specifically,

a sensory condition in any FAST paradigm is fully defined by three parameters: orientation

of the movement axis, coordinates of the axis origin and posture of the arm contralateral to

the implanted hemisphere. On a typical block, subjects were given 4 min to continuously

modulate the CN and complete as many trials as possible on the same feedback condition.
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3.1 Task Flow

Cursor position along an invisible 1D axis was determined by the activity of a single command

neuron (CN). Each trial required the subject to push the cursor to 2 targets appearing in

succession on the movement axis: a low firing rate target, followed by a high firing rate

target (Figure 3.2). Cursor and target radii were 4 mm each. No hold time was enforced at

either target; subjects merely had to exhibit a firing rate that made the cursor pass through

the target boundary for the hit to count.
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Figure 3.2 | The activity of the command neuron determines the position of the
cursor along the axis. The CN’s spike count is smoothed online and used as a control signal
(black, bottom) to determine the position of the cursor (red, top) along the movement axis. In
order to receive a reward (green dot), the subject must modulate the CN’s firing rate to drive
the cursor from the low (L, blue) to the high (H, blue) target in under 2 s. Data: session FOA06
(Monkey A).

Trials started with the low target, which remained on the screen until the end of the

block unless it was hit by the cursor. Once the subject decreased the CN’s firing rate enough

to drive the cursor into the low target, the high target immediately appeared. The subject

then had a 2-s window to drive the cursor into the high target before it disappeared. If

the subject accomplished this, the high target disappeared and a liquid reward was made

available, and the low target immediately reappeared to begin the next trial. If the subject
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did not hit the high target within the 2-s window, the high target disappeared without a

reward and the low target immediately reappeared, beginning the next trial.

During each block, subjects were free to complete as many trials as possible in the given

sensory context. For Monkeys N and R, blocks of trials lasted 4 min with the exception of fo-

cus blocks (see 5.1 Orientation Dependence Remains Despite Within-Day Focused Training).

Monkey A’s blocks ranged in duration (1.54 ± 0.57 min, mean ± 1 s. d.).

The CN’s instantaneous firing rate was extracted from spike counts binned at 33-ms

intervals and smoothed with a 20-bin boxcar filter to reduce cursor jitter. This filtered firing

rate rf was translated into a 1D cursor position s along the axis according to the linear map

s = rf
sH − sL
rH − rL

,

where rH and rL are the target rates that the CN’s firing had to reach in order for the cursor

to enter the high and low targets, respectively. The 1D positions of those targets along the

movement axis, sH and sL, were always set to be 34 mm to either side of the axis origin.

The axis origin, axis orientation and arm posture fully defined the sensory context (see

3.2 Sensory Manipulations), and were held fixed throughout a block of trials.

3.1.1 Initialization of Target Firing Rates

Before running any of the FAST paradigms each day, all subjects first performed a short,

standard BCI center-out session to collect baseline firing statistics from the neural popula-

tion, which were used to set the FAST parameters.

In this session, subjects used a PVA velocity decoder to control the 2D velocity of a

computer cursor (see 2.3.2 Brain-Control Center-Out Task). Note that, unlike the FAST

paradigm, in this task the decoder includes the full neural population being recorded from

in order to drive the cursor, rather than restricting it to a single neuron.
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Following decoder calibration, subjects performed 162 ± 60 trials (i.e., approximately

20 trials per target) of brain-control center-out cursor control prior to the start of any

given FAST experiment. At the end of the center-out session, we randomly selected one

well-sorted neuron to be used as the command neuron in the FAST paradigm, with a bias

towards selecting a new cell each day and choosing neurons that displayed a wide dynamic

range. Finally, to compute the initial firing rate targets for the CN, we computed the 20th

and 80th percentiles of the firing rates exhibited by the selected neuron across the entire 2D

BCI center-out session.

3.1.2 Difficulty Progression

To more fully probe the limits on controllability, the paradigm run on Monkeys N and R

included an automated schedule to gradually increase trial difficulty within each 4-min block

as a function of recent task performance (Figure 3.3), similarly to the setup described by

Law et al. (2014). The initial firing rate values for the target rates rH and rL were set,

respectively, to the 80th and 20th percentile of the firing rates displayed by the CN during

the BCI center-out task. If the animal was highly successful, these target rate values would

be spread farther apart. The task enforced at all times a minimum difference between firing

rate targets of 15 Hz and a minimum rL value of 3 Hz.

The difficulty scaling was relative to the CN’s firing statistics. Let D be the average

firing rate between the 80th and 20th percentiles. Every 10 s, we computed the number

of successes accrued over the past 20 s. If the number of successes was greater than 10

(i.e., greater than 30 successes/min), a full-step increase in difficulty was triggered, which

increased the separation of the target rates by 1
6
D. That is, rH was increased to rH + 1

12
D

and rL was decreased to rL − 1
12
D. If the number of successes was not as high but was still

greater than 7 (i.e., greater than 20 successes/min), a half-step increase in difficulty would

instead be triggered, which increased the separation of the firing rate targets by 1
12
D. For

the half-step increase, rH increased to rH + 1
24
D, and rL decreased to rL − 1

24
D. In this way,
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Figure 3.3 | Task difficulty gradually escalates as a function of behavioral perfor-
mance. Cursor position (top) and firing rate (bottom) for one CN during the first 2 min of a
block. Horizontal blue lines (top) show the positions, along the axis, of the high and low targets;
the purple lines (bottom) show the firing rates required to hit those targets. Trial successes are
indicated above cursor position (green). Task difficulty was given by the separation between
the firing rate targets. Difficulty could increase by a half or a full step if the subject accrued
more than 7 or 10 successes, respectively, within the most recent 20-s window. Each yellow box
highlights an example of a 20-s window in which task performance triggered either a full-step
increase, a half-step increase, or no increase in task difficulty. Data: session FON35 (Monkey N).

excelling at the task resulted in the target rates rH and rL being updated so as to increase

the dynamic range required of the CN to complete a trial. Note that if the change would

decrease rL below 3 Hz, rL was left at its last value and the entirety of the change was

instead applied to rH .

