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Abstract

Motor control theories have proposed that the brain controls movements

through internal models which perform two reciprocal computations: given the motor

action, predict sensory consequences (forward model) and given the desired sensory

states, generate the appropriate motor action (inverse model). To produce accurate

movements, the brain must continually calibrate or adapt these models. In this thesis,

I explore the critical role played by the cerebellum in the formation and adaptation of

these internal movement models, in both the reaching motor system and the saccadic

system.

For reaching movements it has been hypothesized that the cerebellum influ-

ences planned motor output through the cerebello-thalamo-cortical (CTC) pathway.

We tested this hypothesis by studying patients with deep brain stimulation (DBS)

electrodes placed in the cerebellar thalamus for the treatment of tremor. If the cere-

bellar thalamus relays both the normal signals related to motor adaptation as well

as the abnormal oscillatory activity related to tremor, then stimulating the nucleus

would produce both the desired tremor relief and the unintended disruption of motor

adaptation. Indeed, we found that patients’ ability to adapt their reaching move-

ments to novel force fields was impaired by DBS in a voltage dependent fashion: the

larger the stimulation voltage, the bigger the impairment.

We next investigated how the CTC pathway encodes motor adaptation by

recording thalamic neural activities while patients made reaching movements during

the microelectrode mapping phase of the DBS neurosurgery. We found preliminary

evidence that thalamic activity is modulated by adaptation.

To further understand the mechanism of adaptation, we turned to the sac-
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cadic system, where movement trajectory control relies heavily on internal feedback

and estimation via the forward model. We trained healthy human subjects on a

cross-axis adaptation paradigm and discovered that saccade trajectories became sig-

nificantly curved with adaptation. Our stochastic optimal feedback control model

suggests that curvature results from differential rates of adaptation between the for-

ward and inverse models. Together, our data and model suggest that saccade accuracy

is maintained via rapid adaptation of the forward model, which, based on anatomical

evidence, is very likely carried out by the cerebellum.

Thesis Advisor: Dr. Reza Shadmehr

Thesis Readers: Drs. David Zee, Frederick Lenz, Amy Bastian, Eric Young
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Chapter 1

Introduction

1.1 Internal Model as the Computational Framework of Mo-

tor Control

Our limbs have inertial dynamics that dictate a complex relationship between joint

motions and joint torques. In order to reliably produce a simple movement, such as flexion

of the elbow, the brain must activate not only elbow flexors, but also shoulder flexors that

counter the shoulder extension torque produced by acceleration of the elbow. To decelerate

the elbow flexion and stop at a target, activation and precise timing of elbow extensors

are required. Otherwise, the limb will overshoot the target and oscillate (Vilis & Hore,

1980). Current theories suggest that because of time delays in sensory feedback, the brain

implicitly accounts for this physics when it composes motor commands (Shadmehr & Mussa-

Ivaldi, 1994). To perform a voluntary movement, the brain appears to perform two kinds of

computations: 1) given a desired change in the proprioceptively or visually defined sensory

state of the limb, it predicts the motor commands that are likely to produce the desired

change, and 2) given a planned motor command, it predicts the sensory consequences of that

command. These sensori-motor and motor-sensory maps have been respectively referred to

as the inverse and forward models of dynamics, and collectively called “internal models” of

action (Wolpert & Ghahramani, 2000).

A schematic of how this computational system may operate to carry out a simple

point-to-point reaching movement is shown in Figure 1.1A. Given a desired goal, the con-

troller generates appropriate motor commands to initiate the movement. After some delay,
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afferent feedback provided by vision and proprioception reaches the controller so that the

motor output may be updated accordingly, or generated for the next time step, depending

on the implementation. This process iterates until the limb reaches the desired end point.

As in any control system, delayed feedback causes instability and oscillation. The forward

model of the limb dynamics mitigates this problem by providing internal estimates about

the current state of the limb to the controller, via efferent copies of the motor commands.

Essentially, the forward model is an internal simulation of the external limb dynamics.

Recently, Vaziri et al. (2006) showed that predictions from the forward model and actual

measurements of the sensory state integrate optimally to facilitate movement planning and

control.

Behaviorally, we know that two types of compensatory actions are engaged when

the nervous system detects errors in limb movements. First, both short- and long-latency

reflex are evoked by the unexpected proprioceptive inputs associated with error to generate

an on-line corrective response. Second, when errors are experienced repeatedly, the on-line

corrections, along with error, will serve as teaching signals for the internal model, so that

subsequent motor commands produce movements with less error (Marsden et al., 1976;

Kawato, 1989). These two systems, one feedback, the other feedforward, are both necessary

to ensure accurate movements. Much of what we know about the internal model is thought

to be related to the feedforward component — the inverse model of the internal model, also

known as the controller. In fact, it has been very difficult to directly observe the influence

of forward models in the control of reaching movements, because its effect, or predictions

are integrated with the sensory feedback. Indeed, it is not known whether motor adaptation

is primarily due to changes in the forward model that predicts the sensory consequences of

motor commands, or the controller that generates those commands.

This problem — teasing apart sensory feedback and forward model’s predictions

— can be conveniently avoided if we turn to the saccadic system. Like reaching movements,

saccades are also goal-directed point-to-point movements. However, typical saccades are too

brief to be influenced by visual feedback. And it has been demonstrated that proprioception

does not play a role in on-line control of saccade trajectory (Hopp & Fuchs, 2004). To

monitor saccade trajectories, the brain must therefore rely on a forward model of the eye

(Fig. 1.1B&C).

In this thesis, we have examined the role of the cerebellum in adaptation of the

internal model through both the reaching motor system and the saccadic system.
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Figure 1.1 Comparison of internal models for the reaching system and the saccade system.
A. Internal model for reaching system. B. & C. Internal model for the saccade system.
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1.2 Cerebellum and Motor Adaptation

A fundamental characteristic of internal models is that when they are embedded

into a control system, they reduce the reliance of the controller on sensory feedback. As

a result, the accuracy of action is thought to be linked to the accuracy of internal mod-

els. For example, when internal models of reaching are inaccurate, simulations of reaching

show ataxic symptoms (Schweighofer et al., 1998) like those recorded in cerebellar patients

(Bastian et al., 1996). Indeed, psychophysical studies suggest that cerebellum is crucially

involved in the formation of internal models of reaching. For example, patients with lesions

in the posterior cerebellum were unable to adapt to visuomotor misalignments imposed by

prism goggles (Weiner et al., 1983; Martin et al., 1996). Patients with global cerebellar

degeneration were profoundly impaired in adapting to the novel dynamics of a force field

(Maschke et al., 2004; Smith & Shadmehr, 2005). In contrast, patients with Huntington’s

disease or Parkinson’s disease – diseases involving the basal ganglia – showed normal adap-

tation of reaching in force fields (Krebs et al., 2001; Smith & Shadmehr, 2005) and normal

adaptation with prisms (Fernandez-Ruiz et al., 2003).

1.3 The Cerebello-Thalamo-Cortical Pathway

The dentate nucleus of the cerebellum projects to the ventro-lateral thalamus,

which in turn projects to the motor areas of the frontal lobe (Sakai et al., 2002). In

nonhuman primates, neural correlates of internal models of reaching have been recorded in

the frontal motor areas, including the primary motor cortex (Li et al., 2001; Paz et al., 2003),

supplementary motor area (Padoa-Schioppa et al., 2004), and premotor cortex (Padoa-

Schioppa et al., 2002). In light of results in human patient studies, it seems likely that

aspects of the internal models of reaching form in the cerebellum and influence descending

motor commands via cerebello-thalamo-cortical pathways.

Current evidence, however, has not led to any consensus about the role of this

pathway in motor learning. Martin et al. (1996) reported that two out of the three patients

with lesions in the cerebellar thalamus learned to compensate for prism goggles normally,

while the other patient did not pass criteria for either baseline performance or adaptation.

On the other hand, animal lesion research has demonstrated that cerebellar thalamic nucleus

is important for the acquisition of certain motor skills. Fabre & Buser (1979) reported that
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bilateral lesion of the ventro-lateral thalamus in cats impaired learning of a reaching task

that involved pointing to moving targets. Jeljeli et al. (2003) showed that lesion of the

ventral thalamic nuclei in rats caused pronounced deficits in their ability to learn to walk

on a rotating beam. The inconsistency between human and animal research could be the

result of an inter-species difference in the role thalamus plays in adaptation. For example,

the cerebellar nuclei project to the thalamus as well as to the spinal motorneurons through

brainstem nuclei. It is plausible that in humans, the contribution of the cerebellum to

adaptive control of reaching movements is primarily conveyed via brainstem pathways.

However, it is difficult to make any conclusion based on the studies so far because of the

paucity of available data and inconsistency among patients.

1.4 Deep Brain Stimulation and Thalamotomy

Programmable stimulation of the cerebellar thalamus provides a unique oppor-

tunity to explore the role of thalamus in human motor adaptation. We studied patients

with essential tremor (ET) who had deep brain stimulators (DBS) stereotactically placed

in the posterior aspect of their ventrolateral thalamus (VLp), also known as the ventral

intermediate nucleus (Vim). ET is characterized by a 4-12Hz postural tremor (present dur-

ing voluntary maintenance of steady posture) that usually affects both limbs. In advanced

stages, this postural tremor is often accompanied with an intention tremor that intensifies

as the hand approaches a target (Elble & Koller, 1990). There is growing evidence sup-

porting the hypothesis that the pacemaker for ET is in the inferior olive-cerebellar circuits

(for review, see Deuschl & Bergman 2002). The anomalous oscillation is believed to be

then transmitted by the cerebello-thalamo-cortical pathway and manifest as tremor. In

ET patients, pathological rhythmic discharges at the frequency of the tremor are seen in

all three major nuclei of the ventrolateral thalamus: the cerebellar-recipient (Vim), the

pallidal-recipient, and the principal somatosensory nucleus, with Vim having the highest

concentration of such tremor-related neurons (Hua & Lenz, 2005). It has been shown that

Vim DBS is highly effective for relief of ET (Koller et al., 2000). The success is made possi-

ble by accurate and individual localization of the region within Vim that is associated with

limb tremor. The locus of Vim DBS implant is determined by the combination of finding

Vim’s stereotactic coordinates from MRI, neurophysiological mapping of the nucleus, and

intra-operative confirmation of relief of tremor with micro- or macro- stimulation of the
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identified region (Garonzik et al., 2002).

The mechanism by which DBS produces its therapeutic effect is still being eluci-

dated. Mathematical modeling of the response of thalamocortical neurons to DBS suggests

that with typical settings of the stimulator, axons of thalamic relay neurons within a 2mm

region around the stimulating electrode are driven to fire at the stimulus frequency while cell

bodies and the intrinsic activities of these neurons are inhibited (McIntyre et al., 2004). In-

deed, PET imaging studies have shown that DBS leads to increased activation, hence blood

flow, in the cortical regions that Vim projects to (Ceballos-Baumann et al., 2001; Perlmut-

ter et al., 2002; Haslinger et al., 2003). Thalamic DBS also tends to drive local inhibitory

interneurons in the Vim and may potentially drive the cerebellar nuclei antidromically (the

dentate, interpositus and fastigial nuclei all project to VLp, (Macchi & Jones, 1997). The

combined effect of thalamic DBS is thought to prevent the tremor-generating signal in the

cerebellar nuclei from reaching the cerebral cortex. However, if cerebellar nuclei also con-

vey information to the cerebral cortex related to internal models of reaching, then Vim

stimulation might impair adaptive control of reaching.

We found evidence in support of this conjecture. In a reaching task known to

induce adaptation, we observed that when DBS was turned on, patients tended to adapt

slower than when no stimulation was given. To explore the possibility that this impairment

in adaptation might have been primarily a result of indirect stimulation of cortical motor

regions by thalamic DBS (Haslinger et al., 2003), we considered another group of ET pa-

tients, those with prior Vim thalamotomy. We found that while tremor was generally small

or absent in the arm contralateral to the thalamotomy, adaptation was better with the arm

ipsilateral to the thalamotomy. Together, these findings corroborate with our hypothesis

that adaptation of reaching requires the integrity of the cerebellar thalamus.

1.5 Intra-Operative Recording of the Ventrolateral Thala-

mus

The success of thalamic DBS for tremor-relief is enabled by microelectrode neu-

rophysiological mapping during neurosurgery which serves to delineate the cerebellar tha-

lamus and to identify regions within the nucleus that are most responsible for tremor. For

the mapping procedure, during which the patient is fully awake, single and multi-units
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are recorded while the patients’ limb is manipulated passively or voluntarily to define the

receptive fields of the neurons. To our knowledge, responses of the human thalamic neu-

rons to voluntary movements or perturbations have never been quantified. These mapping

procedures offered an unprecedented opportunity to investigate the neurophysiology of the

human cerebellar thalamus. In our second experiment, we recorded activities of thalamic

neurons while patients made reaching movements using a robotic manipulandum that per-

turbed their movements in patterns known to induce adaptation. We then infer the nature

of the adaptive control signal processing carried out in the cerebellar thalamus.

1.6 Cerebellum and Saccade Adaptation

1.6.1 The Local Feedback Loop

Saccades are rapid, conjugate eye movements that redirect the fovea toward targets

of interest. The word saccade, French for jerk, was first introduced in 1891 by Edwin Landolt

who noticed that when we read, the eyes do not move smoothly along a line of text but make

little jerky movements, each followed by a short pause (Westheimer, 1989). Saccades are

goal-directed point-to-point eye movements that we use to explore visual environments; they

can be produced either voluntarily or reflexively. In comparison to reaching movements,

saccadic movements are simpler to control. The eye has little inertia and relatively few

degrees of freedom for movement – each eye is pulled by six extraocular muscles that

form three complementary pairs to produce abduction-adduction, elevation-depression, and

intorsion-extorsion.

The purpose of saccade is to move the eye as quickly as possible so that we can

scan visual environments without sacrificing, most of the time, stability of retinal image and

therefore a continuous visual percept. For example, 15◦ saccades only take ∼ 60ms. Such

movement duration is too fast for visual feedback to play a role in the guidance of saccade

trajectories. In fact, it has been shown that the brain actively suppresses visual processing

during saccades to reduce the perception of the visual motion (Thiele et al., 2002). Because

of this, saccades are often referred to as “blind”. One might think that proprioception, a

faster sensory pathway, would play a role in the control of saccades. But Keller & Robinson

(1971) showed that stretch reflex is absent in the extraocular muscles of the monkey.

In addition to being extremely fast, saccades are highly stereotyped. The peak
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speed and duration of saccades increase monotonically with saccade amplitude, a property

referred to as the “main sequence” relationship (Bahill et al., 1975). Because of such char-

acteristics, it was thought that saccades may be preprogrammed, or produced ballistically.

Zee et al. (1976) showed this was incorrect; abnormally slow saccades made by patients

with spinocerebellar degeneration could adjust themselves mid-flight to track intra-saccadic

target jumps. Furthermore, given the ever-present physiological noise in the nervous sys-

tem, saccades are highly accurate. How, then, in the absence of sensory feedback, does the

brain achieve such accuracy? To address this question, in 1975, D. A. Robinson proposed

the “local feedback loop” model in which the saccadic system monitors the progress of

movements through internal feedback mechanisms. The local feedback loop would derive

online estimates about the state of the eye (e.g. position, velocity) through efferent copies

of motor commands, update the error vector from the eye to the goal, and thus enable

“real-time” trajectory control. In the current language of computational motor control, the

local feedback loop is a forward model of the eye.

Several lines of work support this concept of saccadic trajectory control. Hallet &

Lightstone (1975) showed that if a point source of light is briefly flashed during a saccade,

the subject can make a saccade back to the point in space from where the light source

emanated. This is possible only if the brain had information about the position of the eye

in the orbit at the time of the flash. Sommer & Wurtz (2004) demonstrated with a memory-

guided double-step paradigm that variabilities in size and direction of the first saccade are

corrected by the second saccade without new visual information. These two studies confirm

that the brain keeps track of the state of the eye along the saccade, as well as its position

in reference to the saccadic goal, for future actions. Jürgens et al. (1981) showed that both

natural and drug-induced (diazepam) variability of saccade velocity and duration had little

influence on saccade amplitude, further supporting the idea of close-loop feedback control

of eye position during saccades. Striking physiological evidence came from Robinson et al.