3.2 Sensory Manipulations

Sensory context in the FAST paradigm is fully defined by three parameters: the orientation

of the movement axis, the location of the axis origin within the display and the passive

posture of the arm contralateral to the implanted hemisphere (Figure 3.4). We define 8

possible orientations, 9 possible locations and 3 possible postures.
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Figure 3.4 | Sensory context is defined by three features: orientation, location and
posture. Orientation (left) represents the angle of the movement axis with respect to the
horizontal (0º), given the positions of the high (H) and low (L) targets. Location (middle)
references the 2D coordinates of the axis origin (red) within the workspace. Posture (right)
symbolizes the subject’s arm positioning. Unless otherwise specified, conditions are assigned the
central location (O) and neutral posture by default.

3.3 Quantification of Volitional Control

A critical step to study changes in a subject’s ability to voluntarily modulate the command

neuron is to quantify that volitional control. Our approach consisted in designing a metric

that would integrate the key aspects of single-neuron modulation that allow the subject to

succeed at the task. In other words, we sought to evaluate the elements necessary to produce

a successful trial rather than measuring task performance itself. Naturally, both would be

heavily correlated by definition. However, a closer examination of modulation across time

would be able to paint a picture of the underlying mechanisms at play more nuanced than

that given by a binary classification deeming a trial either a success or a failure.

This led to a crucial question: what makes volitional control good? Good volitional

control of an individual neuron is characterized by an ability to hit a wide range of firing

rate values, and an ability to quickly transition from one firing rate to another.

To push the subject’s ability and comprehensively probe volitional control, in two subjects

(Monkeys N and R) we gradually expanded the dynamic range required to hit the visual

targets on the screen (Figure 3.3). While the high and low targets’ visual positions along

the movement axis remained constant throughout a block, the gain between firing rate and
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cursor movement gradually shrank as a function of performance, increasing task difficulty.

Thus, multiple consecutive rewards in close succession resulted in a separation of the targeted

firing rates that the CN had to reach in order for the cursor to hit the targets on the screen.

These target rates were reset to their original original values at the beginning of every new

sensory context block.

3.3.1 Single-Neuron Controllability Computation

We designed controllability as a metric that captures the ease with which the subject can

voluntarily modulate the firing rate of the CN across its dynamic range, given a sensory

feedback condition.

Controllability was therefore computed as a function of two variables: the command

neuron’s normalized firing rate—to represent dynamic range—and the time derivative of its

firing rate—to incorporate the ability to transition across firing rate values easily. Single-

neuron firing rates zt were obtained offline by smoothing spiking event timestamps with a

Gaussian kernel (σk = 150 ms) and z-scoring these smoothed values over the entire FAST

session for that day. The normalized time derivative of the firing rate żt was computed by

taking the finite difference of the smoothed firing rate over the sampling interval h = 1 ms,

and scaling by the Gaussian kernel width σk:

żt =
2σk

h
(zt+h − zt) .

In each block, we first identified the peak minute: the continuous minute of control that

had the highest number of successful trials (Figure 3.5). We then subdivided this peak

minute into 12 non-overlapping, 5-s bins. In each bin we computed a control ellipse: the

2-standard-deviation covariance ellipse between the CN’s normalized firing rates z and their

time derivative ż. The area of this ellipse captures both the dynamic range achieved by the

CN during this 5-s bin and the speed with which the subject was able to modulate it. We thus

quantified the controllability of the CN, given a sensory context, as the average area of these
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control ellipses across the 12 bins of the peak minute. Blocks in which the subject failed

to complete at least 5 successful trials within a continuous minute were discarded during
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Figure 3.5 | Controllability quantifies the ease with which a neuron’s firing rate can
be modulated. (A) A block’s peak minute (cyan shading) is defined as the 1-min, continuous
interval of highest average success rate within the block. Cursor (red) and target (blue) positions
produced by the same CN are shown for one 4-min block per condition. (B) Controllability is
computed in 5-s non-overlapping bins as a function of the CN’s firing rate and its derivative with
respect to time. Normalized firing rate and its time derivative are plotted against time during
the peak minute at the 315º condition (top). For each 5-s bin, we show the corresponding control
ellipse: the 2-standard-deviation covariance ellipse between firing rate and its time derivative
(middle, teal). Controllability is defined as the area of these control ellipses (bottom, left),
plotted here for the peak minute of this 315º block against time (bottom, right). Dashed line
indicates this CN’s average controllability across all conditions. (C) Same as (B), at the 135º
condition. Firing rates close to baseline or resistant to change indicate difficulty controlling the
CN’s activity and produce low controllability values. At 315º, the subject was able to readily
modulate this CN both widely and quickly, reflected respectively in the large fluctuations in firing
rate and its derivative. At 135º, the animal was less adept at modulating the same CN. Data:
session FON35 (Monkey N).
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analysis. If a CN had more than one condition not represented because of this performance

threshold, it was removed due to insufficient data. Monkey A had 16 blocks shorter than 1

min (46 ± 8 s); instead of selecting a peak minute, in these cases the full duration of the

block was binned at 5-s intervals and used to compute controllability values.

We quantified the significance of the impact that sensory context had on a CN’s con-

trollability using one-way ANOVA to partition the total variation found in controllability

into between-conditions variation and a within-conditions variation. The ratio between these

components determines whether controllability means are significantly different across condi-

tions. To assess the magnitude of this effect, we computed the fraction of variance explained

by sensory context as:

Vexplained(%) =
(
1− SSR/(N −K)

SST/(N − 1)

)
× 100 ,

where SSR and SST denote respectively the residual and total sums of squares, K is the

number of sensory contexts tested and N is the total number of 5-s bins across conditions

in the experiment.

3.3.2 Alternative Metrics Explored

Finding a metric that captured the ease with which a subject is able to modulate a neuron

was not trivial. We explored several other approaches to quantify volitional control, mainly

focusing on performance proxies like target overshoot or reaction time. Ultimately, these

were discarded in favor of our chosen metric, which we felt provided a more stable estimate

of controllability.

Among them, the difficulty-progression score described below provided an intuitive frame-

work to interpret the behavior observed during FAST experiments.

This strategy focused on task performance, commonly quantified through success rate.

Can the subject readily drive the cursor to the required targets and be rewarded in the

task? Average success rate can easily be computed as the number of trial successes accrued
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within a certain window given its duration. The time resolution of such a metric is therefore

determined by the bin size used to compute that average.

For two of our subjects, the automated difficulty scheduling provided an opportunity to

further dissect volitional control (see 3.1.2 Difficulty Progression). This opened the door

to a finer assessment of performance based not only on success rate achieved at different

difficulty levels but also the extent to which the animal was able to push the CN’s dynamic

range and continue to complete trials successfully as the task became more challenging.