(1993), who showed that, in monkeys, unilateral lesions in the caudal fastigial nucleus (cFN)

of the cerebellum cause saccades made in all directions to become hypermetric toward the

side of the lesion. In particular, the lesion caused attempted vertical saccades to veer toward

the lesion direction and display pronounced curvature in the same direction during the latter

portion of the saccades. This suggests that the cerebellum may play an important role in

steering saccades and making them straight.
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1.6.2 Cerebellar Activity During Saccade

Saccades are initiated by commands from the superior colliculus (SC) to neurons

in the brainstem that generate premotor commands for saccades. The brainstem saccadic

circuitry consists of a group of nuclei collectively known as the brainstem burst generator

(BBG). Anatomically, there is also an indirect pathway from SC to BBG via the cerebellum.

It is likely that the cerebellum receives efferent copies of the motor commands sent by the

SC and uses its own output to the BBG to influence saccadic accuracy. Neurophysiological

recording in the caudal fastigial nucleus (cFN), the main output nucleus of the oculomotor

cerebellum, has revealed precisely timed activity in cFN neurons related to saccade onset

and offset. Neurons in the contralateral cFN fire pre-saccade bursts, the duration of which

correlates with the amplitude of the saccade, and neurons in the ipsilateral cFN fire bursts

during the late portion of the saccade which presumably help to terminate saccades (Fuchs

et al., 1993). Lesions to the cFN results in highly dysmetric eye movements (Vilis & Hore,

1981; Robinson et al., 1993; Iwamoto & Yoshida, 2002; Robinson et al., 2002).

In the framework of computational motor control, the direct pathway from SC may

transmit the feedforward motor commands and the indirect pathway via the cerebellum

provide either internal feedback or additive motor control signal to BBG.

1.6.3 Cerebellum Mediates Saccade Adaptation

The cerebellum is also critical for calibrating overall accuracy of saccades by ad-

justing continually the saccadic motor commands to match saccade goals, a process known

as saccade adaptation (for review see Hopp & Fuchs 2004). Lesions of the oculomotor cere-

bellar vermis and the cFN in monkeys impair their ability to adapt saccades (Optican &

Robinson, 1980; Goldberg et al., 1993; Takagi et al., 1998; Barash et al., 1999). Patients

with Wallenberg’s syndrome, a disease involving damage to the cerebellar input pathway

from the inferior olive, show enduring dysmetria and reduced capacity to readjust saccadic

amplitude (Waespe & Baumgartner, 1992). Patients with cerebellar degradation also show

impaired saccade adaptation (Straube et al., 2001). A reversible inactivation study by

Robinson & Noto (2005) supported the idea that saccade adaptation starts in the oculo-

motor vermis, and is later consolidated in the cFN. Very recently, Soetedjo & Fuchs (2006)

showed that complex spike activities of subpopulation of purkinje cells in the oculomotor

vermus encode error direction during saccade adaptation though not error magnitude.
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These data all point to the cerebellum as a key component in saccade adaptation,

yet still, the process by which the cerebellum carries out adaptation is not understood. If

saccadic motor commands consist of both feedforward and internal feedback components,

which component is modified by adaptation? Or if both components adapt simultaneously,

how do they interact over time? It is possible that one component leads or even teaches

the other in the process of adaptation; alternatively, they may also progress at similar

rates. Furthermore, to what extent do the feedforward and feedback components share

neuroanatomical circuitry? Answers to these questions would have broad implications on

adaptation of other types of point-to-point movements such as reaching.
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Chapter 2

Methods

2.1 Methods for DBS and Thalamotomy Psychophysical

Studies

2.1.1 Subjects

Twenty ET patients were recruited from the Johns Hopkins Neurosurgery clinic

(F.A. Lenz). Fifteen ET patients had either unilateral (11 patients) or bilateral (4 patients)

Vim DBS implants (mean age: 63 y, range: 42–80 y). Thus, a total of 19 unique DBS

sides were tested (mean time since procedure: 16 months, range: 1 day to 5 years, see

Table 3.1) and they are considered as separate DBS cases in the data analysis. The other

five patients had unilateral Vim thalamotomy (mean age: 66 y, range: 51–71y; mean time

since procedure: 7 y, range: 4–12 y). Of these five patients, four had left Vim thalamotomy,

one had right Vim thalamotomy. Of these 20 ET patients, 4 were left handed and 16 were

right handed.

Twenty-six healthy adults were recruited to serve as control subjects for the two

patient groups. Nineteen served as controls for the DBS patient group (mean age: 58 y,

range 49–84 y) and seven as controls for the thalamotomy patient group (mean age: 58 y,

range: 50–71 y). Of these 26 subjects, 3 were left-handed and 23 were right-handed. No

difference in performance or adaptation level was found between the left- and right-handed

controls subjects. Subjects gave written consent for the experiments and the experimental

procedures were approved by Johns Hopkins Institutional Review Board.
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2.1.2 Experimental Apparatus

We examined adaptive control of reaching in force fields. The experimental setup

is shown in Figure 2.1A. Subject held onto the handle of a robotic arm and reached to

targets that were displayed on a video monitor. A sling was used to support the subject’s

arm and restrict movements to the horizontal plane. Each reach is called a ‘trial’. On odd

number trials, the targets appeared at 10cm from the center of the screen at one of four

angles 0◦, −45◦, −90◦ or −135◦ (measured clockwise from the horizontal axis). On even

number trials, the target appeared back at the center of the screen. At the start of each

trial, the subject held the cursor at a crosshair (1cm wide) indicating trial origin for 0.5s.

The crosshair then disappeared and a square box (1cm wide) representing the target was

displayed. At the end of each reach, the subject received color and sound feedback on the

speed and duration of their reach. A pleasant ‘burst’ sound was played if the trial was

completed within 0.5±0.07s and the peak movement speed was between 0.20 and 0.55 m/s.

Criteria for movement completion and proximity to trial origin and target were relaxed

to accommodate for patients’ tremor. At trial start, the target box would be given if the

cursor had been held within 1.5cm from the center of the crosshair for 0.5s. Movements

were considered complete either after movement speed had fallen below 0.03m/s for 0.5s or

after the cursor had been within 1.5cm from the target center for 1s.

Trials were organized into sets of 96 targets. A single session consisted of 4 null sets,

followed by 4 adaptation sets, followed by 3 washout sets. During the null sets, the robot

arm was passive and the motors were turned off. During the adaptation sets, the robotic

arm applied a viscous curl force-field at the handle to perturb the subject’s movements.

The force applied at the hand, �F (t), was proportional in magnitude and perpendicular in

direction to the movement velocity of the hand �v(t):

�F (t) = C�v(t) (2.1)

where C = [0 13; -13 0] Ns/m for the clockwise curl field and C = [0 -13; 13 0] Ns/m

for the counterclockwise curl field. Also given within the adaptation sets are catch trials

(probability of 1/6, randomly placed) where the force field was unexpectedly removed for

the duration of the trial. During the washout sets, the robot motors were turned off with

the intention of washing out the effect of motor adaptation induced by the force field. In

total, subjects performed 11 sets of trials, or 1056 reaching movements in each session. A
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complete study consisted of two sessions.

2.1.3 Experimental Procedures

DBS patient group and DBS control group

Fifteen ET patients with DBS implants were trained in the curl fields under two

conditions: DBS turned on vs. DBS turned off. The hand contralateral to the implant

was used in each condition. For patients with bilateral implants, the effect of DBS was

studied separately for each implant. The implant ipsilateral to the hand performing the

reaching task was always turned off in order to eliminate possible interference. Subjects

were randomly assigned to have DBS off during the first session or off during the second

session. In 10 DBS sides/cases, DBS was turned on during the first session and off during

the second session. In 9 DBS sides/cases, DBS on/off order was reversed. Among this

later group, the first session was conducted one day before the surgery. Hence for these

patients, the condition ‘no-stimulation’ was used in place of DBS off. Because we found an

effect of stimulation voltage in the group data, we asked four DBS patients (pt. 1, 5, 10,

12) to return and repeat the study more than once, each time at a different DBS voltage

setting. Only data from each patient’s first study is included for group analysis of motor

learning. Patient 15 did not complete the washout sets in session 2 and was excluded from

the trial-to-trial analysis (§3.2).
For both the patient and the control group, the counterclockwise field was given

in the first session and the clockwise field was given in the second.

Programming the DBS

Programming of the DBS was performed by a trained physician. The adjustable

parameters for DBS are stimulation voltage, pulse width, frequency, polarity at each of the

4 contacts, and polarity at the battery case. The optimal parameter combination for each

patient was carefully searched based on reports and observations of stimulation response by

both the patient and the physician. Tasks used to evaluate the response include postural

hold (arm extension, drinking from a cup), pointing (finger-to-nose pointing), drawing (spi-

ral and line drawing), and writing. The final DBS setting selected was the one that achieved

maximum effectiveness on tremor reduction while inducing little, no or only transient side

effects of stimulation such as paresthesia and dysarthria. In some patients, multiple param-

14



eter combinations achieved similar therapeutic results. We conducted multiple experiments

in 4 such DBS patients, each time under a different stimulation parameter combination to

assess the effect of stimulation parameter on motor learning (see Table 3.1).

Thalamotomy patient group and thalamotomy control group

We recruited five ET patients with Vim thalamotomy (see Table 3.2 and tested

them in two sessions in a procedure similar to that of DBS patients. In the morning

session, thalamotomy patients trained with the arm ipsilateral to the thalamotomy in the

counterclockwise curl field. In the afternoon, they trained with the arm contralateral to

the thalamotomy in a clockwise field. Control subjects for the thalamotomy patient group

trained with their non-dominant arms in the counterclockwise field during the first session

and the dominant arms in the clockwise field during the second session.

2.1.4 Data Analysis

Performance measures

For each trial, we measured general movement performance with four parameters:

path length, movement duration, peak speed, and movement error in terms of angular

deviation (defined below) 300ms after movement onset.

Movement onsets can be easily detected with a speed threshold when the speed

profiles of the movements are relatively smooth and single-peaked. For ET patients, how-

ever, postural tremor can often prevent the hand from holding still at trial origin and add

oscillatory irregularities to the movements. Thus a simple speed threshold can lead to false

detection of movement onset. We took a number of steps to accurately detect movement

onset. The trajectory of each trial was broken down to movement segments that exceeded

0.03m/s and only those segments longer than 300ms were selected. To select the correct

movement segment, the starting point of the segment had to be no farther than 1cm from

the origin and the net displacement toward the target for the segment had to be at least

4.5cm. This precluded erroneous inclusion of looping trajectories resulting from postural

tremor while patients attempt to hold still at origin, as well as trials in which sudden dips

in speed occurred on route to target.

To analyze motor adaptation, we focused on the movement error made in the first

300ms of each reach. We defined angular error as the angle of trajectory deviation from
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the target direction at a fixed time after movement onset, with the convention that coun-

terclockwise errors were positive. Another frequently used measure of error is displacement

in the direction perpendicular to target direction. Results from analysis performed with

perpendicular displacement at 250ms or 300ms, and angular error at 250ms or 300ms were

consistent. We chose to use angular error at 300ms.

During the adaptation and washout trials, we measured movement error with

respect to errors recorded at the end of the null sets – after subjects had completed nearly

300 practice trials. That is, a baseline movement error for each direction was estimated

from the last null set by taking the median angular error of all trials made in that direction.

All subsequent analyses on motor adaptation were based on these median-corrected angular

error measurements.

Learning index

To reduce motor errors while unfamiliar forces are applied at the hand, the motor

system could adopt either one of two strategies: co-contracting the muscles to increase

the stiffness of the arm, or predictively compensate for the force fields by developing an

internal model. Both strategies lead to the reduction of trajectory deviations during field

trials, however they result in very different catch trial behaviors. Co-contraction would keep

errors small in catch trials just as it does field trial. Internal model, on the other hand,

would cause catch trial trajectories to become more deviated in the opposite direction as it

evolves to better compensate the external forces (Shadmehr & Mussa-Ivaldi, 1994). Hence

the measure that quantifies learning must capture changes of trajectory errors in both field

and catch trials. A learning index, LI, (Donchin et al., 2002; Smith & Shadmehr, 2005) is

calculated for each set as follows:

LI =
ȳcatch

ȳcatch − ȳfield
(2.2)

where ȳcatch and ȳfield are the median angular error for all catch trials and all field trials

in the set, respectively. Since ȳcatch and ȳfield have opposite signs, their difference is the

combined angular error of field and catch trials, which corresponds to the net effect of the

force field on movement trajectories. This effect depends on the magnitude of the force

field as well as compliance of the subject’s arm. By normalizing ȳcatch with the force-field

effect, we allow the learning index to be independent of arm compliance. Note that the
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index is non-negative. Zero angular error in catch trials yields a zero learning index. When

the force field is fully compensated, the learning index attains the maximum 1.0.

We used the average learning index for the second half (3rd and 4th sets) of the

adaptation sets as a measure of the overall level of motor adaptation achieved during each

experiment session. We also used the denominator in equation 2.2 as a measure of each

subject’s arm compliance. The average compliance in the second half of the adaptation sets

is presented in Table 3.3.

Tremor Analysis

We obtained tremor information by analyzing each patient’s movement trajectories

in the task. This approach imposed several constraints. First, tremor recorded by the robot

arm was restricted to the horizontal plane. Second, because the trial lengths were short and

the frequency resolution of any spectral analysis is the inverse of the data duration, we were

not able to measure tremor with high degree of precision. For most patients, the average

recording duration – the sum of time waiting at the origin for target, on route to target,

and time at the target– was around 2 seconds. Trials with large tremor had significantly

longer recording duration as more time was spent at the origin waiting for the hand velocity

and deviation from origin to decrease below thresholds.

Because of the above limitations, we did not attempt to separately resolve postural

tremor — oscillations produced at the origin and target box while patients are attempting

to hold still, and kinetic tremor— oscillation produced on route to the target. Rather, we

measure the amount of tremor present in each trial on the whole. For the first null set

of each session, we computed the 1024-point power spectral density (PSD) of each trial’s

acceleration profile. The average PSD of the set was then normalized by its integral so that

comparisons could be made across subjects. To assess the effects of thalamotomy and DBS

on essential tremor, we computed for each subject’s normalized PSD the fractional power

occupied by the frequency range from 3Hz to 10Hz. Besides being a relevant frequency

range for ET, the 3Hz–10Hz band was chosen so that task-related movement power was

excluded. The acceleration profile of a point-to- point movement cycles through a peak and

a trough much like a sine function does over one period. Since in our task, the average time

it takes for subjects to make the 10cm movement is between 0.5s and 1s, the associated

acceleration power will concentrate in the 1Hz to 2Hz range. As illustrated in Fig 3.1A,
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the large peaks below 3Hz in all PSD are task-related. The same spectral analysis was

performed on control subjects and the averaged PSD between the two sessions was used for

comparison with patients.

2.2 Methods for Human Ventrolateral Thalamic Neurophys-

iology Studies

2.2.1 Subjects

We studied 23 patients (age range: 44-80) who underwent stereotaxic neurosurgery

to receive either a thalamic DBS implant or thalamotomy for the treatment of various

neurological disorders (18 had ET, 2 had Parkinson’s disease, 1 had central pain, 1 had

multiple sclerosis, and 1 had post-traumatic stress disorder). Four of these patients received

bilateral DBS implants. The research protocol was discussed with the patient and a family

member by neurosurgeon F.A. Lenz after the patient has been approved and agreed to the

surgery. We proceeded with research only if the patient gave both written consent prior to

surgery and verbal consent in the operating room (OR). Every research session (lasting ∼10

minutes) was conducted with additional verbal consent from the patient and approval from

the neurosurgeon. All protocols were approved by the Johns Hopkins Institutional Review

Board.

The day before surgery, if the patient was available, he or she was introduced to

the experimental setup and trained to make movements with the robot. This was so that

patients could become familiar with the task. Patients were not exposed to force fields

before surgery.