Since multiple consecutive rewards in close succession resulted in an increase in task

difficulty, we weighed the best performance a subject could achieve at a given level by the

difficulty of the task at that point. Visually, this is equivalent to plotting maximum success

rate achieved within each level against difficulty. We can quantify the proficiency with which

a subject is able to volitionally modulate the CN in order to push through difficulty levels

during a block by taking the area under that curve. We defined the difficulty-progression

score as this area, easily computed by applying the trapezoidal rule to approximate the

integral.

However, we found that an important limitation of this approach was the heavy weight

that the metric assigned to level progression, shadowing other factors that should be equally

decisive from a behavioral perspective—such as the achieved success rate across difficulties or

the sharpness with which cursor movement was corrected. This issue was present regardless

of whether difficulty progression was assessed in absolute firing rate terms or relative to the

original dynamic range displayed by the CN.

Furthermore, this made the reliability of the metric vulnerable to fluctuations in the

animal’s motivation. Progression across difficulty levels is not independent from the length

of the block: the longer the subject works at the task, the farther they could progress. This

sensitivity to ”work time” could therefore become problematic if the subject took a break

in the midst of a block. One way that this challenge can be addressed is by modifying the
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task flow to introduce a trial initiation step; this would mark periods of time in which the

animal was not trying to perform the task, and could also be made to start and stop the

block timer. Otherwise, controlling for this susceptibility would require closely monitoring

motivation or attention changes, substantially reducing the practicality of this performance

metric.
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4

Impact of Sensory Context on

Single-Neuron Controllability

We sought to assess the impact of sensory context on the ability to voluntarily modulate

neurons within M1. To do this, we trained three rhesus macaques on an array of paradigms

within the Feedback Alteration Single-cell Task (FAST) framework.

The set of FAST paradigms described in this thesis all hinge on one common element: a

decoder that translates the firing activity of an individual command neuron into the position

of a cursor along a 1D axis, regardless of the angle or the position in which that movement axis

is displayed. By doing this, the FAST framework creates room for the flexible manipulation

of task feedback in order to test a subject’s ability to voluntarily modulate an individual

neuron across a range of sensory conditions .

To quantify the volitional control of single cells in M1, we developed a controllability

metric that captured both the magnitude and the speed with which the CN could be up-

and down-modulated (see 3.3.1 Single-Neuron Controllability Computation). Briefly, we

first identify the 1-min, continuous interval of best performance within each block based on

success rate, and divide this peak minute into 12 non-overlapping, 5-s bins. Good control is
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characterized by large excursions in both firing rate and its derivative over this time period.

In contrast, poor control is characterized by small deviations in these values (Figure 4.1). We

captured these features with a control ellipse, formed by taking the area of a two-standard-

deviation covariance ellipse between normalized firing rate and its time derivative. Larger

areas subtended by the control ellipses, shown graphically as teal ovals in Figure 4.1, signal

better volitional control. The overall controllability for a particular sensory context is defined
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Figure 4.1 | Example showing modulation of controllability by orientation. Control-
lability throughout a session is determined by the modulation of the CN during the peak minute
of each block. Periphery: Data per block are arranged in this figure based on the sensory con-
dition. For each block, normalized firing rate (black) during the peak minute is plotted against
time, with rewarded trials indicated by green dots. Beside it, the corresponding control ellipses
(teal) for that peak minute are shown, each resulting from a 5-s bin in the peak minute. Center:
Controllability, defined in each 5-s bin as the area of that bin’s control ellipse, is plotted here
against orientation. Controllability values from individual bins (teal) are grouped in the x-axis
by condition, with the two block repeats at the same orientation slightly offset horizontally from
one another for visibility. Average controllability of a block is indicated by a black diamond; a
curve connects average controllability per condition. Of the variance present in this CN’s con-
trollability, the fraction that is explained by orientation is reported (%), along with significance
(ANOVA, *** for p < 0.001). Data: session FON32 (Monkey N).
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as the average of the control ellipse areas across the 12 bins within the peak minute, indicated

as black diamonds in Figure 4.1 and throughout this thesis.

4.1 Movement Orientation Interacts with

Controllability

We first tested whether the angle of the movement axis impacts the ability to volitionally

control a given neuron. To probe this, we rotated the movement axis across conditions. If

neurons are firmly tied to particular sensory contexts, then behavioral performance would

change across directions. However, if voluntary modulation is truly dissociable from the

effector, there should be little difference in controllability across conditions.
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Figure 4.2 | Example of behavior in the FAST orientation paradigm. The CN’s firing
drives the cursor along axes with different angular orientations across blocks. Here we show the
cursor position produced by a single CN during the first 30 s of each condition. Note the clear
variability in performance across different axis orientations. Data: session FOA06 (Monkey A).

In the FAST orientation experiments, each condition was therefore characterized by the

angle of the movement axis, keeping the location of the axis origin fixed at the center of the
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display and the subject’s arm in the neutral posture throughout every session. We tested

8 orientations in 45º intervals (Figure 4.2). To control for motivation and other potential

time-related confounds, in a typical FAST orientation session each orientation was presented

in random order once, and then all 8 orientations were randomly presented a second time,

for a total of 16 blocks of trials. Note that block shuffling was constrained to ensure that

no condition was presented twice in a row and to prevent opposite orientations (i.e., angles

separated by exactly 180º, which produce parallel movement axes with mirroring polarity)

from appearing consecutively.

We found that the orientation of the movement axis had a substantial impact on con-

trollability. An example of this effect can be seen in Figure 4.1, in which we show the peak

minute for each block across the 8 axis orientations. When the movement axis was angled

at 135º, control was smooth and fluid, as marked by the rapidly changing firing rate and

large dynamic range, resulting in a high success rate. In contrast, control was more coarse

when the axis was oriented at 315º: in multiple instances, the subject had to make several

attempts to reach the target after failing to drive the cursor far enough to receive a reward

on the first try. As a result, larger control ellipses stem from the 135º blocks than from

the 315º blocks. The control ellipse areas for a given block correspond to the controllability

values shown on the central chart of Figure 4.1. By examining the changes in controllability

across movement angles, we can weigh the impact that sensory context has on the subject’s

ability to volitionally control the CN.