2.2.2 Experimental Apparatus

Figure 2.2A depicts an OR experiment in progress. The experimental setup is

essentially the same as that used for the DBS psychophysics study (Fig. 2.1A), with two

modifications:

1. The subject performed the experiment in supine position (with head slightly elevated)

and therefore had limited range of motion in the shoulder joint. Subject’s elbow was

not supported by a sling as it was in the psychophysics study.
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2. The robot arm was actuated by pneumatic pistons which had significantly more delay

(∼50ms) compared to the conventionally-used electric motors. This means that the

viscous curl field produced by this robot was not as smooth and consistent compared

to the one produced by the robot with electric motors.

Data Aquisition

Neurophysiologic, electromyographic (EMG) and movement data were collected

simultaneously during these experiments. Extra-celluar recordings from a single micro-

electrode was high-pass filtered (cutoff frequency: 300Hz) and sampled at 25KHz. Spike

sorting was performed offline with commercial software (AlphaSort, Alpha-Omega Engi-

neering, Nazareth, Israel) that employed principal component analysis. EMGs from six

limb muscles — flexors and extensors for the wrist, shoulder and elbow — were recorded at

3KHz. Movement data — two-dimensional position and velocity — were collected at 200Hz

by a different computer which sent time stamps to the physiological data record to provide

synchronization.

2.2.3 Experimental Paradigm

During the microelectrode Vim mapping phase of the surgery, recording sites were

selected according to the strength of the response to passive movements, voluntary resis-

tance to those passive movements, as well as activity during voluntary movements. If the

site responded to shoulder, elbow or wrist movements, we immediately began the neu-

rophysiological recording and asked the patient hold the handle of the robot and make

visually-guided reaching movements. Each set of experiment consisted of three blocks of

trials: eight-direction null trials, two-direction adaptation trials, and a repeat of the eight-

direction null trials (Fig. 2.2D). All movements were organized in out-and-back pairs. Stim-

ulus presentations for each trial were as follows. At the start of the trial, a crosshair was

shown to indicate the starting location and subject was to keep the cursor on the crosshair

for 500ms. After another short delay (mean 200ms, range 0–400ms), a square target was

presented 9cm away from the origin at one of the four peripheral locations. Subject was

instructed to move as quickly as possible to the target and stay inside the square for another

400ms before it turned into a crosshair and became the starting point of the next trial.
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Figure 2.2 Recording human ventrolateral thalamic activity during surgery. A. Experi-
mental setup during neurosurgery. The patients hand was placed on the handle of a robot
actuated with pneumatic pistons. Targets were displayed on a LCD monitor. A stereotaxic
frame was mounted on the patient’s head and secured to the OR table. B. Trajectory of
the microelectrode overlaid on an atlas of the human ventrolateral thalamus. This track
centered in Vim and ended at the border of sensory thalamus, Vc. Numbers to the left
of the track indicate recording sites where subject performed the visuomotor task. Voa:
ventralis oralis anterior. Vop: ventralis oralis posterior. Vim: ventralis intermediate. Vc:
ventral caudal nucleus. STN: substantia nigra. PC: posterior commissure. AC: anterior
commissure. C. Clockwise and counterclockwise viscous curl force fields. D. Experimental
design for the intra-operative recording study.
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The eight-direction null trial blocks were designed to assess neurons’ directional

tuning properties, hence they were referred to as tuning blocks. Each tuning block consisted

of 40 null trials, in which targets for each of the four peripheral locations (0◦, 45◦, 90◦, 135◦,

see Fig. 2.2D) were presented five times either consecutively (early design) or in random

order (later design).

The adaptation trial block consisted of five short blocks of trials — null1, pert1,

null2, pert2 and null3 — during which targets were only presented at 0◦ and 90◦ locations.

One of two types of perturbation were given to induce motor adaptation: curl force field or

visual rotation.

For the force field paradigm, null1 consisted of 10 trials while null2 and null3

consisted of 16 trials each. The pert blocks each consisted of 42 two-directional movements

(24 pairs), during which either a clockwise (pert1) or a counterclockwise (pert2) force field

was imposed by the robot. Seven catch trials are randomly interspersed among the force

trials. Trial block null1 served to establish both baseline neural and behavioral activity in

the two directions, blocks null2 and null3 to washout the behavioral effect of adaptation

induced by the perturbation blocks.

During the visual rotation paradigm, subjects had to learn to move the robot while

a clockwise or a counterclockwise rotation was imposed on the cursor. Movements were also

paired in out-and-back fashion, but because the rotation was with respect to the 0◦ target,

the task required the subject’s arm be brought back to the origin by the robot without visual

feedback. Hence all voluntary movements in the adaptation block were upward movements.

In this paradigm, null1 consists of 8 trials while null2 and null3 consist of 12 trials each.

The rotation blocks (pert1 and pert2) consisted of 24 trials each. Four catch trials were

randomly interspersed among the adaptation trials.

Length of Experiment Varied Depending on the Patient

The force field paradigm and the visual rotation paradigm described above con-

sisted of 206 trials and 140 trials, respectively. Each experiment took 10-12 minutes to

complete. Although these paradigms were signficantly shorter compared to that used in the

DBS psychophysics study (§2.1.2) and could only lead to partial adaptation even in healthy

subjects, often it was necessary to shorten the paradigm still to reduce the total amount

of time required to complete an experiment. Sometimes the patient would be interested
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to perform the experiment and move with good speed early on during the task, but slow

down significantly toward the end due to fatigue in the arm (no sling was used to support

the arm). To accomodate this, we modified the length of the trial blocks depending on how

soon the patient needed to rest his or her arm (hence the trial numbers provided above were

only approximate). The modifications included: eliminating the catch trials so that more

adaptation could be achieved in the same number of perturbation trials, shortening each

trial blocks, and eliminating one or both of the tuning blocks since our goal was to study

VL thalamic activity during adaptation.

2.2.4 Recording Quality and Criteria for Data Analysis

Besides fatigue in the arm, several other factors affected the stability and the

quality of data collection:

1. Tremor in the limb: occasionally, a patient’s tremor could be(come) too large for

the patient to hold on to the robot handle, much less to move it according to visual

instruction and hold still at the target. This could happen either consistently for a

patient, in which case we stopped the research protocol completely, or sporadically,

in which case we waited to see if the tremor would subside. If we found that tremor

was minor in null trials but intensified by the force perturbation, we stopped data

collection and used the visual rotation paradigm in the next experiment.

2. Heart-rate artifact: the burr-hole openning required for the DBS/thalamotomy surgery

was approximately the size of a quarter. The loss of cerebral spinal fluid from the

burr-hole caused the brain tissue to become much more susceptable to motion created

by arterial pressure. Often during the experiment the microelectrode would pick up

background firing modulated at the frequency of the heart beat (cross-checked with

EKG) and overwhelm the neural signal being studied.

3. Electrode impedance: the impedance of the custom-made platinum-iridium (80%/20%)

glass-coated electrodes were generally 1-1.5MΩ before insertion, but decreased signif-

icantly along the track (often to ∼0.5MΩ) as they were also used to micro-stimulate

the tissue for physiological confirmation. This meant that the signal-to-noise ratio of

the recording dropped along track with penatration depth. For this reason, much of

our existing data were multi-unit recording where units could not be easily sorted.
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4. Recording stability: although the patient’s head was fixed to the OR table via the

stereotaxic head-frame, not all movements were eliminated. Occasionally, recording

was interrupted by speech or coughing from the patient.

All of the above factors led to compromises in either the quality or the length of the

recording. We therefore have chosen to analyze only the experiments where we have stable

recording for at least 60 trials.

2.2.5 Anatomical Localization of Recorded Units

Units were localized post-surgery by overlaying the trajectories of the microelec-

trode on an atlas of the human ventrolateral thalamus (Fig. 2.2B). The two are registered

by matching known neurophysiological characteristics of the region with the response fields

found along the trajectory. These characteristics include:

1. Response fields transition from motor to sensory at the border between Vim and Vc.

2. Neurons responding to cutaneous stimuli are found in Vc.

3. Neurons firing at tremor frequency are more likely to be found in Vim.

This localization procedure provides a best physiological estimate on the anatomical location

of the recorded units.

2.2.6 Data Analysis

Learning Index

To quantify motor adaptation, we calculated the learning index (LI) using three

methods depending on the availability of data. When both catch and perturbation trials

were performed, LI was computed using Eq. 2.2 over trials from the second half of the

perturbation block. When only perturbation trials were performed and were followed by

washout trials, we used:

LI =
ȳwashout

ȳwashout − ȳpert
, (2.3)

where y is movement angular error 300ms after movement onset, ȳwashout is the average

error from the first two washout trials, which, theoretically, should exhibit similar amount

of aftereffect as catch trials, and ȳpert is the average error from the last four perturbation
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trials. Lastly, if the experiment ended before any washout trials could be collected, a third

method was used:

LI =
ȳearly − ȳlate

ȳearly
, (2.4)

where ȳearly and ȳlate correspond to the average error during the first and last four trials in

the perturbation block, respectively.

Spike Density Function

To visualize the neural data, rasters of neuronal discharge and a continuously

varying spike density function (SDF) were aligned at one of the key time points during the

trials, e.g., target display, movement onset, peak velocity, etc. SDFs were constructed by

convolving the spike train with a Guassian filter (μ = 0, σ = 20ms). This method was an

adaptation of the double exponential filter in Pare & Hanes (2003).

Latency of Activity With Respect to Movement Onset

For each trial block (tuning and adaptation), we computed the latency of peak

activity with respect to movement onset (referred to as time of peak activity). For every

tuning block, a mean firing rate, f0, was defined as the average firing rate for all trials and

all directions during a 3sec window around movement onset time. Next, the peri-stimulus

time histogram (PSTH) was computed over all trials during the 3sec window, and compared

with f0. If the PSTH exceeded f0 by 1 standard error (SE, bin-wise) of the PSTH for a

consecutive 240ms, the time at which the neuron’s activity peaked during this response

epoch (Ez>1) was taken as the latency of neural response to movements during the tuning

block.

To find the response latency of a unit during the adaptation block, a slight variant

of the above procedure was carried out. For each voluntary movement direction, we con-

structed a PSTH aligned at movement onset for all trials in that direction. The time-span

of the PSTH was ±1.5sec and bin widths were 50ms. Both the mean firing rate, f0, and

the bin-wise SE of the PSTH were computed. If the PSTH remained outside the 2 SE

window, either above or below f0, for at least 200ms, then the neural response was con-

sidered movement-related. The latency of neural response was taken as the point at which

the PSTH first crossed the 1 SE window around f0. The duration of this epoch (Ez>1)

was referred to as the neuron’s response duration. The average latency between the two
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directions (if the force field paradigm was used) was used to represent the overall latency

for the unit during adaptation.

Preferred Direction

Neurons’ directional tuning properties were assessed using the conventional cosine-

tuning method (Georgopoulos et al., 1982; Schwartz et al., 1988; Coltz et al., 1999). The

mean firing rates over Ez>1 (defined above) for all movement directions, θ = 0◦, . . . , 315◦,

were fit to a cosine function:

f = β0 + γ1 cos(θ − θPD) + ε (2.5)

The peak of the cosine function corresponds to the direction in which cell discharge rate was

highest and is referred to as the preferred direction (PD, θPD in the equation) of the cell.

The regression coefficients β0 and γ1 represent the mean discharge rate over all directions

and the discharge modulation as a function of direction, respectively; ε represents the fitting

residual error. To evaluate the strength of directional tuning, we adopted the convention

of Georgopoulos et al. (1982) by calculating an index of the depth of neuron’s discharge

modulation with direction (termed depth of modulation), defined as

Dmod = γ1/β0. (2.6)

Tuning is considered significant if the r2 for the regression exceeds 0.7, which corresponds

to p < 0.05.

2.3 Methods for Cross-Axis Saccade Adaptation Psychophys-

ical Studies

2.3.1 Subjects

Subjects were recruited from the Johns Hopkins medical community. Seven sub-

jects (including three of the investigators of the project: HC, WJ, and DZ) performed

the cross-axis adaptation experiments twice - clockwise adaptation paradigm on one day

and counterclockwise adaptation paradigm on another day. The order in which the two

paradigms were given was counterbalanced across subjects. Four additional subjects (in-
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cluding investigator RS) were trained on only one of the two paradigms (two on clockwise

and two on counterclockwise adaptation) over three consecutive days (§2.3.5). Data from

all 11 subjects were pooled in the analysis of the one-day experiment data. Two of the

seven subjects (WJ and DZ) who performed the one-day adaptation experiment later also

performed the random target jump experiment (§2.3.4). Four subjects (including WJ and a

subject who did the three-day experiment) performed the two-degree cross-axis adaptation

experiment (§2.3.6). All subjects gave written consent to protocols approved by the Johns

Hopkins Institution Review Board.

2.3.2 Experimental Apparatus

We used the scleral search coil system (Robinson, 1963) to measure eye movements.

Subjects sat in a dark room facing a vertical screen on which light emitting diodes (LEDs)

were presented as targets. The seat and head position of the subject was adjusted so that

the mid-point between the subject’s eyes was at the center of the coil-system magnetic field,

and aligned with the LED located at the center of the vertical target screen (0◦, 0◦). Bite

bars were used to minimize head movements. A single directional scleral search coil (Skalar

Medical BV, Delft, Netherlands) was used to record horizontal and vertical eye movements

at 1000Hz, from either the left or the right eye.

2.3.3 Experimental Paradigm

Each experiment consisted of four trial blocks given in the following order: oblique

control trials, pre-adaptation catch trials, adaptation trials interspersed with catch trials,

and post-adaptation catch trials (Fig. 2.3A). The pre- and post-adaptation catch-trial blocks

were identical. Targets for oblique trials and adaptation trials lay either in the first and third

quadrants or in the second and fourth quadrants of the visual space, depending on whether

the target jump under investigation was in the counterclockwise or clockwise direction.

Figure 2.3C illustrates oblique control trials for the counterclockwise adaptation

experiment. The entire oblique trial block consisted of 50 trials and was given in two sets:

25 trials to five targets located in the first quadrant, five repetitions to each target, followed

by another 25 trials to five targets located in the third quadrant, also five repetitions to

each target. Target appearance within the set was random. The target locations were 15◦

lateral to the center LED and 0◦, 1◦, 2◦, 3◦, or 5◦ above (in the first quadrant) or below (in
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Figure 2.3 Experimental design for the cross-axis adaptation study. A. Chronology of
each experiment. B. Target presentation sequence for a pair of adaptation trials during
a counterclockwise adaptation experiment. Filled circles indicate currently illuminated
LEDs and open circles indicate previously illuminated LEDs. White arrows indicate the
commencement of a saccade. C. & D. Example target presentation sequence for oblique
and catch trials. E. Target configurations for clockwise and counter-clockwise cross-axis
saccade adaptation experiments.
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the third quadrant) the meridian. Each trial began with fixation at the center LED (0◦, 0◦)

for a random interval of 1-2s, after which the center LED was extinguished and the target

LED was turned on for 1s. The inter-trial interval was 500ms. During clockwise adaptation

experiments, targets were presented in the second and fourth quadrants 15◦ lateral to the

center with vertical eccentricities of 0◦, 2◦, 3◦, 4◦, and 5◦ (instead of 0◦, 1◦, 2◦, 3◦, and 5◦,

due to constraints of the LED array used).

The catch trial block contained 60 trials (Fig. 2.3D). On odd-numbered trials, the

center fixation LED was turned on for a random period of 1-2s, a target then appeared

either 15◦ to its left or its right. This target LED was extinguished when the subject

began to saccade - specifically, as soon as the subject’s gaze moved outside of a 2◦ window

surrounding the center fixation LED - and was turned back on 750ms later. This relit target

then became the fixation LED for the next trial. Thus, the odd-numbered catch trials were

all centrifugal and began at the center LED, while the even-numbered catch trials were all

centripetal and began at ±15◦ lateral to the center. These centrifugal and centripetal trial

pairs were repeated 15 times in each direction (left or right) randomly during the catch trial

block. There was no break between trials.

Trials in the adaptation block were also organized in centrifugal-centripetal pairs.