All three monkeys showed widespread changes in controllability as a function of move-

ment orientation (Figure 4.3). A majority of the CNs showed significant differences in

controllability across orientations (one-way ANOVA, p < 0.05): 96% for Monkey N (44 of 46

neurons), 100% for Monkey R (16 of 16 neurons), and 80% for Monkey A (8 of 10 neurons).

We can quantify these changes in subjects ability to voluntarily modulate the CN’s activity

as a function of sensory context by computing the fraction of the total variance found in

controllability that is explained by orientation. Disparities in controllability across blocks
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Figure 4.3 | Volitional control is modulated by the orientation in which the 1D visual
feedback is provided. Single-neuron controllability changes with orientation (Monkey N: n =
46 neurons, Monkey R: n = 16 neurons, Monkey A: n = 10 neurons). Controllability values
(teal) and block averages (black diamonds) are shown; curves connect average controllability per
condition. Neurons are sorted by descending variance explained by orientation (%).
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Figure 4.4 | Movement orientation accounts for a substantial portion of the variance
found in controllability. Stacked histogram illustrates variance explained by orientation, in-
dicating averages per subject (arrows) and overall (black line). Pie charts show fraction of CNs
that displayed significant controllability differences across orientations (ANOVA, p < 0.05).

were largely accounted for by the changes in the angle of the movement axis (Figure 4.4),

with an average across animals of 35.8% of variance in controllability being explained by

orientation (Monkey N: 33.9%, Monkey R: 41.5%, Monkey A: 35.2%).

Controllability was modulated by movement angle across the population in a way that

resembled the directional tuning found during brain-control center-out sessions (Figure 4.5),

both in orientation and modulation depth. To examine each CN’s tuning changes across

paradigms, we linearly regressed controllability against axis orientation to define its FAST

tuning direction and individually compared it to the directional tuning it displayed during

the same day’s BCI center-out session. The FAST and BCI tuning directions were strongly

correlated for all animals (ρ = 0.84, Pearson’s correlation). To further quantify tuning

similarity, we considered the FAST-to-BCI angle: the difference in direction between the

FAST and BCI tuning. Tuning directions did not seem to diverge markedly (45.1 ± 40.5º on
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Figure 4.5 | Orientation interactions with controllability echoed BCI directional tun-
ing. Left: Tuning directions corresponding to the FAST experiment and the brain-control
center-out data collected on the same day, plotted against one another, reveal a strong correla-
tion. Center: Histogram of the FAST-to-BCI angle, the separation in the tuning direction of
each CN between paradigms. Right: Tuning modulation depth under FAST vs BCI, represent-
ing the strength of the relationship with direction. ρ indicates Pearson’s correlation coefficient
(*** if p < 0.001, n.s. if p ≥ 0.05).

average, across subjects). Indeed, the FAST-to-BCI angle remained below 60º for a majority

of CNs: 80% (37 of 46 neurons) for Monkey N, 81% (13 of 16 neurons) for Monkey R and

50% (5 of 10 neurons) for Monkey A. We compared the FAST and BCI tuning based on

their modulation depth as well as their direction, but found no significant correlation in this

aspect between the FAST and BCI settings (Pearson’s correlation: ρ = 0.22, p ≥ 0.05).

Since neural firing could be affected by fluctuations in motivation throughout the course

of a session (Hennig et al., 2021), we added a control to test for temporal effects on control-

lability, caused by sensory conditions having been run block-wise. We controlled for time

by fitting a linear regression between controllability and block number. We then used the

residuals of this regression to re-compute the variance explained by sensory context. How-

ever, the dependence of controllability on orientation could not be explained by the passage

of time across blocks (Figure 4.6).
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Figure 4.6 | The passage of time did not explain controllability modulation by orien-
tation. Top: Controllability across orientations before (left of arrow) and after (right of arrow)
factoring out block order through linear regression for 3 example CNs per subject. Controllability
values (gray) and block averages (black diamonds) are shown; curves connect average control-
lability per condition. Variance explained by orientation is reported, along with significance
(ANOVA): *** if p < 0.001, n.s. if p ≥ 0.05. Bottom: Stacked histogram (left) of controllability
variance explained by orientation after removing time. Pie charts (right) indicate fraction of CNs
per subject that display significant controllability differences given orientation after factoring out
block order (ANOVA, p < 0.05).
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4.2 Controllability is to a Lesser Extent Influenced by

Location

For our second manipulation, we sought to evaluate changes in controllability given by the

overall location of the movement axis across the workspace. To do this, we trained 2 subjects

(Monkey N, n = 20 neurons; Monkey R, n = 3 neurons) on the FAST location paradigm, in

which we fixed axis orientation and instead varied the coordinates of the axis origin within

the display (Figure 4.7).
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Figure 4.7 | The FAST location experiments assess the change in controllability when
altering the 2D position of the axis origin. Each condition is defined by the location of the
movement axis within the workspace and tested at a single axis orientation at a time (left). As
an example, axis locations are shown for a 90° orientation (right).

Specifically, on each session we tested a series of locations at two distinct axis orientations.

Conditions were thus defined as a location-orientation combination. Monkey N was tested

across 10 location-orientation conditions, and was given two non-consecutive blocks at each.

Conversely, Monkey R was tested across 18 location-orientation conditions but received only

one block at each. All blocks in this paradigm had a duration of 4 min.

For Monkey N, we tested 5 axis locations: the center of the display (O) and four coordi-

nates in the corners of the workspace, all of them at 34 mm from the center (Northwest, NW;

Southwest, SW; Southeast, SE; Northeast, NE). At the start of each experiment, Monkey N
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Figure 4.8 | Movement location can also interact with volitional control. Controllability
of CNs across locations for Monkey N (n = 20 neurons) and Monkey R (n = 3 neurons). Con-
trollability values (teal) and block averages (black diamonds) are shown; curves connect average
controllability per condition. Neurons are sorted by descending variance explained by location,
reported per CN along with significance (ANOVA): *** if p < 0.001, ** if p < 0.01, * if p < 0.05,
n.s. if p ≥ 0.05.

was given four arbitrary orientations at the central location (O). Of those, we selected two

orientations (not opposites, separated by at least 90º) in which the subject performed well.