During a counterclockwise adaptation experiment (Fig. 2.3B), odd trials began with fixation

at the center LED (F) for 1-2s. A target 15◦ to the left or the right of the center then

appeared (T1). As soon as the subject began to saccade (gaze angle leaving the 2◦ window

surrounding F), the target jumped 5◦ vertically to a new location (T2). The jump direction

was consistently counterclockwise to the orientation of T1, i.e. when T1 was (15◦, 0◦), T2

was (15◦, 5◦), and when T1 was (−15◦, 0◦), T2 was (−15◦,−5◦). The T2 LED was given

for 1s then continued to stay on to serve as the fixation point (F) for the centripetal-even

trial. T1 for these even trials were at either (0◦, 5◦) or (0◦,−5◦). Once the primary saccade

began, T1 jumped to (0◦, 0◦). Each of the two possible centrifugal-centripetal trial pairs

was presented 15 times within an adaptation set. Four catch trial pairs were randomly

interspersed among the adaptation trials during training. Altogether, an adaptation set

consisted of 60 adaptation trials and 8 catch trials. The adaptation set was repeated eight

times and a short break (10sec – 1min) was given between sets.

In the clockwise adaptation experiment, targets were jumped clockwise vertically

from the meridian to the second and fourth quadrants of visual space (Fig. 2.3E). All other

aspects of the training block were identical to those for the counterclockwise experiment.
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2.3.4 Random Target Jump Experiment

We conducted a control experiment to determine whether any effect that we ob-

served in the adaptation experiment was due to real time visual feedback of the target

jumps. The random target jump experiment consisted of a block of 500 target jump trials;

no other trial types were given. During each trial, the target T1 jumped either up or down

at random. Trials were organized in two groups: leftward and rightward sets. Trials in

the leftward sets began with fixation at (25◦, 0◦). On any one trial, T1 could be either

15◦, 25◦, 30◦, 45◦ or 50◦ to the left of fixation. As soon as the subject’s eye left the 2◦ fix-

ation window, T1 disappeared and a target (T2) appeared either directly above or below

T1 at −10◦,−5◦, 0◦, 5◦, or 10◦. Each leftward set consisted of 50 trials, with each of the

25 possible T1-T2 combinations appearing twice. Trials of the rightward sets began with

fixation at (−25◦, 0◦) and had symmetrical target configurations as the leftward trials. Both

types of target sets were repeated five times, resulting in a total of 500 trials.

2.3.5 Multi-Day Cross-Axis Adaptation Experiment

The one-day adaptation experiment was repeated over three consecutive days in

four subjects to examine long term cross-axis adaptation. Procedures for day 2 and day 3

were identical with that of day 1 except that no oblique control trials were given on these

days. Eye coils were worn alternately on the left and right eye for the 3-day experiment.

2.3.6 Cross-Axis Adaptation to Two-Degree Target Jumps

We conducted a variant of the above cross-axis adaptation experiment in which the

intra-saccadic target jump size was 2◦ instead of 5◦. Four subjects were recruited for this

experiment. Quality of the data was poor in two of the subjects and they were excluded

from analysis: one subject had poor eye sight and showed strong directional bias in all

saccades; the other subject’s saccades were abnormally slow with large amounts of drifts.
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Chapter 3

Effects of Human Cerebellar

Thalamus Disruption on Adaptive

Control of Reaching

3.1 Effect of Vim Deep Brain Stimulation on Adaptive Con-

trol of Reaching

We studied the ability of the brain to adapt control of reaching to changes in

the dynamics of the environment. Our task is a well studied paradigm where subjects

hold the handle of a robotic arm and reach to visually displayed targets (Shadmehr &

Mussa-Ivaldi, 1994). The robot either produced no active forces (null trials) or produced a

pattern of forces that depended on hand velocity (force field trials). We began our study

by examining a group of ET patients that had a DBS implant at the anterior aspect of the

thalamic cerebellar nucleus (Vim) of the thalamus (n=15). The basic paradigm involved

two sessions of testing. In session 1, subjects performed 384 trials in the null sets (baseline

training), then 384 trials in a force field sets (adaptation training), and finally 288 trials

in the null sets (washout). Session 2 was identical to session 1 except that forces in the

field were rotated by 180◦. Patients were randomly assigned to one of two groups: one

group had no stimulation in session 1 while another group had no stimulation in session 2.

Table 3.1 provides information on stimulation settings and the times at which experiments

were conducted relative to the patients’ implant surgery dates.
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3.1.1 Effect of Stimulation on Movements in Null Field

Stimulation reduced tremor in the initial null set

Oscillations of the hand at 4-12 Hz are a typical feature of ET when the arm is held

up against gravity. DBS is very effective in treating this tremor (Vaillancourt et al., 2003).

Indeed, our patients displayed clear benefits from the DBS during routine neurological exam

consisting of tasks such as postural hold (arm extension, drinking from a cup), pointing

(finger-to-nose pointing), drawing (spiral and line drawing), and writing. Because we were

interested in quantifying the effect of thalamic stimulation on learning control of reaching,

we assessed the effect of stimulation on tremor during the same task.
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Figure 3.1 Tremor reduction in DBS patients. A. Normalized average power spectral density
(PSD) for trials in the first null set of each experimental session for a DBS patient. With
no stimulation, the PSD exhibited a peak centered at 5Hz. With stimulation, this tremor-
associated peak was absent. B: Group averages of the normalized PSD measured under
each stimulation condition were plotted along with the group average PSD for the control
subjects (averaged over the two sessions). Dotted vertical line marks 3Hz. The fraction
of power in the range of 3-10Hz (tremor frequency range) was used to quantify tremor
amplitude. C. Average fraction of power in the tremor frequency range for the control
group, DBS patients with stimulation and DBS patients with no stimulation, respectively.
Error bars are SE. Stimulation resulted in significant reduction of tremor power (p=0.0051).
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Table 3.1 DBS subjects information

Case DBS Setting Time of Experiment Δ LI
ID � Relative to Surgery ��

Electrodes voltage PW Freq. No
0 1 2 3 case (v) (μs) (Hz) stimulation DBS ON

1R 0 - - - + 2 270 185 3.3 mo. 5.3 mo. -0.028
1R 0 - - - + 1.8 270 185 23 mo. 23mo. -0.205
1R 0 - 0 0 + 1.8 270 185 23.5mo. 23.5mo -0.112
2R 0 - - - + 6.7 120 185 6 mo. 6 mo. -0.300
3R + - 0 0 0 4.9 120 185 11 mo. 11 mo. -0.354
4R + - - - 0 4.3 60 185 37 mo. 37 mo. -0.074
5R + - - - 0 4.1 210 185 -1 day† 2 days -0.342
5R + - - - 0 3 210 185 -1 day† 9 days -0.192
5R + - - - 0 3.8 210 185 -1 day† 5 mo. -0.043
5R + - - - 0 2.8 210 185 16 mo. 16mo. -0.046
5L 0 0 - + 0 2.5 210 185 -1 day† 10 days 0.149
6R 0 - - + 0 4.5 60 145 12 mo. 12 mo. -0.313
6L + - - - 0 1.8 120 185 -1 day† 5 days 0.028
7R + - - - 0 3.2 150 185 9 mo. 1 day -0.187
7L 0 0 0 - 0 2.5 60 185 1.3 mo. 1.3 mo. -0.054
8R 0 0 0 - 0 4 60 185 1.5 mo. 1.5 mo. -0.049
9R - 0 0 0 + 2 60 185 1.7 mo. 1 mo. -0.043
9L 0 - 0 0 + 3.5 90 185 30 mo. 29.5 mo 0.003
10R 0 0 - 0 + 3.5 150 185 4.3 mo. 4.3 mo. 0.126
10R 0 - - - + 2.9 210 185 6 mo. 6 mo. 0.100
11R - 0 0 0 + 3.2 90 185 28 mo. 28 mo. 0.129
12L 0 0 0 - + 3.5 90 185 33 mo. 33 mo. -0.006
12L 0 - - - + 2.1 90 185 34 mo. 34 mo. -0.106
13R - 0 0 0 + 3.6 120 185 24 mo. 24 mo. -0.156
14R 0 + - 0 0 3.3 60 185 61 mo. 61 mo. 0.103
15R - + 0 0 0 3 60 185 8 mo. 8 mo. -0.121

�Case ID: number identifies the patient, letter identifies the arm used in the
experiment
� � ΔLI denotes the average change in learning index between DBS on and no
stimulation sessions for the last two adaptation sets.
† Patient was tested the day before surgery.
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Table 3.2 Thalamotomy subjects information

Patient Locus of Date of Surgery
Thalamotomy

1 Left Vim 1999
2 Left Vim 1998
3 Left Vim 1991
4 Left Vim 1996
5 Right Vim 1993
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Table 3.3 Performance comparison between DBS patients and control subjects

Performance DBS DBS % Change
Measure Patients Controls From Controls

Group Size 19 19 —

Peak Speed 0.29 0.31 -8%
(m/s) (0.05) (0.04) (24%*)

Path Length 10.70 10.06 6%***
(cm) (1.34) (0.7) (91%****)

Movement Duration 1.55 1.11 39%***
(s) (0.33) (0.17) (95%**)

AE at 300ms 0.59 -0.18 -433%
(deg) (6.85) (4.44) (53%***)

Arm Compliance
(deg) 16.55 15.19 9%

Note: With the exception of arm compliance, performance measures in the table
are computed using trials from the last null set (before adaptation sets began)
of each experimental session. The across-trial mean and standard deviation of
each performance measure are averaged across sessions for each subject, then
compared between the DBS patient group (n = 19) and the control group (n
= 19). The group means of the two statistics for each measure are displayed
in separate rows with the mean standard deviation shown in parenthesis. The
columns, from left to right, show mean values for the patient group, mean values
for the control group and % change of the patient group mean from the control
group mean. Arm compliance is measured as the average difference between
catch trial and field trial angular errors (at 300ms) during the last two adaptation
sets, hence given in units of degrees. Standard deviation was not calculated for
arm compliance as arm compliance was derived per set rather than per trial.
AE: raw angular errors, before corrections for bias.
Asterisks indicate significance of the patient group mean difference from controls
using two-sided t-test: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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We focused on the effect of DBS on tremor during reaches in the first null set. We

measured tremor in each trial by computing a power spectral density (PSD) of the hand

acceleration profile and then normalized this measure by its integral. We then compared

this normalized PSD between the DBS on condition and the no stimulation condition.

Figure 3.1A shows this measure for a representative patient. With no stimulation, the

PSD was bimodal, showing a task-relevant peak at 1-2Hz and a tremor-related peak at

about 5Hz. Thalamic stimulation almost completely eliminated the tremor, resulting in

an increase of percent power in the task-relevant 1-2Hz (see Methods). The group average

plot (Fig. 3.1B) indicated a consistent pattern of tremor reduction in our patients. To

quantify this effect, we computed the fraction of power in the 3-10Hz range for each subject

(Fig. 3.1C). Stimulation reduced the fractional power in the tremor frequency range by 44%

(paired t-test, p = 0.0051).

After a period of practice in the null sets, movement kinematics were compa-

rable between stimulation conditions

We found that for almost all patients, in the no stimulation condition the tremor

was largest during the initial null set, but then decreased substantially with time and

practice. The initial large tremor may in part have been due to nervousness associated with

exposure to a novel task, as ET can be aggravated by stress (Gengo et al., 1986). With

practice and familiarity, patients may have been able to assume a more relaxed posture and

mental state.

Figure 3.2 provides example reaching movements of a DBS patient during early and

late null sets with and without stimulation. Figure 3.2A shows that with no stimulation,

the patient’s movements in the first null set exhibited significant tremor both while the

hand was waiting at the origin and while the hand was moving. In the later null sets during

the same no-stimulation session (Fig. 3.2B), the patient’s tremor was mostly confined to

the waiting period and its magnitude was greatly reduced so that the total movement time

was shortened almost by half. Surprisingly, tremor in late null set with no stimulation was

comparable to tremor with DBS turned on (Fig. 3.2C and D). Indeed, across all patients,

we found that by the last null set tremor magnitude (in terms of fraction of power in the

3-10Hz range) in the no-stimulation condition had been reduced from the first null set by

an average of 32%. This compares to the 44% tremor reduction by DBS (from the first null
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Figure 3.2 Example of reach trajectories from a DBS patient. Top row: paths of the first
movements made in each direction during selected sets. Bottom row: speed profiles of the
movements in the top row, corresponding to directions 0◦, 45◦,..., 315◦ (from top to bottom).
A. Trajectories from the first null set of the no-stimulation session. B. Trajectories from
the last null set of the no-stimulation session. C. Trajectories from the first null set of the
DBS on session. D. Trajectories from the last null set of the DBS on session. With DBS
on, the first null set began with dramatically less tremor than the no-stimulation condition.
However, in the no-stimulation condition, with the support of the sling at the elbow and
increasing familiarity with the task, tremor subsided to levels comparable to DBS on.
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set of the no-stimulation condition to the first null set in the DBS on condition). Therefore,

regardless of the stimulation condition, tremor had substantially decreased by the last null

set of each experimental session.

Once the tremor had subsided, did DBS affect other aspects of reaching? We

focused on trials made in the last null set of each session and used four parameters to

characterize movement trajectories: path length, angular errors at 300ms after movement

onset, peak speed, and movement duration. The mean and standard deviation values of

these parameters were used to compare both across stimulation condition and subject group.

Surprisingly, we found that with stimulation there was no significant within subject change

in the mean value of any of the four kinematic parameters. DBS also did not change

patient’s arm compliance. In fact, performance with DBS turned on showed a significant

increase in standard deviations of path length (24%, two-sided paired t-test, p = 0.0085)

and peak speed (8%, p = 0.013). Thus, while DBS effectively suppressed tremor, it did not

improve the average movement kinematics, and actually resulted in increased trial-to-trial

variability of the movements. As compared to control subjects, ET patients had increased

mean path length (6%) and movement duration (39%) (Table 3.3). Performance by patients

also showed significantly increased inter-trial variability in all parameters.

3.1.2 Effect of Stimulation on Adaptation to Force Fields

Vim Stimulation impaired reaching adaptation

Adapting to altered dynamics of reaching requires changes in motor commands

that initiate the reach (Thoroughman & Shadmehr, 1999). These changes are due to feed-

forward mechanisms because in catch trials where the dynamics are unexpectedly removed,

the limb over-compensates, resulting in aftereffects. Figure 3.3A shows the average size of

aftereffects achieved by a control subject and a DBS patient, toward the end of trainings

in the adaptation sets. For the control subject, aftereffects from the two experimental

sessions were comparable, indicating similar amounts of adaptation. The DBS patient,

however, showed significantly larger aftereffects in the no stimulation session than in the

DBS session.

Figure 3.3B shows for the same DBS subject the time course of angular-errors

(trajectory deviation at 300ms into the movement) during each experimental session. For

a system that learns to predict the dynamics of the task we would expect to see decreasing
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Figure 3.3 Effect of DBS on motor adaptation. A. Average catch trial trajectories of a DBS
patient and a control subject. Trials were taken from the last adaptation set of each session
and were rotated to a canonical direction before averaging. Trials from the session where a
clockwise force field was given are inverted for ease of visual comparison. B. Performance
of a DBS patient with stimulation (left) and without stimulation (right). Shown here are
moving averages (window size = 15) of angular error for all trials in each session. The
patient achieved significantly higher catch trial errors and lower field trial errors with DBS
off than DBS on. C. Average learning index for each adaptation set is shown for the control
group and each stimulation condition for the patient group. Error bars are SE. D. Summary
of performance: the average learning index over the last two adaptation sets for each subject
group. With no stimulation, patients showed reduced learning index compared to control
subjects (p=0.025). With DBS turned on, an additional reduction in learning was observed
(p=0.024).
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field trial errors along with increasing catch trial errors (aftereffects). This patient exhibited

the expected error pattern both with and without thalamic stimulation. However, training

without stimulation led to significantly larger aftereffects (as seen in Fig. 3.3A) and smaller

force field errors than training with stimulation. We used the ratio of catch trial errors to the

difference between catch and field errors as a learning index (Donchin et al., 2002; Smith

& Shadmehr, 2005). As errors in catch trials increase and errors in field trials decrease

this index increases from 0 to 1, with unity value reflecting complete adaptation (Eq. 2.2).

Figure 3.3C plots the distribution of this index for each subject group. Without stimulation,

patients were impaired in adaptation with respect to controls. However, stimulation further

degraded this performance. Figure 3.3D quantifies this effect by averaging performance

in the last two training sets. When no stimulation was applied, ET patients showed on

average an 8% reduction in learning index compared to controls (p = 0.025). However,

with stimulation the patients showed an additional 13% reduction in the learning index (p

= 0.024 when comparing DBS on and no-stimulation; 20% reduction comparing DBS on to

control, p = 0.0007).