Once selected, we first ran each orientation randomly intermixed across the 4 peripheral lo-

cations, and then ran the two orientations across all 5 locations in random order again. The

presentation order was constrained so that both the orientation and the location changed

across sequential blocks. For Monkey R, in addition to the locations described above, we

tested 4 new locations following the cardinal directions (North, N; West, W; South, S; East,

E), for a total of 9 locations—one in the center of the display and the others 34 mm away

from it. In these experiments, Monkey R was first given one block at each of the 9 loca-

tions, randomly sorted, on one fixed axis orientation. After a full run through all locations
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Figure 4.9 | Controllability was modulated by location more moderately than by
orientation. Stacked histogram of the variance in controllability explained by location. Pie
charts indicate fraction of CNs per subject that display significant controllability differences
given location (ANOVA, p < 0.05).

given one angle, the axis was rotated to a second orientation, in which the subject was given

another set of randomly sorted blocks across the 9 locations.

Both animals showed differences in controllability due to axis location (Figure 4.8). Yet,

in contrast to orientation, overall a lower fraction of the CNs displayed a significant impact

due to location (one-way ANOVA, p < 0.05). Regarding the magnitude of the effects, loca-

tion had a modest effect on controllability compared to orientation (Figure 4.9), accounting

for 14.6% of variance on average (Monkey N: 11.0%, Monkey R: 38.8%).

To control for any influence on the measured location dependence due to the rotation of

the movement axis, we tested controllability across locations on a secondary orientation. We

found that the impact of location on controllability was comparable across both orientations

(Figure 4.10). Interestingly, within FAST location experiments location seemed to capture

a smaller portion of the variance found in controllability as compared to the fraction of

variability explained by orientation (Figure 4.11), although this difference was not significant
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Figure 4.10 | Orientation changes do not erase the impact of location on control-
lability. Left: Controllability across locations given the primary (left of arrow) or secondary
orientation (right of arrow) for 2 example CNs per subject. Controllability values (gray) and
block averages (black diamonds) are shown; curves connect average controllability per condition.
Variance explained by location is reported, along with significance (ANOVA): *** if p < 0.001, **
if p < 0.01, * if p < 0.05, n.s. if p ≥ 0.05. Right: Stacked histogram of controllability variance
explained by location at a secondary orientation. Pie charts indicate fraction of CNs per subject
that display significant controllability differences given location (ANOVA, p < 0.05).

(paired-sample t-test, p ≥ 0.05). Expanding this data set with additional experiments that

test the controllability of a larger number of neurons could increase the statistical power of

this comparison and shed light on the relationship between orientation and location.
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Figure 4.11 | Movement location may explain, on the same experiment, a lesser
portion of controllability variance than orientation. Histogram of the variance in control-
lability present in FAST location experiments that is accounted for by either the location or the
orientation label, irrespective of one another. Vertical lines indicate average variance explained
by each label. Statistical testing for significant differences in variance explained by location ver-
sus orientation is reported (paired-sample t-test: n.s., p ≥ 0.05).
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4.3 Preliminary Results on Posture-Orientation

Interactions

With this last sensory manipulation, our goal was to examine whether changing the subject’s

resting posture could influence single-neuron controllability and its relationship with move-

ment orientation. The FAST posture paradigm therefore constitutes an expansion of the

FAST orientation experiments described above: here we incorporate postural manipulations

to evaluate controllability across orientations given these changes in somatosensation.

0 º 0 º

`` 45 º

0 º

neutral rotation abduction

Figure 4.12 | Postural manipulations were designed to create maximal differences in
shoulder posture. Three arm postures were evaluated: neutral (left), rotation through elbow
flexion (center) and elevation through shoulder abduction (right). These postural manipulations
are achieved through the configuration of an armrest and are hence passive: subjects do not have
to actively engage their muscles to maintain each posture.

The three possible arm positions were designed to create a wide difference in shoulder

posture while allowing the subject to be comfortable throughout the session (Figure 4.12).

Compared with the neutral posture, the elbow extension posture resulted in an inward

rotation of the forearm, while the shoulder abduction posture resulted in an elevation of the

forearm, approaching shoulder height. Critically, these postural manipulations were passive;

the animal’s forearm was placed on an armrest at one of 3 configurations, where it was

lightly restrained in position. Subjects were therefore able to relax their muscles, as opposed

to being required to actively maintain a certain arm posture.
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In the case of Monkey N (n = 19 neurons), every CN was tested across 3 different session,

each characterized by a distinct posture. In other words, a FAST posture experiment required

3 days, since a single armrest configuration was used for the entirety of an individual session.

Once the arm had been positioned in the desired posture for a given day, the paradigm’s

structure was comparable to a FAST orientation session: 8 orientation conditions were each

presented twice in a non-consecutive order.

Conversely, Monkey R (n = 12 neurons) was exposed to all 3 postures on the same day;

this, however, came at a cost. Since there is a hard limit on the length of time that a monkey

can be expected to work on a behavioral task, each orientation was presented only once per

arm posture, for a total of 24 orientation-posture conditions each given one 4-min block.

While this mitigates the confounding effect of day-to-day variability inherent in Monkey

N’s version of the FAST posture paradigm, it also introduces a different confound. Since

switching between arm configurations constitutes a small disruption of the task while the

subject’s arm is manually repositioned, it is not feasible for posture to vary from block to

block like movement orientation can. This, combined with the inability to offer a second

block at each orientation-posture condition, results in the posture label being inextricably

linked to the passage of time within the session. To bypass this issue, Monkey R also received

4 sessions (marked by a pound sign on Figure 4.13 and Figure 4.14) in which block duration

was reduced to 1 min. These shortened blocks made it possible to accommodate a second

sweep across orientations at each posture, even after every combined condition had already

been presented once.

The present FAST posture data set serves here as a preliminary exploration of the inter-

action between orientation and posture and their joint influence on single-neuron controlla-

bility. Despite day-to-day and within-session variability, controllability appeared to depend

on orientation similarly at all three postures for a majority of neurons across both animals

(Figure 4.13).
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Figure 4.13 | Orientation effects on controllability seem largely conserved across
postures. Controllability of CNs on each individual posture across orientations for Monkey N
(n = 19 neurons) and Monkey R (n = 12 neurons). For each neuron, curves connect same-posture
average controllability values across blocks. Neurons are sorted by descending average variance
explained by orientation given posture, reported per CN along with the lowest significance among
the three postures (ANOVA): *** if p < 0.001, ** if p < 0.01, * if p < 0.05, n.s. if p ≥ 0.05.
Monkey R’s 1-min-block sessions are indicated by a pound sign (#).