Acquisition of internal models involves error-dependent trial-to-trial changes in

motor commands. For adaptation to take place, error experienced in a given movement to

a given target needs to influence subsequent motor commands for that movement direction;

this corrective influence may “spill over” to other movement directions as well, resulting

in generalization of adaptation. We can quantify this pattern of direction-dependent trial-

to-trial adaptation via an error generalization function (Thoroughman & Shadmehr, 2000;

Donchin et al., 2003; Smith & Shadmehr, 2005). The rate of adaptation also depends on

the strength of motor memory retention. It is possible that patients do not adapt as well

because the trace of motor memory somehow decays faster. In Section 3.2, we characterized

these properties of adaptation for our subject populations with an autoregressive linear

state-space model that has been previously applied to study both healthy subjects and

movement disorder patients (Thoroughman & Shadmehr, 2000; Donchin et al., 2003; Smith

& Shadmehr, 2005). Our goal was to use the model to identify components of the adaptive

computation that were affected by either ET itself or stimulation, which led to the overall

reduction in learning we observed with learning index. We found that neither ET nor

thalamic stimulation significantly affected the general shape of the error generalization

function or motor memory retention. Rather, they significantly reduced the strength of

generalization in several key movement directions relative to the direction in which error

41



was experienced. Compared to controls, ET patients without stimulation learned over 30%

less at the movement direction where error was experienced. Thalamic stimulation led to

an additional 37% reduction in this sensitivity to errors.

Adaptation impairment was correlated with stimulation voltage

Thalamic stimulation does not simply switch off a subcortical-cortical neuronal re-

lay. Rather, variation of stimulation parameters (voltage amplitude, frequency, pulse dura-

tion, and electrode selection) produces a complex pattern of activity in the thalamo-cortical

circuitry. A recent study found that while increased stimulation voltage was consistently

associated with increased tremor relief, pulse duration had only a small effect, and frequency

change had no significant effect (O’Suilleabhain et al., 2003). If the degree of tremor re-

duction depends on parameter settings, then do deficits in motor learning also depend on

parameters of stimulation? Fig. 3.4A and B illustrate the performance of two patients with

two different stimulation voltage settings. With the DBS off, both subjects demonstrated

motor adaptation (the exact levels of adaptation vary from patient to patient). When DBS

was turned on, performance of the subject with higher voltage (Fig. 3.4A) was significantly

reduced, while performance of the subject with lower voltage (Fig. 3.4B) remained simi-

lar to that of the off state. Figure 3.4C plots the relationship between the magnitude of

within-subject percent change in the learning index and the stimulation voltage. We found

a significant correlation (Pearson’s correlation, r = -0.67, p = 0.0018, Spearman rank cor-

relation, r = -0.62, p = 0.0044) between stimulation voltage and the degree of impairment

in motor adaptation. The voltage sensitivity was somewhat stronger when the electrode

configuration was in bipolar mode (stimulating with respect to one of the four electrodes,

Fig. 3.4E) than unipolar mode (stimulating with respect to the battery case, Fig. 3.4D).

In contrast, we did not observe a correlation between learning impairment and

pulse width of DBS (frequency of stimulation was identical in all but one of our patients).

The partial correlation between percent change in learning index and stimulation voltage,

controlling for stimulation frequency, pulse width, stimulation mode (bipolar or unipolar),

number of cathodes activated, number of all activated contacts, time of the study relative to

each patient’s implant surgery and time lag between the DBS-on session and no-stimulation

session (see Table 3.1), was r = -0.75 (p = 0.005, df = 10, two-tailed). This indicates that in

our study, voltage was the only parameter in the above eight factors that plays a significant
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role in motor adaptation impairment. We further performed stepwise regression to examine

the effect of interaction between stimulation voltage and pulse width which is related to

total current output from the DBS and found no significant improvement of fit between

learning index reduction and voltage.

While each of the linear regressions in Figs 3.4C, D and E reveal strong correla-

tion between percent reduction in learning index and stimulation voltage, the intercepts of

the regression are 39%, 31% and 57% for the combined, unipolar stimulation and bipolar

stimulation groups respectively, predicting a facilitation of adaptation at 0 volt stimulation.

However, when DBS is programmed to stimulate at 0 volts, we should not expect any change

in the level of adaptation between DBS on and no stimulation. The inter-session learning

index change for control subjects was -1%±11% (mean and standard deviation), rendering

it unlikely that there exist some forward interference or facilitation of performance from

session one to session two. We speculate that the relationship between adaptation impair-

ment and voltage may be better characterized by a nonlinear function. One possibility

is a sigmoid-type function that gradually decreases from 0% reduction near 0 volts, then

decreases more steeply beyond 3 volts, and finally saturates somewhere beyond 7 volts.

It is also possible that the relationship between adaptation reduction and voltage is non-

monotonic. At low stimulation voltage, patients may adapt better than the no stimulation

condition given that the abnormal tremor signal is a source of noise that can be disruptive

to normal neuronal processing. Our finding that, on average, ET patients adapt less than

control subjects (Fig. 3.3) when no stimulation is given lends support to this hypothesis.

Given limited patient population, it is difficult to conclude the true relationship between

adaptation reduction and voltage. It is clear however, that at stimulation voltage beyond

4 volts, adaptation is greatly reduced.

3.2 Effect of Stimulation on Trial-to-Trial Sensitivity of Mo-

tor Error

3.2.1 Sensitivity to Motor Error: A State-Space Model of Adaptation

We quantified the sensitivity of the motor system to errors that were experienced in

a given trial and how those errors affected the motor commands that initiated the subsequent

trial. Recent theories developed by Thoroughman & Shadmehr (2000) and Donchin et al.
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(2003) describe this incremental learning process with a discrete state space model. We

used a similar model to fit the sequence of trial-to-trial angular errors for each individual

subject.

ŷ = DθF [n] − zθ[n] (3.1a)

z[n + 1] = Az[n] + Bŷ[n] (3.1b)

In Eq. 3.1, ŷ[n] is the estimated angular error measured in trial n, θ is the target direction for

that trial, Dθ is the arm’s compliance in target direction θ, and F [n] is the force magnitude

the robot applied in trial n at 300ms into the movement. The variable zθ[n] is defined as

zθ[n] ≡ DθF̂ [n] (3.2)

where F̂ [n] is the magnitude of force the internal model expects to experience in that trial.

Thus zθ[n] is the amount of error compensation the internal model produces when the target

direction is θ. The scalar zθ[n] is an element in the 8-by-1 vector z[n], which represents the

internal model’s compensatory output in each of the 8 target directions in trial n. Eq. 3.1a

can be rewritten as ŷ = Dθ(F [n]− F̂ [n]), which simply states that the estimated hand path

deviation in trial n, ŷ[n], results from the difference between the force actually experienced

and the force compensation from the internal model.

The process of adaptation, the mechanism by which errors experienced in any one

trial modify the internal state of the learning is modeled with a generalization function. In

Eq. 3.1b, B is an 8-element vector that represents this generalization. Its properties are

better revealed in the following scalar form:

zϕ[n + 1] = Azϕ[n] + B(ϕ − θ)ŷ[n], ϕ = 0◦, . . . , 315◦ (3.3)

Essentially, B specifies a set of gains by which error experienced in one direction θ changes

the internal model in all 8 possible target directions. Note that B is constrained to only

depend on the angular difference between the target direction in which error was experienced

θ, and the direction of the internal model it updates, ϕ.

The state space model presented here is identical to that in Smith & Shadmehr

(2005), except that we have added the parameter A, which represents a “forgetting factor”;
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a degradation of internal model through the passage of time between trials. With A = 1, the

internal model maintains its state in between trials with perfect memory. As A decreases

from 1 to 0, the internal model loses more and more representation. Therefore, parameter

A models a process of forgetting from trial to trial.

Dθ in Eq. 3.2 represents compliance of the arm. It is a one-dimensional function

reduced from the classical two-dimensional compliance matrix. It contains 3 parameters:

Dθ = D1 + D2 cos(2θ) + D3 sin(2θ), and only describes compliance in the direction perpen-

dicular to target direction (see Smith & Shadmehr 2005 for a mathematical derivation).

To reduce the number of parameters in the model, we also force symmetry around zero

angular difference on the generalization function B(ϕ − θ), so that B(Δθ) = B(−Δθ), for

Δθ = 45◦, 90◦, 135◦, 180◦.

In summary, a total of 9 parameters were present in the state space model: 5 for

B, 3 for D and 1 for A. We estimated these 9 parameters for each subject by fitting Eq. 3.1

to the data sequence of 480 trials (4 adaptation sets and 1 washout set). A nonlinear least

squares solver is used to obtain the parameter set that minimizes the squared error between

the model fit and the data. Search of the best parameter set always began with the initial

condition A = 1,B = 0 and D = 0.

3.2.2 Measuring the Goodness of Fit of the Model

We assessed the goodness of fit of the state space model for each individual subject

by calculating the statistic r2, the fraction of the observed variance accounted for by the

model:

r2 = 1 −
∑N

n=1 ‖y[n] − ŷ[n]‖2

∑N
n=1 ‖y[n] − ȳ[n]‖2

(3.4)

where ŷ is the sequence of estimated angular error associated with any parameter set (B,

D, A), and ȳ is the average of the data, y, which represents a baseline model that serves

to compare with the state space model. In addition, we calculate the partial r2 for the

generalization function and the forgetting factor. We define

r2
B,A = 1 −

∑N
n=1 ‖y[n] − ŷ[n]‖2

∑N
n=1 ‖y[n] − ŷD[n]‖2

(3.5)

where ŷD is the sequence of estimated angular error resulting from fitting the arm compli-

ance D alone when B is set to 0. (Note that if B = 0, the value of A does not affect model
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prediction). r2
B,A is the percent of variance accounted for by B and A after having fit D.

This represents the variance accounted for by learning related changes in motor output. r2
D

is calculated similarly.

The average r2 for the control group, the patient group with no stimulation and

the patient group with DBS on are 0.73, 0.61 and 0.59, respectively. The average r2
D for

these groups are 0.58, 0.52 and 0.52, in the same order, and the average r2
B,A for each group

are 0.36, 0.20, and 0.14 in the same order. The estimated compliance function accounted for

similar amounts of the observed variance, while the variance captured by the generalization

function and the forgetting factor decreases with the strength of the generalization function.

Next, we performed a bootstrap analysis to verify that the r2
B,A obtained above

in fact represent levels of trial-by-trial adaptation. We artificially removed the adaptation

component of the data by shuffling the sequence of 480 angular errors while preserving the

order of target directions and force magnitude (force/catch trials) given in the experiment.

This procedure roughly maintains the explanatory power of D. From these constructed

data sequences, we can bootstrap (50 iterations) a distribution of r2
B,A for each subject

when no motor adaptation takes place and make comparisons with the r2
B,A obtained from

actual data sequences. The average z-scores of the actual r2
B,A for the control group, the

patient group with no stimulation and the patient group with DBS on are 14, 9.6 and 6.8,

respectively, with standard deviations of 2.8, 4.5 and 2.8, in the same order. These highly

significant z-scores indicate that the model captured the trial-by-trial adaptation in the

data.

3.2.3 Model Results: Effect of DBS on Error-Driven Motor Adaptation

We fit the state space model to individual subject data taken during the five

training sets when adaptation is most actively induced - the four adaptation sets and the

first washout set. The resultant model parameters are averaged across each group and

presented in Fig. 3.5. As shown in Fig. 3.5A, the average arm compliance (D1) for the

patients during DBS on was not different from that during no-stimulation (p=0.147, two-

sided paired t-test). The arm compliance for the control group was not different from the

patient group under either the no-stimulation condition or DBS-on condition (p = 0.054

and p = 0.414, respectively, two-sided t-test). The forgetting factor A in the Eq. 3.1

characterizes how well the internal model is maintained between trials. When A = 1, the
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Figure 3.5 State-space model results for DBS patients and controls. A. Average arm com-
pliance for each subject group. With no stimulation, DBS subjects show higher compliance
than controls (p=0.026). B. Generalization function for each subject group. C. Average
generalization strength at zero angular difference for each subject group. With no stimu-
lation, DBS group show significantly reduced generalization compared to control subjects
at 0◦ angular difference (p=0.0003), and ±45◦ angular difference (p = 0.011). With DBS
on, generalization is further reduced compared to no stimulation at 0◦ (p=0.014) and ±45◦

angular difference (p = 0.024). All error bars indicate SE.
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internal model is remembered perfectly from one trial to the next; when A = 0, any changes

made to the internal model are completely lost between trials. Average forgetting factor

was found to be between 0.99 and 1 for both stimulator conditions for the patient group as

well as the control group. Therefore, stimulation did not affect the process of maintaining

memory. However, as we show below, it did affect the process of memory acquisition.

Fig. 3.5B displays the average generalization patterns for the control subjects, the

patients under the DBS-on condition, and the patients under the no-stimulation condition.

The shapes of these generalization functions are similar to those previously derived in other

work (Thoroughman & Shadmehr, 2000; Donchin et al., 2003; Smith & Shadmehr, 2005).

Characteristically, generalization was maximum at zero angular difference, which means

that the internal model for a particular movement direction was most affected by the error

experienced in that same direction. Generalization from neighboring movement directions

fell off quickly as a function of angular difference, reaching near zero at 90◦ and becoming

slightly negative at 180◦. The actual strengths of generalization, however, were markedly

different from group to group. Compared to the control group, the no-stimulation group

showed an average decrease of 33% at both (p=0.0003) and angular difference (p = 0.011,

one-sided t-test). Furthermore, when DBS was turned on, patients showed an additional

37% reduction at angular difference (p = 0.014) and 49% reduction angular difference (p

= 0.024, one-sided paired t-test). Figure S1C summarizes peak point of the generalization

function for each subject group. Note that while the learning rate decrease associated with

ET (comparing no stimulation condition to control), and that associated with stimulation

(comparing no stimulation to DBS on) were greater than 30%, the corresponding changes

measured by learning index were only 8% and 13%. This suggests that ET and DBS

each affects the rate of trial-to-trial learning more than the asymptotic performance level

achieved.

We calculated learning indices (LI, Eq. 2.2) from the state space model fits, and

found them to correlate very well with learning indices computed from the experimental

data. Combining LI obtained from all four adaptation sets and all subjects in each group,

we find that the predicted LI and actual LI have correlation coefficient values of 0.94, 0.85

and 0.91 for control group, no-stimulation condition, and DBS-on condition, respectively.

In summary, the state space model offered additional insights to the impairment we

observed with learning index. Several possible factors may have contributed to the reduction

of learning index. For example, stimulation may have caused impairment in retaining
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information relevant to learning control. Stimulation may have affected limb compliance.

Finally, stimulation may have affected the sensitivity of the adaptive process to errors that

were experienced in a given trial. Our results from the state space model demonstrate

that poor learning under thalamic stimulation was not due to decreased motor memory

retention or abnormal limb compliance. Rather, stimulation made the motor commands

that initiated a given movement far less responsive to errors that occurred in the previous

trial.

3.3 Effect of Vim Thalamotomy on Adaptive Control of

Reaching

Was the impairment of adaptation due to the fact that Vim thalamic stimulation

indirectly stimulated motor regions of the cerebral cortex? To explore this question, we

recruited five ET patients who had undergone unilateral Vim thalamotomy (Table 3.2) and

tested them in the same paradigm as the DBS patients. The important difference was that

in one session, the patient used the arm ipsilateral to the thalamotomy and in the other

session the contralateral arm.

3.3.1 Effect of Thalamotomy on Movements in Null Field

Because ET is generally a bilateral disease, one expects to find significant tremor

in the arm ipsilateral to the thalamotomy as compared to the contralateral arm. Fig. 3.6A

plots our measure of tremor during reaches in the null field for a representative patient and

for the entire group. For the patient, the hand ipsilateral to the thalamotomy exhibited a

clear peak in PSD at 5 Hz while no such peak was evident in the contralateral hand. As

expected, the fraction of power in the 3-10Hz range was lower on average when the patients

used the arm contralateral to the thalamotomy than the ipsilateral arm (Fig. 3.6B). In

terms of movement kinematics, thalamotomy did not significantly affect either the mean

or the standard deviation of peak speed, path length, movement duration or angular error

of movements made in the last null set. Additionally, thalamotomy had no significant

effect on arm compliance measured during adaptation sets. Compared to control subjects,

thalamotomy patients showed significant reduction in peak speed (23%) and increase in

movement duration (24%) (Table 3.4). Patients also showed reduction of standard deviation
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for peak speed (24%), though numerically it was not different from that of the control

subjects for DBS patients (Table 3.3) and thus this reduction in inter-trial peak speed

variability may be an artifact of the small sample size. To test this, we compared the data

of all ET patients (n = 24: 5 thalamotomy subjects and 19 DBS cases) to the data of

all control subjects (n = 26) (Table 3.4). We found that ET patients showed significantly

increased inter-trial variability in path length (65%), movement duration (85%) and angular

errors (44%), but not in peak speed. ET patients on average moved significantly slower than

control subjects - they achieved 12% smaller peak speed, their movement path lengths and

durations were 5% and 35% longer, respectively. Our measures of movement kinematics

indicated that ET patients moved slower than healthy control subjects and their trajectories

tended to be more variable across trials.

3.3.2 Effect of Thalamotomy on Adaptation to Force Fields

Vim thalamotomy impaired reach adaptation in force fields

Fig. 3.6C plots the learning index for all the thalamotomy patients. Switching from

contralateral to ipsilateral arm produced a noticeable improvement in adaptation in four of

the five patients. Control subjects, on the other hand, showed no difference in adaptation

between the two arms (Fig. 3.6D). We calculated the between-arm performance (learning

index) difference in the last two training sets and found that the difference was significantly

greater in patients than controls (one-sided paired t-test, p = 0.038). This demonstrates

that the thalamotomy patients as a group were significantly better in learning the task when

they used the arm that exhibited more tremor (i.e., the arm ipsilateral to the thalamotomy).

3.4 Discussion

We tested the hypothesis that the cerebello-thalamo-cortical pathway plays a cru-

cial role in adaptation of reaching movements by studying ET patients in whom this pathway

was disrupted by Vim DBS or thalamotomy. We found that while both DBS and thalam-

otomy effectively reduced tremor during posture and reaching, they significantly impaired

the rates of adaptation. In addition, we observed a significant correlation across the pa-

tients between stimulation voltage and the amount of adaptation impairment induced by

stimulation. Patients with larger stimulation voltage tended to show greater adaptation
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impairment. The cerebellum has long been associated with motor adaptation. A number

of psychophysical patient studies have found that damage to the cerebellum can profoundly

impair the ability to adapt to novel kinematics or dynamics of reaching (Weiner et al.,

1983; Martin et al., 1996; Maschke et al., 2004; Smith & Shadmehr, 2005). It is thought

that the cerebellum has the ability to rapidly form internal models and “correct” the motor

commands that are planned by the cortical motor areas by supplying information that pre-

dicts and compensates for constraints of the task (Conrad et al., 1974; Vilis & Hore, 1980).

Alternatively, the cerebellum may compute signals that are crucial for forming an internal

model (such as motor errors), and convey these signals to the cortical motor areas where

motor memories form. In humans, the cerebellum directs most of its output to the cerebel-

lar thalamus and only a small number of fibers to the red nucleus (Nolte & Angevine, 2000),

thus from the anatomical standpoint, the cerebello-thalamo-cortical pathway should play a

significant role in human motor adaptation, particularly reaching adaptation. However, un-

til now, there has been very little empirical evidence directly supporting the importance of

the cerebellar thalamus in human reaching adaptation (Martin et al., 1996). In the present

study, we found evidence for this hypothesis using a within-subject design. We found that

reversible disruption of the cerebellar thalamus produced adaptation deficits.

Additionally, we showed that during the no stimulation condition ET patients with

DBS implants had an intermediate amount of adaptation impairment between stimulator-

on and healthy controls. This suggests an underlying adaptation deficit associated with ET,

a finding that is consistent with the current understanding that ET results from abnormal

oscillatory activities in the inferior olive-cerebellum neural network (Elble, 2000; Deuschl

& Bergman, 2002). Animal models of ET have shown enhancement of olivary rhythmicity

with injection of β-carboline drugs which produces a tremor that resembles ET (Elble,

1998). Clinically, it has been observed that ET can disappear after lesions of the cerebellum

(Dupuis et al., 1989), the pons (Urushitani et al., 1996; Nagaratnam & Kalasabail, 1997),

or the thalamus (Duncan et al., 1988). PET studies of ET have shown hyperactivity in

the cerebellum (Jenkins et al., 1993), the inferior olive as well as the thalamus (Hallett

& Dubinsky, 1993). These work, along with the well-established surgical success of Vim

DBS and thalamotomy for the suppression of ET, support the theory that tremor-related

oscillations originate in the olivocerebellar circuits and propagate to the motor cortex by

the cerebello-thalamo-cortical pathway. Taken together, it seems that in the untreated state

of ET, functional disturbance of the cerebello-thalamo-cortical pathway caused by tremor-
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related oscillations compromises the relay and processing of information pertaining to reach

adaptation. Thalamic lesion or stimulation disrupts the transmission of this oscillation and

relieves ET, but can further impair motor adaptation.

What is the nature of the information contained in the cerebellar outflow to the

thalamus? One possibility is that the cerebellum forms internal models that compensate for

specific dynamics of the task (forces produced by the robot) and correct the motor cortical

commands. That is, the site of plasticity is in the cerebellum. Alternatively, the cerebellum

may be involved in generating certain critical components of the internal model to be used

by cortical motor areas. In particular, the cerebellum is well situated for computing motor

errors. The intermediate zone of the cerebellar cortex receive afferents about the limbs from

both the motor cortex and the spinal cord, allowing it to compare the desired motor output

with the results of motor action. Both hypotheses on the cerebellum’s role in internal model

formation can explain the gross impairments in movement control and motor adaptation

seen in cerebellar patients (Martin et al., 1996; Smith & Shadmehr, 2005). However, since

motor error is a crucial training signal for adaptation of internal models, these two possible

functional roles of the cerebellum cannot be distinguished with the current experiments.

Recently, Diedrichsen et al. (2005a) showed with an fMRI study that when reaching

motor errors were generated by either force field, visual rotation or target jump and resulted

in similar patterns of on-line feedback correction, the cerebellum became activated regardless

the nature of the error and whether the error led to adaptation. This suggests that the

cerebellum may be involved in error-correction even when no new internal model is forming,

and supports the possibility that internal models form in motor cortical regions but depend

on information supplied by the cerebellum through the thalamus. On the other hand, it

has been shown that patients with cerebellar degeneration show somewhat preserved on-

line error feedback correction when given force perturbations (Smith et al., 2000), whereas

they are profoundly impaired in tasks that involve trial-to-trial error-driven learning (Smith

& Shadmehr, 2005). These studies on cerebellar degeneration patients suggest that their

ability to generate motor errors and to compensate accordingly is not completely abolished,

rather, it is the ability to use these errors to drive adaptive changes to motor command that

is abolished. Thus while it is clear that the cerebellum plays a critical role in motor plasticity,

we do not yet understand the relative contributions of the cerebellum, the thalamus and

the motor cortices in reaching motor control and adaptation.

How does thalamic stimulation affect the brain? High frequency stimulation pro-
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duces a complex pattern of excitation and inhibition, and its influence can reach beyond

the stimulating nucleus. That is, thalamic stimulation is likely to affect downstream and

upstream neurons via orthodromic and antidromic stimulation of the nearby axons (Perl-

mutter et al., 2002; Anderson et al., 2003; Hashimoto et al., 2003; Haslinger et al., 2003;

McIntyre et al., 2004). Indeed, imaging studies have demonstrated increased activity in

the thalamus, M1, and SMA in resting ET patients with DBS on vs. off (Haslinger et al.,

2003; Perlmutter et al., 2002). Although no significant changes were found in the cerebellar

nuclei, it is possible that thalamic stimulation might artificially generate action potentials

in the cerebellar-thalamic axons, which could travel antidromically to the cerebellar nuclei

without causing large changes in synaptic activity. Thus, thalamic stimulation is likely

to disrupt neuronal activity in three locations: the motor cortex, the thalamus, and the

cerebellar nuclei.

Given this, an alternate interpretation for our DBS study is that adaptation im-

pairment associated with thalamic stimulation was not due to the disruption of the cerebellar

thalamus. Rather, it was a result of indirect stimulation of the motor cortical regions via

the thalamocortical neurons in Vim. However, we found that thalamotomy and stimulation

affected adaptation similarly. Therefore, this suggests that impaired adaptation cannot be

exclusively attributed to indirect stimulation of the motor cortex or the cerebellar nuclei.

Our finding that DBS impairs motor adaptation is consistent with recent reports

showing that stimulation of the sub-thalamic nucleus in Parkinson’s disease impairs per-

formance in certain cognitive or declarative memory tasks. Halbig et al. (2004) compared

the DBS on vs. off condition and found that stimulation impaired recall in a declarative

memory task. Hershey et al. (2004) found that sub-thalamic stimulation in Parkinson’s

disease impaired performance in a task that required spatial working memory. It seems

that stimulation, whether in the sub-thalamic nuclei or in the cerebellar thalamus, has the

potential to produce certain side effects in addition to its known therapeutic actions.

Previously known side effects associated with Vim DBS and thalamotomy in ET

patients include paresthesia, dysarthria, persistent and transient arm ataxia and gait dis-

turbance (Mohadjer et al., 1990; Shahzadi et al., 1995; Schuurman et al., 2000; Dowsey-

Limousin, 2002). For patients who have DBS, these side effects can often be reversed by

turning the stimulator off. Still, many patients who experience side effects choose to leave

the stimulator on during the day, for the benefit of tremor suppression far outweighs the

side effects. Comparative studies of the effects of thalamic DBS and thalamotomy on ET
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and two other movement disorders associated severe tremor (Parkinson’s disease, multiple

sclerosis) have shown that while the two surgical therapies are equally effective for tremor

suppression, DBS tends to give fewer side effects and greater improvement in function as

measured by patients’ ability to perform daily life activities, self-assessment of surgical

outcome, and neuropsychological evaluations (Schuurman et al., 2000). For patients with

bilateral drug-resistant tremor, bilateral thalamotomy is no longer used in clinical practice

while bilateral thalamic stimulation is a viable therapy. In the present study, we found

that while thalamotomy produced motor adaptation deficits, DBS impaired adaptation in

a voltage-dependent fashion. This means that at low stimulation voltage, DBS has the

potential to eliminate tremor without affecting motor adaptation, further suggesting that

DBS may be advantageous over thalamotomy.
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Chapter 4

Intra-Operative Recording of

Human Ventrolateral Thalamus

4.1 Ventrolateral Thalamus and Reaching Movement Con-

trol

The psychophysical results presented in the previous chapter demonstrate that the

cerebello-thalamo-cortical pathway carries information related to motor adaptation from the

cerebellum to the cortex. Disruption of the pathway impairs either adaptation or the mani-

festation of adapted behavior. However, the kind of adaptive information which is conveyed

by the ascending cerebellar efferents remains unclear. Recordings from the cerebellar thala-

mus in monkeys during wrist movements have found that neuronal discharge tends to lead

(in time) both movement onset (Butler et al., 1992) and activity of sensory thalamic neu-

rons (Butler et al., 2000). Very importantly, the discharge of cerebellar thalamic neurons

is sensitive to force perturbations to the arm (Butler et al., 1998) as well as visuo-motor

gains required of the task – both are salient cues that must be represented by the brain in

order for adaptation to take place. Further downstream, recording in both M1 and SMA

has revealed adaptation-related plasticity, in terms of changes in tuning properties across

behavior epochs of baseline, force field adaptation and washout (Li et al., 2001; Padoa-

Schioppa et al., 2002, 2004). Specifically, one subpopulation of neurons present in both M1

and SMA, classified as “dynamic cells”, show tuning changes only during the force field

training. While other subpopulations of neurons, classified as “memory I” and “memory
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II” cells, seem to either sustain the tuning changes occurred during the force field epoch in

the washout epoch or show no modification until the washout epoch, respectively. Combin-

ing the psychophysical and neurophysiologic findings, there is strong evidence that during

adaptation, the motor cortices undergo active transformations to incorporate new internal

models of limb movements and that this transformation may be guided or facilitated by the

cerebello-thalamo-cortical pathway. We hypothesize that patterns of activity in the cere-

bellar thalamus will reflect changes associated with motor learning, particularly, it might

contain information associated with movement error. Previous cerebellar thalamus studies

Dentate
Interpositus

M1, SMA, 
Premotor

Cortex

Thalamus

Cerebellum

Vim

Basal Ganglia

GPi

Voa
Vop

Figure 4.1 Ascending pathways from the cerebellum and the basal ganglia to cerebral cortex.
Left: The cerebello-thalamo-cortical pathway and reciprocal projections from the cortex to
the cerebellar thalamus. Right: The equivalent pathways between the basal ganglia and
the cortex.

that involved motor adaptation have mostly focused on comparing neural activities in the

untrained state and the fully adapted state – after the animals behavior had achieved stabil-

ity or stereotype. The transient process of learning when most error is present has seldom

been explored. Thoroughman & Shadmehr (2000) have shown that adaptation is reflected

in behavioral trial-to-trial changes in movement trajectory. They found that the error ex-

perienced in a given movement has a measurable influence on the subsequent movement.
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This suggests that error may drive learning by changing the motor commands generated

in anticipation of forces in the upcoming movement. We examined Vim thalamus neural

activity during adaptation and ask whether discharge is correlated with error.

4.2 Summary of Database

We participated in 27 thalamic surgeries and were able to collect data in 20 cases.

In 10 of the cases we collected sufficient data for analysis (see §2.2.4 for criteria), yielding 61

ventrolateral (VL) thalamic units (16 single units and 45 multi-units), recorded during 36

adaptation experiments. In 28 of the 36 experiments, subjects adapted to curl force fields

and in the remaining 8, subjects adapted to visual rotation. Of the 61 units, post-surgery

anatomical localization (see §2.2.5) showed that 35 were in Vim, 12 were at the border of

Vim and Vop, 10 were in Vop and 4 in Voa. Units in Voa and Vop were combined for

analysis.

Figure 4.2 provides sample spike trains with high and low signal-to-noise ratio.

The mean firing rates (FR) for all units, units in Vim, Vim-Vop border units, and units in

Voa/Vop were: 17.9Hz, 19.2Hz, 18.8Hz and 14.9Hz, respectively. FR were not statistically

different for these regions. The maxmimum FR recorded was 48.6Hz and the minimum,

2.0Hz (we did not explicitly exclude units with low FR, but units (8) with FR< 4Hz were

automatically rejected by later analyses that required sufficient response to movements).

4.3 Motor Adaptation Performance in the OR

Figure 4.3A illustrates the psychophysical performance by a patient during a force

field adaptation experiment. Angular deviation at 300ms into the movement was used as the

behavioral gauge for adaptation. This error was large early in the perturbation blocks, but

decreased with practice. Also when the forces were turned off during the washout blocks,

the patient demonstrated aftereffect. The learning indices (LI) for this experiment were 0.60

(pert1) and 0.34 (pert2). In general, when two opposing perturbation patterns are learned in

succession with very little time in between, adaptation to the second perturbation pattern

will tend to be worse than the first, due to anterograde interference. We found this to be

true in 18 of the 28 experiments where subjects performed both pert1 and pert2 blocks.