The change in controllability as a function of posture is however difficult to interpret. In

the case of Monkey R, who was exposed to all orientation-posture conditions within a single

session, there seems to be a minor effect of posture overall, with significant effects appearing

only for a small portion of neurons (Figure 4.14). For Monkey N, it is impossible to draw

any further conclusions due to posture being inseparable from day-specific factors in these

conditions.
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Figure 4.14 | Posture and day-to-day variability are inseparable in this implemen-
tation of the FAST paradigm. Controllability of CNs on each individual orientation across
postures for Monkey N (n = 19 neurons) and Monkey R (n = 12 neurons). For each neuron,
curves connect same-orientation average controllability values across blocks. Neurons are sorted
by descending average variance explained by posture given orientation, reported for each CN.
Stars indicate ANOVA significance level of the least significant posture effect among all orienta-
tions: *** if p < 0.001, ** if p < 0.01, * if p < 0.05, n.s. if p ≥ 0.05. Monkey R’s 1-min-block
sessions are indicated by a pound sign (#).

Whether postural changes can modify the gain of these relationships is therefore a ques-

tion that remains unanswered here, given the limitations of our initial experimental design.

Nevertheless, the introduction of further controls in future implementations of the FAST pos-

ture paradigm may be able to shed light on the interplay between visual and somatosensory

signals and their effect on voluntary modulation of M1.
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5

Persistence of Sensory Effects on

Controllability Through Time

The observations detailed until now do not rule out the possibility that, even though the

neural requirements of the task were the same across sensory contexts, the subject may not

have been aware of this. Perhaps the struggle to control the CN in certain conditions was

in part due to the animal not realizing that the neural task remained unchanged.

We reasoned that, if this were the case, then providing subjects with additional train-

ing—whether focused at more troublesome contexts or generalized across all feedback con-

ditions—would result in improved modulation control and a reduced interaction between

sensory context and single-neuron controllability. In order to test this hypothesis, we de-

signed two distinct experiments that leveraged the flexibility of the FAST framework to

probe the efficacy of different training strategies.
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5.1 Orientation Dependence Remains Despite

Within-Day Focused Training

First, we introduced additional practice for a single condition in the middle of what would

otherwise have been a standard FAST orientation experiment. This additional practice took

place after every movement angle had been presented to the subject once, and consisted of

two 15-min blocks in which the animal could gain more experience controlling the cursor

under one specific condition.

By comparing controllability curves before and after those 30 min of training focused on a

single orientation, we can evaluate whether extended practice in an individual sensory context

results in better volitional control of the neuron and less interaction between volitional control

and axis orientation.
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Figure 5.1 | The FAST focused training paradigm provides additional practice time
in challenging conditions. An initial evaluation of controllability across all 8 conditions is
followed by a extended period of training in a single orientation. Controllability across all sensory
contexts is then assessed once again.

To do this, the focused training paradigm tested controllability across orientations twice:

once before and once after the focus blocks (Figure 5.1). Similarly to the FAST orientation

paradigm, each focused training experiment started with a single 4-min block at each of the 8

orientations. This served to establish a baseline level of controllability across all conditions.

We then selected one of the orientations to be the focus of the additional training; typically,

this was a condition in which the subject demonstrated an average performance in the

first sweep across orientations. The focused training period started with one long block at
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this orientation, lasting 15 min. As before, the difficulty ratcheting was active throughout

this focus block, such that the firing rate targets would gradually separate if performance

was strong. At the completion of this 15-min block, a new 15-min focus block at that same

orientation started, which served to reset the difficulty level and make the task slightly easier

again, renewing the monkey’s motivation. Once this second 15-min block was completed, the
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Figure 5.2 | Focused training on a “difficult” sensory context is not sufficient to ex-
tinguish orientation dependence. Controllability of CNs across orientations before and after
focused training for Monkey N (n = 15 neurons), and Monkey R (n = 5 neurons). Controllability
values (gray) and block averages (diamonds) are shown; curves connect average controllability
per orientation before and after focus blocks. Variance explained by orientation is given as before
⇒ after, along with significance (ANOVA): *** if p < 0.001, ** if p < 0.01, * if p < 0.05, n.s. if
p ≥ 0.05. Neurons are sorted by descending variance explained before focused training.
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subject was presented with a second set of 4-min blocks across all 8 orientation conditions.

Let us take a closer look at the example marked by a box in Figure 5.2: this CN displayed

below-average controllability at the 315º condition during the baseline block. After the

subject was given the two 15-min focus blocks at 315º to refine control in this sensory

context, there was a visible improvement in controllability when the same orientation was

presented again. However, this effect was not restricted to the trained condition exclusively:

this prolonged training in the 315º orientation resulted in an overall increase in controllability

across all sensory contexts.
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Figure 5.3 | Controllability showed no significant decrease in its sensitivity to orien-
tation after focused training. Controllability variance explained by orientation after focused
training is plotted against baseline before receiving the additional practice (dashed unity line
shown for reference). Statistical significance is reported for comparisons within and across sub-
jects (paired-sample t-test: * if p < 0.05, n.s. if p ≥ 0.05). Overall, controllability did not change
significantly after focused training (p ≥ 0.05).

We found that prolonging practice in a condition that had proved challenging earlier in

the session was not effective in neutralizing orientation dependence (Figure 5.2). Neither
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subject showed large differences in controllability before versus after the focus blocks.

There was no overall significant change in variance explained by orientation before versus

after the extended practice given during the focus blocks (Figure 5.3); in fact, in one monkey

additional training actually increased the dependence of controllability on orientation.

5.2 Multiple-Day Training is Not Sufficient to

Overcome Sensory Effects

To further evaluate the robustness of the orientation effect, we expanded our study of single-

neuron controllability across multiple days. Could additional training spanning several ses-

sions eliminate the interaction between sensory context and controllability?

The FAST multi-day training paradigm provided the subject with 5 days of practice

at the orientation task to control a single CN (Figure 5.4). By extending training in all

orientations over several days, subjects were allowed multiple sessions to control the same

neuron and refine their ability to modulate its activity across conditions.

In a FAST multi-day training experiment, day 1 was identical to a typical FAST orien-

tation session. We then held both the CN and the initial target rate values constant for

days 2 through 5 and had the subject perform an equivalent FAST orientation session each

day using those fixed parameters. In other words, aside from the order in which orientations

were presented—which was randomized at the beginning of each day—the task was identical

across all 5 days of the experiment. The CN was tracked across days by visual inspection,

and confirmed offline through a neuron-tracking algorithm (Fraser and Schwartz, 2012).