The distribution for LI for all experiments is shown in Figure 4.3B. The mean
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A

B

Figure 4.2 Sample neurophysiological recording from the OR. A. Thirty-second spike train
with large SNR, containing two single units. B. Thirty-second spike train with small SNR,
containing multi-units.
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and standard deviation of the average LI, whenever there were two adaptation blocks, were

0.26 and 0.15, respectively. If we took the larger LI of the two blocks, the mean and

standard deviation were 0.37 and 0.17, respectively. Although these statistics about LI

seem comparable to that found for ET patients during the first training set (96 trials) in

the DBS psychophysics study (Fig. 3.3C), the OR paradigms were significantly simpler –

subjects only adapted to perturbation in two movement directions. Factors that contribute

to the low level of learning and high level of variance in the LI of OR experiments include:

1. lack of weight-support for the arm, hence no relief for postural tremor

2. small number of training trials

3. the actuation of the robot arm was not as regular as that used in the psychophysics

experiments (see §2.2.2).
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Figure 4.3 Psychophysical performance in the OR. A. Performance during a force field
adaptation experiment. Error is the angle of deviation from straight trajectory at 300ms
after movement onset. Errors in field trials became smaller with practice and errors in null
(washout) trials that followed the field trials showed field-specific aftereffects. Therefore,
the patient partially adapted to each field. B. Distribution of learning indices from all 36
experiments. In the 28 experiments where subjects performed both pert1 and pert2 blocks,
the average LI between the two blocks is displayed.
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4.4 Timing of VL Thalamic Activity With Respect To Move-

ment

We examined whether the activities of the recorded units were related to voluntary

reaching movements by detecting, for each unit, a response epoch during which the neural

discharge was significantly different from the overall activity (Ez>1 defined in §2.2.6). A

unit was considered movement-related if such a response epoch was found. Latency of

movement-related activity was expressed as time relative to the onset of movement, and

was measured separately for the tuning block and adaptation block.

Figure 4.4 displays the latency response for all units and units within each region

of VL thalamus. Among all 61 units, we found 36 units to be movement-related: 25 units

were movement-related during the tuning block and 29 during the adaptation block. The

mean response latency of the cerebellar thalamus tended to be later than the basal ganglia

thalamus — on average, the response latency of units in Vim was 0.295sec after movement

onset, about 300ms later than the average for units in Voa/Vop (-0.020sec). This difference,

however, was not signifcant (two-sided Wilcoxon rank sum test). Also, including the units at

the Vop-Vim border into either group did not affect the result. This finding was surprising

given that anatomically, Vim neurons project predominantly to the primary motor cortex,

and Voa/Vop neurons to SMA.

4.5 Directional Selectivities of VL Thalamic neurons

4.5.1 Directional Tuning During Eight-Direction Movement Block

Figure 4.5 provides examples of activities of VL thalamic neurons activity during

the eight-direction tuning block of the experiment. The neuron in Fig. 4.5A was from the

Voa region, while the neuron in Fig. 4.5B was from the Vim region. Both neurons displayed

sensitivity to movement direction. The Voa unit was most active during a pre-movement

period before the target came on. In this experiment each of the four peripheral targets

was presented five times (paired with the target at the origin, see §2.2.3) before moving

onto the next target location. The predictability of the target sequence is clearly reflected

in the neuron’s activity. Its FR was the highest when expecting a target at the upper-right

hand corner of the screen, or preparing for an impending arm movement in that direction.
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The Vim unit in panel B was most active at the onset of movements involving flexion of the

elbow, though its modulation with movement direction was not as strong as the Voa unit

described above.

We quantified VL thalamic neurons’ directional tuning properties by the conven-

tional method developed by Georgopoulos et al. (1982), which fits a cosine function to the

neuron’s FR in different movement directions. The results are summarized in Figure 4.6.

A statistically significant cosine-fit (p < 0.05) between discharge and movement direction

required an r2 value > 0.7 (Eq. 2.5). The r2 obtained from our VL thalamic neuronal

population are almost entirely below 0.7.

The left column of Figure 4.6 displays the depth of modulation (Dmod) for each

population of units. As with the r2 measure, Dmod characterizes how strongly movement

direction modulates FR. On average, this index is near 20%. The outlier of the population,

Dmod = 68%, corresponds to the Voa unit described in Fig. 4.5A. Together, these results

suggest that, overall, unlike the primary motor cortex (Georgopoulos et al., 1982; Schwartz

et al., 1988), VL thalamic neurons do not seem to be cosine-tuned.

One caveat of this finding may be that we do not have sufficient data. Among the

61 units we recorded, experiments for 2 of the units did not include any tuning trials. Of

the remaining 59 units, only 21 showed movement-related activity during the tuning block.

Most of the units did not show a significant time of peak-activity, Ez>1 (defined in §2.2.6),
which is a prerequisite for calculations of the cosine-fit. Furthermore, we only gave five trials

for each movement direction during the tuning block, which may have been insufficient for

studying direction selectivity given the noise level in the data (§2.2.4).

4.5.2 Direction Selectivity During Two-Direction Adaptation Block

Next, we examined the directional selectivity of VL thalamic neurons during adap-

tation to force fields. This was done by visual comparison of the overall shapes of the

movement-onset aligned PSTHs for the two directions. Of the 29 movement-related units,

23 units were recorded during force field adaptation. (The remaining 6 were recorded dur-

ing visual rotation experiments, which involved voluntary movements to only one-direction,

and hence were excluded from this analysis.) Among these 23 units, 18 showed difference

in their response between upward and downward movements.

We further categorized these units according to the phase of the movement in
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Figure 4.5 Examples of human VL thalamic neurons showing directional tuning. Rasters and
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which their response patterns were different. Three movement phases were distinguished:

pre-movement reaction time period (500ms period before movement onset), acceleration

and deceleration. We found 9 units were asymmetric in their discharge patterns during

reaction time, 12 during acceleration and 12 during deceleration (these numbers are not

mutually exclusive). The discharge patterns were different throughout the movement period

(including reaction time) in 4 units.

Figure 4.7 rows 1–3 display the units whose reponse patterns for upward and dow-

nard movements were asymmetric during movement acceleration. The asymmetry indicates

that VL units are direction-selective, some of them respond predominantly to movements

in only one direction. Half of these 12 units resided in Vim and the other half in Voa/Vop.

Figure 4.7 row 4 provides an example where the unit was responsive during movement

acceleration, but does not care which direction the arm was accelerating.

Figure 4.8 rows 1–2 display 6 units whose discharge patterns for upward and down-

ward movements were asymmetric during movement deceleration (6 other units were dis-

played in Fig. 4.7 rows 1–2 as they also exhibited asymmetric during acceleration). Among

the 12 units, 6 resided in Vim, 5 in Voa/Vop and 1 at the Vop-Vim border. Rows 3–4

display additional units active during the deceleration phase of the movements in visual

rotation experiments.

An additional 9 units demonstrated direction-selectivity during reaction time of

movements. Examples are displayed in Fig. 4.7 (row 2, columns 1, 3, & 4) and Fig. 4.8

(row 2). Discharge prior to movement onsets are not confounded by movement kinematics.

These units therefore reflect direction-selectivity in the efferent motor commands. Of the 9

units, 5 resided in Vim, 2 in Voa and 2 in Vop.

4.6 Patterns of Task-related Activities

4.6.1 Velocity-Like Discharge Pattern

Besides the direction-selectivity described above, a significant fraction of the units

exhibited one of two discharge patterns in relation to movements. One pattern bore strong

resemblence to velocity profiles of movements. Figure 4.9 displays five units whose firing

rates are correlated (or anti-correlated) with either movement speed (panel A) or velocity in

one direction (panels B–E). Anatomically, just posterior to Vim is the main sensory thalamic
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relay nucleus, ventralis caudalis (Vc, also known as ventral posterolateral nucleus, or VPL),

which carries inputs from the dorsal column-medial lemniscus tract to the primary sensory

nucleus. Vc thus receives proprioceptive information such as muscle spindle afferents from

limbs. The velocity-like discharge pattern may very well have been found in Vc. However,

discharge of muscle spindle is a nonlinear combination of all aspects of limb state, position,

velocity, acceleration and even higher derivatives (Hasan, 1983). Recordings of stretch

response of muscle spindles are not similar to the velocity-like profile we observed in VL

thalamic units. Furthermore, although some proprioceptive afferents do terminate in Vim,

they do not project so far as the basal ganglia thalamus, located in anterior VL. Three of

these five units we found were located in Voa/Vop, which also suggests that such velocity-

like discharge pattern may not be pure sensory feedback.
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follow the same convention as Figure 4.7. Units displaying activity profile that correlated
with either movement speed (A.) or velocity (B, D & E). In C. the unit’s activity during
upward (blue) movement was anti-correlated with movement velocity. Row 1: force field
adaptation experiments. Row 2: visual rotation adaptation experiments.
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4.6.2 Inhibition Then Rebound-Excitation

Figure 4.10 displays 7 units that showed inhibition then rebound excitation. The

inhibition took place prior to or at movement onset, while the excitation began near peak

velocity. The shape of these discharge patterns resembles a time-derivative of the profiles

shown in Fig. 4.9.
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4.7 Adaptation-Induced Change in VL Thalamic Neural Ac-

tivity

The goal of this study was to determine whether activities of VL thalamic neurons

in the CTC pathway reflect error-driven motor adaptation. What features about adaptation

do we expect these neurons to encode? Behaviorally, we know that two types of compen-

satory actions are engaged when the nervous system detects errors in limb movements.

First, both short- and long-latency reflex are evoked by the unexpected proprioceptive in-

puts associated with error to generate an on-line corrective response. Second, when errors

are experienced repeatedly, the on-line corrections, along with error, will serve as teaching

signals for the internal model, so that subsequent motor commands produce movements

with less error (Marsden et al., 1976; Kawato, 1989). These two systems, one feedback, the

other feedforward, are both necessary to ensure accurate movements. For limb movements,

it has been demonstrated that feedforward control and adaptation depend critically on the

cerebellum (Smith & Shadmehr, 2005; Morton & Bastian, 2006).

Besides cerebellar inputs, Vim also receives some sensory inputs from the lemniscal

tract (Berkley, 1980) and spinothalamic tract (Stepniewska et al., 2003). This convergence

of inputs could mean that the nucleus is involved in both feedback and the feedforward

control. But as shown earlier, VL thalamic neurons are highly sensitive to movement kine-

matics — movements in different directions evoke distinct discharge patterns during either

acceleration, deceleration, or both. Hence, during movement, the presence of error could not

be clearly dissociated from movement kinematics, nor from any online corrective response.

We therefore have focused on neural activity during a “feedforward” epoch which includes

the pre-movement reaction time period (500ms window before movement onset) and peri-

movement-onset period (±100ms around movement onset). Any changes observed during

this epoch should reflect error-driven changes in the feedforward motor plan, and be exempt

from confounds relating to sensory feedback or feedback control. We predict that motor

adaptation would modulate VL thalamic neural activity during this feedforward epoch.

Indeed, response of several units during adaptation supports our prediction. Figure 4.11A

presents activities of a Vim unit while the subject adapted to CCW visual rotation. During

upward movements in the null2 block (black), this unit consistently produced phasic bursts

during the deceleration. When CCW rotation (red) was imposed, upward movements un-

expectedly caused the cursor path to deviate to the left. To correct this, the hand must
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move to the right. Note the onset of the phasic burst shifted to an earlier time — during

acceleration. With training, the hand began to point rightward from the start. At the same

time, the unit’s phasic discharge continue to shift earlier in time such that by the end of

training, it occurred at movement onset. The same pattern could be observed in the rasters

of catch trials (in blue; catch trials were randomly interspersed during the adaptation block,

but grouped together here for ease of comparison) — the phasic burst shifted from acceler-

ation to movement onset. Finally, during null3 washout trials (green), the shift reversed its

direction so that the unit discharged late in the movement again, though not in the same

pattern as null2.

The boxed inset in Figure 4.11A presents the unit’s activity and average hand

paths during the tuning block. No rotation was imposed in this block, hence the hand

paths and cursor paths were identical. When we compared activity to the four peripheral

targets during the 500ms prior to movement onset (shaded area), we noticed that movements

with a rightward component (black and red) evoked higher levels of activity than upward

and leftward movements. The unit tended to fire late during movement for upward and

leftward movements. This is consistent with its discharge pattern during the adaptation

block where upward movements (null2) elicited response in deceleration and increase in the

rightward movement component caused the response to shift toward movement onset. The

unit’s activity at and before movement onset indicates that it is not simply reporting the

state of the limb, rather, its activity may reflect the motor intent. The “leftward” shift in

the timing of the unit’s activity is reminiscent of the changes in electromyographical (EMG)

output during reaching adaptation to force field observed by Thoroughman & Shadmehr

(1999). In their study, Thoroughman & Shadmehr transformed EMG from four arm muscles

into a composite trace to reflect muscle activation that specifically compensated for the

imposing field. They discovered that with training, activation of this “field-appropriate”

EMG gradually shifted from a delayed error-feedback response to a predictive feedforward

response. While the paradigm we used for the unit in Figure 4.11A was visual rotation, hence

no physical perturbation was applied to the arm, this mechanism of error-driven adaptation

should still hold — error compensation should transition from reactive to predictive with

learning.

Figure 4.11B presents activities of a Vop unit while the subject adapted to CW

curl force field. At the start of the experiment, on downward null trials (black), this unit

was most active during the deceleration phase of the movements. When the force field came
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on (red), activity first dropped down then recovered to the original level. During the second

half of the adaptation block, another phasic burst began to emerge near movement onset,

so that the unit now fired biphasically at movement onset and deceleration. This pattern

was sustained in the washout period (blue).

In summary, we found units in both parts of the motor thalamus displaying change

in activity with respect to adaptation of reaching movements.
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Chapter 5

Cross-Axis Saccade Adaptation

5.1 Magnitude of Cross-Axis Saccade Adaptation

We measured the progress of adaptation by tracking the vertical amplitude of the

primary saccade. The average time course of adaptation roughly followed an exponential

function with the time constant of ∼200 trials (Figure 5.1A). By the end of the adaptation

block (last 10% of the trials), the subjects’ primary saccades had achieved 2.4◦ vertical

amplitude, or 48% (mean, median 46%, SEM 4%) of the 5◦ vertical target jump. This

level of adaptation is comparable to that found in the conventional in-axis gain-increase or

-decrease adaptation studies (reviewed in Hopp & Fuchs 2004). The rate of the cross-axis

adaptation may seem slower than the typical 30–60 trials found for in-axis adaptation, but

our task design required subjects adapt both leftward and rightward saccades originating

at three distinct locations (Fig. 2.3E), hence involved greater complexity.

During adaptation the primary saccade’s end point shifted from the first target

(T1) toward the second target (T2). Previous study of the two-dimensional double-step

saccade paradigm (Findlay & Harris, 1984) had demonstrated that when a visual target

shifted to a new location while the brain was still preparing for saccades to the original target

location, the resulting saccade was pulled by the new visual stimulus and landed between

the old and the new target location. The new target location was considered as a visual

distractor. Although in our task the target jump occurred intra-saccadically, and in general,

saccades are too fast to be influenced by such visual input, under special circumstances,

they can be modified online (Zee et al., 1976; Van Gisbergen et al., 1987). To verify that

the added vertical component in the primary saccades we described above truly results from
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Figure 5.1 Cross-axis paradigm induces robust saccade adaptation. A. The time course of
cross-axis saccade adaptation measured by the vertical component of the primary saccade
amplitude. Data from clockwise and counterclockwise adaptation experiments are pooled
and the directions of saccades are inverted appropriately before averaging. Blue dots cor-
respond to adaptation trials and red dots correspond to catch trials, gray shades indicate
stand error of the mean (SEM) for each trial (n = 11 subjects). B. Average primary saccade
vertical amplitudes (blue) of trials in the pre-adaptation catch trial block, the first, middle
and last 10% adaptation trials during the adaptation block, catch trials during the adapta-
tion block and the post-adaptation catch trial blocks. Error bars indicate SEM. There is no
significant difference between the vertical components of centrifugal (red) and centripetal
(green) saccades before adaptation and during adaptation trials. But they are borderline
(p = 0.046) and significantly (p = 0.0067) different in catch trials during adaptation and
after adaptation (two-tailed paired t-test).
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motor adaptation rather visual distractors, we gave catch trials throughout the experiment

in which T1 did not jump to T2 but rather disappeared upon saccade initiation. As shown in

Fig. 5.1A (red dots), while pre-training catch trials showed no vertical component, during

training the catch trials followed the same time course as adaptation trials. This result

demonstrates that the brain did not require the visual input from the target jump to program

vertical components into the primary saccade. Following training, however, the level of

adaptation in the catch trials showed an immediate reduction to 1.3◦ in just the first six

trials, and then gradually decreased to approximately 1.1◦ (last 6 trials) over 60 trials. We

will return to this rapid decline in adaptation later when we examine more closely the effect

of rest period between sets in §5.4.
The figure-eight target configuration (Fig. 2.3B) that we used during adaptation

limited the randomness of target presentation. While odd trials required centrifugal saccades

to an unpredictable location - T1 appeared with equal likelihood to the left or the right of the

origin, even trials always produced centripetal saccades back toward the origin (Method).