We found that training for several days also did not eradicate the interaction of control-

lability with orientation (Figure 5.4). This can be appreciated in the boxed example: while

average controllability increased across days, the interaction with orientation continued to

be present throughout these sessions. The same example is highlighted in Figure 5.5.
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Figure 5.4 | Training over several days was not sufficient to extinguish orientation
dependence. Controllability of CNs across days for Monkey N (n = 8 neurons). Each row
represents a single CN, used to control the cursor on 5 sequential days of training. Average
controllability per block and condition-average curves are color-coded based on training day.
Variance explained by orientation is reported per day, along with significance (ANOVA): *** if
p < 0.001, ** if p < 0.01, n.s. if p ≥ 0.05. Neurons are sorted by descending variance explained,
averaged across days.
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Across neurons, multi-day training did not erase sensory interactions. While we observed

a slight weakening of the orientation effect during the first 2 days of repeated training with

a given CN, additional training in the following days did not further attenuate the impact

of orientation, and the interaction between orientation and controllability never disappeared

(Figure 5.5).
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Figure 5.5 | The reduction in orientation dependence slowed down throughout multi-
day training. Changes in variance explained (left) and average controllability (right) across
days. Black curve represents average trend. Significance is reported for day 1 to day 3 comparisons
and day 3 to day 5 comparisons (paired-sample t-test: ** if p < 0.01, n.s. if p ≥ 0.05).
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6

Repercussion of Sensory Constraints

on Voluntary Neural Activity

This thesis investigates whether the ability to volitionally modulate the activity of single

neurons in the primary motor cortex can be affected by changes in sensory context, that is,

by the manner in which the feedback of the cell’s firing rate is provided to the subject. We

found that sensory context can indeed impose constraints on the degree to which individual

neurons can be volitionally controlled.

Across animals, controllability was heavily impacted by the orientation of cursor move-

ment: subjects showed consistent differences in success when attempting to modulate indi-

vidual neurons at various movement angles. Movement location within the workspace had

an influence on single-neuron controllability as well; location effects were, however, less pro-

nounced than those of orientation. Finally, we found that the interaction between sensory

context and volitional controllability was robust to additional training. Providing animals

with extended practice within the same session at an orientation that they had found prob-

lematic earlier was not sufficient to overcome these differences in controllability, and neither

was granting a subject multiple days to improve control of a single neuron.
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6.1 Implications for Natural and Neuroprosthetic

Motor Learning

How might sensory constraints fit in with learning? We observed that even several days of

additional training did not lead to a sizable decrease in sensory interaction. Of course, it

could be the case that the animals could have learned the task but never did.

Previous research has identified key factors that govern whether a BCI mapping should

be learned quickly or slowly. Typically, a BCI mapping that only requires existing patterns

of neural activity to be mapped to new movements are learned fast, showing substantial

improvements on a single day of training (Sadtler et al., 2014; Golub et al., 2018; Hennig

et al., 2018). In contrast, BCI mappings that require the formation of new neural activity

patterns can be harder to learn and may necessitate incremental training across several

days in order to facilitate the expansion of the neural repertoire (Oby et al., 2019). It is also

possible to learn a perturbed BCI mapping that disrupts only a subset of the neurons involved

in cursor control, which has been associated with a fast-and-global neural activity change in

the population, combined with a gradual-and-local adjustment to the relative contributions

of individual neurons predominantly in the perturbed subset (Jarosiewicz et al., 2008; Zhou

et al., 2019).

In the FAST paradigm, trial success is determined exclusively by the firing rate of a

single neuron and imposes no demands on the rest of the population: the subject is free

to take advantage of any neural activity pattern at any time to carry out the task. In

principle, changing sensory context should therefore be quite readily learned, since it is by

definition well within the existing neural repertoire (Sadtler et al., 2014; Golub et al., 2018).

Instead, we find no improvement within one session, and hardly any after multiple days.

This interplay between sensory and volitional signals seems to be a novel, added constraint

that might limit learning.
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The notion that sensory context can impose bounds on our ability to voluntarily modu-

late M1 can have direct implications for the development of clinical neuroprosthetic devices.

If the activity of individual neurons can be tied to particular sensory outcomes, these rela-

tionships could have an effect on how readily a BCI mapping can be learned, analogous to

the involvement of existing versus novel neural activity patterns we discussed above. In other

words, building decoders that are consistent with the sensory interactions in the population

could constitute an additional factor in dictating how learnable a BCI mapping can be. Fur-

ther study of this sensorimotor crossroads in M1 could enable decoders to take advantage of

native neural pathways and dodge configurations that prove detrimental for BCI control.

Overall, our results suggest that volitional modulation of M1 can be conditional to certain

constraints exacted by sensory integration in the motor cortex. This would be consistent

with a model of cortex that contemplates sensory and volitional signals impinging on the

same neurons, therefore resulting in a mixed response at the level of individual cells—within

M1 and beyond. Such a framework would be consistent with the observation of volitional

modulation across diverse areas of the brain, including primary sensory areas (Cerf et al.,

2010; Koralek et al., 2012; Clancy et al., 2014; Neely et al., 2018; Chauvière and Singer,

2019; Andersen et al., 2019; Patel et al., 2021; Gallego et al., 2022; Fukuma et al., 2022;

Jeon et al., 2022), as well as explaining sensory-driven activity in motor areas.

If both volitional and sensory signals coexist across the entire cortex, perhaps the key

difference that distinguishes sensory and motor areas is precisely the degree to which they

are under volitional control versus sensory-obligate modulation.

This possibility merits further exploration.
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6.2 Follow-Up Studies

6.2.1 Population-Level Contributions to Single-Neuron

Controllability

The results described in this thesis concern the command neuron and the behavioral perfor-

mance in the task. However, the neural data sets collected during the experiments detailed

throughout incorporate high-dimensional neural recordings. In other words, the use of mi-

croelectrode arrays allows us to simultaneously record the activity of a neural population of

around 100 cells in addition to the command neuron. While beyond the scope of this thesis,

it would be of interest to conduct population-level analyses that explore the role of those

neurons not directly involved in the behavioral task.

Specifically, studying the dimensionality of the neural subspace occupied when subjects

perform this task as compared to hand- and brain-controlled center-out paradigms may pro-

vide insight into the neural strategies employed to gain control of cursor movement and what

their weaknesses may be. Indeed, identifying their limitations may explain the interaction

between controllability and sensory context. It should also be interesting to dissect how

neural states may vary as a function of other parameters, such as the escalation of task

difficulty, the presence of compounded manipulations—those combining orientation and lo-

cation changes or orientation and posture changes—and the continuation of training within

and across days.

Interestingly, some studies have found that population dynamics in the neural space (for

a review on latent dynamics, see Vyas et al., 2020) can change across contexts (Dubreuil et

al., 2022). It is possible that the altered interaction between sensory feedback and volitional

modulation might explain the existence of different flow fields across contexts.
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6.2.2 Deeper Assessment of Location Effects on Controllability

Movement location seemed to weigh less heavily on controllability. This could be partly

attributable to the magnitude of the displacement across location conditions, which was

limited in our paradigm to accommodate all axis orientations and still guarantee that cursor

movement remained within the confines of the display. The lesser impact of movement

location we observed is, however, consistent with previous reports that cursor position in a

BCI setting had only minor correlates in motor cortical activity and did not interfere with

performance during neuroprosthetic control (Stavisky, Rezaii, et al., 2018).

Nevertheless, it would be of interest to design an alternative version of the FAST lo-

cation paradigm in which the spatial separation of the different conditions was expanded.

This could be achieved by narrowing the focus of the experiment to a single movement

orientation: reducing the scope of orientations evaluated would create room to push the

peripheral locations outwards within the workspace without compromising the amplitude of

cursor movement available.

Moreover, this single-orientation design could incorporate the strengths of both versions

of the FAST location experiments described in this work. One version of the task, given to

Monkey N, provided the subject with repeated presentations of each individual condition,

which facilitated the elimination of critical confounds like time and motivation. The other

version of the task, given to Monkey R, forfeited the repetition of each condition in order

to accommodate a finer mesh of locations, almost doubling the number of conditions in

which controllability could be tested. By keeping axis angle constant across all conditions,

this location-only FAST paradigm would therefore achieve a more thorough examination of

movement location effects on controllability by combining larger spatial manipulations, finer

lattice assessment and multiple instances of each condition.
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6.2.3 Other Factors Potentially Imposing Additional Constraints

In the work detailed throughout this thesis, we manipulated feedback primarily within the

bounds of a single sensory modality: vision. Our results here therefore invite one to consider

what other forms of sensory information might influence volitional modulation in the motor

cortex.

Postural changes, for instance, have been shown to sway directional tuning of individual

neurons in M1 (Scott and Kalaska, 1995, 1997; Sergio and Kalaska, 2003; Velliste et al.,

2014); it is likely that the impact of posture could extend to controllability as well. Our

preliminary experiments combining postural and visual manipulations proved to be too noisy

to confirm or discard this possibility. While it was impossible to ascertain whether the gain

differences observed were due in part to posture changes, it would be interesting to more

closely examine the influence of somatosensory feedback on single-neuron controllability.

Further iterations of the FAST posture paradigm that incorporate controls for day-to-day

neural variability could provide valuable insight in this respect.

Not far away from the vestibular system, auditory signals have also been shown to evoke

activity in the motor cortex. More specifically, human participant studies (Wilson et al.,

2004; Cheung et al., 2016) have found that speech sounds can elicit activity in motor areas

involved in speech production—much like mirror neurons respond to observed, as well as

executed, movement (Tkach et al., 2007). Strikingly, a group led by Shenoy and Henderson

reported that speech production could drive neural activity in the arm and hand area of the

dorsal motor cortex enough that the spoken words could be accurately decoded (Stavisky,

Kao, Nuyujukian, et al., 2018; Stavisky et al., 2019). Although their subsequent study

suggested that speech production did not interfere with BCI cursor control in the case of a

population decoder (Stavisky et al., 2020), it is unclear whether this might hold true at the

level of individual neurons.

Individual neurons in M1 have also been observed to change their firing as a function of
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object-related information during reach-to-grasp naturalistic movement (Rouse and Schieber,

2016). Similarly, whether a reach involved an object or not led to differences in M1 activity

that disrupted BCI control of a robotic arm if not explicitly accounted for in decoder design

(Downey et al., 2017).

Alongside these, other variables not directly linked to sensory stimuli could potentially

influence single-neuron controllability as well. Fluctuations in internal states—from atten-

tion to emotional condition—have been observed to modulate ongoing cognitive processes

like decision-making, motor learning or sensory perception (Accolla and Carleton, 2008;

Kennedy, 2011; Ruff and Cohen, 2019; Steinmetz et al., 2019; Cowley et al., 2020; Hennig

et al., 2021; Smoulder et al., 2021), and can be detrimental for BCI decoding performance

(Perge et al., 2013; Dunlap et al., 2020). Further examination would be required to determine

whether these factors could also be limiting our ability to volitionally modulate individual

neurons in M1.

6.2.4 Sensory-Driven Modulation During Movement Observation

Passively observing familiar movements has been shown to be able to trigger activity in

motor cortical areas as well as through the execution of the action (Gallese et al., 1996; Hari

et al., 1998; Rizzolatti and Craighero, 2004; Cisek and Kalaska, 2004). This includes the

primary motor cortex, where modulation and directional tuning at the level of individual

neurons does not change between observation and execution (Tkach et al., 2007).

Could we predict a neuron’s controllability at different sensory conditions based on its

observation-evoked modulation? To answer this, one could present subjects with a passive

observation task that resembles the FAST paradigm and record from the neural population.

Comparing a neuron’s response in this task to the same neuron’s controllability across sensory

contexts could shed light on the coexistence of sensory and volitional signals within the

primary motor cortex.
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6.2.5 Response Dissociation in a Cursor Jump Perturbation

A cursor jump perturbation task could be a powerful tool to study whether neurons show a

distinctive volitional or reflexive preference. This kind of paradigm can dissociate volitional,

slow responses from reflexive, faster responses within M1 (Cross et al., 2019). In combination

with FAST experiments, a cursor jump perturbation task could allow us to assess whether

that potential preference between volitional and reflexive responses may correlate with single-

neuron controllability across the population, as well as with the degree of adaptation in

preferred direction in the context of a visuomotor rotation.
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