We wondered if subjects’ cognitive awareness of both the initial (T1) and final location (T2)

of the targets during the even trials enhanced their level of adaptation in centripetal saccades

as compared to centrifugal saccades. However, we found that the vertical components of

centrifugal (red) and centripetal (green) saccades were virtually identical during all phases

of training (Fig. 2.3). They were slightly different (p=0.046, two-sided paired t-test) by

0.29◦ (with centripetal trials having bigger values) in catch trials during adaptation and

significantly different (p=0.0067, two-sided paired t-test) by 0.12◦ (centrifugal trials with

larger values) in catch trials after adaptation. It is possible that centripetal trials did

confer slight cognitive advantage during training that might have then led to slightly worse

retention post-training, but the effect was extremely small and only existed in catch trials

and not in adaptation trials.

5.2 Cross-Axis Saccade Adaptation Induces Curvature in Sac-

cade Trajectories

Figure 5.2 provides performance of a typical subject during the experiment. The

subject’s primary saccade trajectories from the first, middle and last 10 trials in the adap-

tation block of the experiment are shown in blue, green and red, respectively (Fig. 5.2A).
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They demonstrate with training, the subject’s primary saccades became increasingly curved

toward the final target position, a result more pronounced for saccades in the rightward

direction in this subject (this variability between left- and rightward saccades in both adap-

tation level and trajectory curvature was common among subjects.) The average primary

saccade trajectories of this subject during each phase of the experiment are presented in

Fig. 5.2B; trajectories were rotated appropriately so they all start at (0,0) and move toward

the upper right direction. In comparison to the oblique control trials with similar am-

plitude and direction executed before adaptation, the average saccade trajectories during

adaptation trials showed significant curvature toward the final target.
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Figure 5.2 Performance of a representative subject. A. Primary saccade trajectories of the
first, middle and last 10 adaptation trials are shown in blue, green and red, respectively. The
origins of the saccades have been re-centered so that they begin at (0, 0) regardless where
the actual fixation point was. As the level of adaptation increased, trajectories developed
increasing curvature toward the secondary target. B. Average saccade trajectories during
pre-adaptation control trials to oblique targets at (15◦, 2◦) and (15◦, 3◦) (in black), overlaid
with average primary saccades of the first, middle and last 10% of adaptation trials (in blue,
green and red, respectively).

5.2.1 Quantifying Saccade Curvature

We quantified this curvature for all 11 subjects by measuring the slope of the

saccade trajectories. As illustrated in the inset of Figure 5.3A, each primary saccade was
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divided into four equal segments along the horizontal direction and the slope of the straight

line extending the ends of each segment (chord) was computed. The four chord slopes are

referred to as S1, S2, S3 and S4. Consistent increases in chord slopes from S1 to S4 indicate

curvature toward the final target, while consistent decreases indicate curvature away from

the final target. Figure 5.3 displays average chord slopes across subjects before, during and

after cross-axis adaptation as well as during the oblique control trials. Prior to adaptation,

catch trials and oblique control trials showed no difference in chord slopes, indicating that

these saccades were relatively straight. During adaptation, all four chord slopes rose with

training, but at distinctly different rates: from the first to the last chord, the slopes rose

progressively faster, with S4 increasing the fastest. In fact, S4 became significantly different

from all previous chord slopes within the first 50 adaptation trials (S4 was significantly

greater than S3 during the first, middle and last 10% adaptation trials at p = 0.002, p =

0.0003, p = 0.000003, one-tailed paired t-test); it becomes twice the size of S1 at the end

of the block (mean S4/S1 ratio: 2.1). In terms of absolute vertical component contributed

by the curvature, at the end of the adaptation block, the slope of the initial component

of the saccade trajectory, S1, reached average value of 0.12 (mean, SEM is 0.01). If this

initial slope was maintained throughout the saccade, the primary saccade would reach (15◦,

1.8◦), 75% of the 2.4◦ vertical eccentricity actually achieved in our experiments. Therefore,

curvature accounted for 0.6◦ (an additional 33%), or 25% of the total cross axis adaptation.

5.2.2 Curvature Results From Adaptation, Not Visual Feedback of Target

Jump

Figure 5.3A also shows the average behavior during catch trials in the last third

of the adaptation block. The chord slopes of these late catch trials had essentially identical

profiles to those of the late training trials. This result indicates that absence of the intra-

saccadic target jump did not eliminate trajectory curvature, and the curvature was not a

result of intra-saccadic visual input. Similarly, in a control study where target jumps were

random, i.e., T1 had an equal chance of jumping up or down intra-saccadically, we found

that the primary saccade trajectories were straight and showed no bias from the direction

of the target jump (Figure 5.4). Together, these two types of control trials show that intra-

saccadic target jumps are neither necessary nor sufficient to cause curvature in saccade

trajectories. Rather, the curvature occurs when targets jump in a predictable fashion.
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Figure 5.4 Random target jump does not induce adaptation or curvature. Individual pri-
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How long can the brain sustain this saccade curvature in the absence of external

target jumps? The last set of bars in Figure 5.3A describes chord slopes of saccades from

the post-adaptation catch trials. As noted earlier, the overall adaptation level was reduced

during this block (Figure 5.1). The change in trajectory slope or saccade curvature was

substantially reduced though not totally abolished. Across subjects, S4 was still significantly

larger than S3 (p= 0.002).

5.3 Relative Timing of Saccade Component Velocities

Changes With Adaptation

In addition to analyzing changes in the path of the primary saccade trajectories

during adaptation, we also characterized information relating to velocity of the saccades.

5.3.1 Component Velocities and Their Coordination During Normal

Oblique Saccades

In the saccade literature, the horizontal and vertical velocity components of a

saccade are referred to as ‘component velocities’ (Smit et al., 1990). This Cartesian decom-

position of the velocities is physiologically based: while the superior colliculus represents

saccades vectorially in terms of amplitude and direction, in the premotor circuitry just a

few synapses downstream, the the saccadic signal is broken down into horizontal and verti-

cal components and carried out separately by the excitatory burst neurons (EBNs) in the

paramedian pontine reticular formation (PPRF) and EBNs in the mesencephalic reticular

formation (mRF), respectively. These independent control signals then drive the horizon-

tal and vertical eye muscles through the ocular motor nuclei. When saccades are purely

horizontal or purely vertical, both the peak velocity and duration of saccades increase mono-

tonically with saccade amplitude in a stereotyped fashion known as the “main sequence”

relationship (Bahill et al., 1975). However, in daily life the horizontal and vertical channels

must be synchronized in order to direct the eye to targets diagonally offset from fixation.

For example, a 15◦ saccade typically takes 60ms while a 5◦ takes only 40ms. During a sac-

cade to a target at (15◦, 5◦) from fixation, the vertical channel must operate differently than

it would if the target was at (0◦, 5◦), otherwise, the vertical component would be completed

before the horizontal, resulting in a curved trajectory. In reality, the saccadic system per-
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forms “component stretching” during oblique eye movements: (1) the peak velocity of the

smaller component is reduced from what would normally be required for a purely vertical

or horizontal saccade of the same amplitude and (2) the duration of the smaller component

is prolonged to match the duration of the larger component (Guitton & Mandl, 1980; King

et al., 1986; Becker & Jurgens, 1990; Smit et al., 1990). Therefore, when the two components

are aligned correctly in time the oblique movement is straight and when they are misaligned

the resulting eye movements can have varying degrees of curvature (Thomas & O’Beirne,

1967; Bahill & Stark, 1977; Becker & Jurgens, 1990; Smit et al., 1990). This alignment can

be revealed by comparing metrics associated with each component velocity such as time of

peak velocity and skewness of the velocity profile. When a velocity profile is symmetric, the

time of peak velocity appears at the midpoint (50% point) of the total saccade duration. A

skewed velocity profile would have peak velocity appearing either earlier or later than the

midpoint.

5.3.2 Characteristics of Component Velocities During Adaptation

For each saccade, we measured the times at which each component velocity reached

its peak. Figure 5.5A displays the across-subject average peak times of the component ve-

locities throughout the course of the experiment. The peak time of horizontal velocity

occurred at about 30ms into the saccade both before and during adaptation. The peak

time of vertical velocity also occurred at 30ms during pre-training oblique trial blocks (sac-

cades during pre-training catch trials were almost purely horizontal, thus had little vertical

component) but as adaptation took place, the vertical velocity peak time began to lag the

horizontal. This lag reached 10ms by the third adaptation set and stablized for the re-

mainder of the training block (Fig. 5.5B). An 8ms time lag by the peak vertical velocity

was observed in post-training catch trials. Concomitant with the observed peak component

velocities misalignment, primary saccade duration showed a slight increase with training.

This was an expected result considering saccades became increasingly curved and hence

longer in path. But it could also have resulted from reduction in the speed of the saccade.

Indeed, saccade peak horizontal velocity decreased with training (Fig.5.5E) and since it

is the dominant component, the overall peak speed followed the same pattern of decrease

(data not shown).

Next, we examined the shape of the velocity profiles. Under normal circumstances,
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speed profiles of saccades become increasingly skewed with saccade amplitude (Collewijn

et al., 1988): peak speed of the saccade occurs inceasingly ahead of the midpoint of the

saccade duration and the profile has a longer tail. Our data showed that, for unadapted

oblique saccades approximately 15◦ in magnitude, the peak component velocities exhibited

identical skew at 42% of the total duration (Fig. 5.5D). But with training, vertical velocity

became more symmetric while the horizontal velocity became skewed toward saccade onset.

This misalignment of velocity profiles underlies the curvature seen in the path of saccade

trajectories (Figs. 5.2 & 5.3). During training, although the vertical velocity component

issued by the vertical saccadic channel grew with adaptation (Fig. 5.5F), the timing of this

component was late compared to the horizontal motor output, suggesting that much of the

vertical motor command was not generated at the start of saccade trajectory but added

during the saccade.

5.4 Chord Slopes Display Multiple Timescales of Learning

Upon close examination of the trial-to-trial changes of S1 and S4 (Fig. 5.3B),

a complex pattern of temporal dynamics is revealed. During the ∼ 30sec (5sec–1min)

period between training sets when subjects rested in complete darkness, S1 was relatively

unchanged, while S4 rapidly decayed toward S1. When the next training set resumed,

S1 continued to climb slowly, while S4 rebounded rapidly toward its value at the end of

the previous training set. Overall, S4 seemed to respond strongly to error but had poor

memory retention, while S1 responded weakly to error but retained well what it had learned.

Furthermore, when S4 decayed, it decayed toward but never fell below S1. This suggests

that the two learning processes, one fast and one slow, are additive.

Recently, Smith et al. (2006) proposed and demonstrated through a reaching adap-

tation paradigm, that short-term motor learning consists of interacting adaptive processes

with different learning rates. Our observations on the temporal dynamics of saccade chord

slopes during adaptation confirms this idea. Additional evidence has come from a saccade

gain adaptation study conducted by Kojima et al. (2004).

The fast decay of S4 between training sets can be understood through the com-

petitive influence between error-driving adaptation and spontaneous decay. During these

brief rest periods, subjects sat in complete darkness and made spontaneous saccades (ob-

servation through infrared video camera, no data was recorded) without information about
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Figure 5.5 Characteristics of primary saccade component velocities. A. Average time of
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the accuracy of these saccades. Absence of error feedback meant that no stimulus was

available to drive learning, hence the state of the memory would be dominated by decay.

Indeed, multiple studies have demonstrated significant memory decay when error feedback

was either not supplied or clamped to zero (Cohen et al., 2004; Kassardjian et al., 2005;

Smith et al., 2006).
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Chapter 6

Modeling Cross-Axis Saccade

Adaptation

6.1 Simulating a Single Saccade Trajectory

6.1.1 Starting Point: Signal-Dependent Noise

In primates, saccades are highly stereotyped: the peak speed and duration of

saccade increase monotonically with amplitude of the movement (see §1.6.1), and velocity

profile of saccades are bell-shaped. Similar stereotypy is observed in reaching movement:

point-to-point reaching movements have smooth, bell-shaped velocity profiles (Morasso,

1981), and tend to be straight in (Cartesian) visual coordinates even for congenitally blind

individuals (Sergio & Scott, 1998). These empirical findings have led to the theory that

the central nervous system operates on certain optimization principles when planning and

executing goal-directed movements. Many optimization criteria have been proposed to

account for the stereotypy: minimum jerk (Flash & Hogan, 1985), minimum torque change

(Uno et al., 1989), minimum command change (Kawato, 1996), and minimum endpoint

variance (Harris & Wolpert, 1998). As a starting point of our simulation, we have chosen

the Harris & Wolpert minimum endpoint variance model because it is based on an important

insight about physiological noise.
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The Harris & Wolpert Minimum Endpoint Variance Model

In their model, Harris and Wolpert began with the assumption that neural control

signals are corrupted by signal-dependent noise — noise with an amplitude that rises with

the size of motor output. The idea of signal-dependent noise stemmed from the empirical

observation that the standard deviation of motor-neuronal firing increases with the mean

level (Clamann, 1969; Matthews, 1996), and the psychophysical observations that the vari-

ability of motor errors increases with the amplitude of the movement. This property about

noise in the motor system imposes an unavoidable trade-off between movement speed and

endpoint accuracy: on one hand, larger motor output, hence higher speed, would result in

less accuracy; on the other hand, smaller motor output would ensure better accuracy but

movements would take longer. Harris and Wolpert proposed that, to make a point-to-point

movements of a given amplitude and duration, the optimal strategy for the central ner-

vous system is to select the trajectory, i.e., the neural command, that minimizes the final

positional variance of the effector.

This model’s prediction of saccade trajectories of various lengths is reproduced in

Figure 6.1. These trajectories compared very well with saccades made by human subjects

(see Figure 2 in Collewijn et al. 1988). The model also accurately captures a known property

of saccades — the asymmetry in the velocity profile increases with saccade amplitude.

Figure 6.1E displays the motor commands that drive the example saccades. Each command

function, u(t), can be considered as the sum of the neural signals controlling the agonist

and the antagonist eye muscles (see Figure 1e of Harris & Wolpert 1998), and the overall

shape gives away the three phases of a saccade: burst of agonist activity to accelerate the

eye, burst of antagonist activity to terminate movement and sustained agonist activity to

keep the eye on target. Figure 6.1C provides the weighting function of the control signal,

L(t), for every example saccade, derived from the cumulative endpoint variance over a

post-movement “hold period” of 50ms. It specifies the relative contribution of the motor

command, u, at any given time t, to the total endpoint variance over the hold period. It is a

non-monotonic function that peaks near the end of the movement just before the antagonist

burst begins. The total control cost is uT Lu.
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Limitations of the Minimum Endpoint Variance Model

Although the minimum endpoint variance model is able to produce realistic tra-

jectories, it has notable limitations. At the practical level, the predicted trajectories are

highly sensitive to the length of the hold period (simulation not shown). Theoretically, the

agonist activity during the holding period should not affect the shape of the velocity profile,

since it would be the same for a given target eccentricity regardless how the eye gets to the

target. But the shape of L(t) amplifies the role of motor command during the hold period.

The fundamental limitation of the model is that the optimization is open-loop based; the

control law, u(t), is on average the optimal solution for short duration movements. But

for any given trajectory, the motor command generated by the model cannot adjust to

compensate for the signal-dependent noise. In reality, neither saccades nor reaching move-

ments are performed open-loop: both use forward models, and reaching movements depend

additionally on sensory feedback (see §1.6.1).

6.1.2 New Framework: Stochastic Optimal Feedback Control

Fortunately, this problem was recently solved using the computational framework

of stochastic optimal control (Todorov & Jordan, 2002; Todorov, 2005). Optimal feedback

control is distinct from previous optimization principles in that it does not separate trajec-

tory planning from execution. Given an intial position and final goal, instead of deriving

a fixed command function, u(t), which optimizes some property about the trajectory (e.g.

smoothness, torque, endpoint variance), optimal feedback control derives a control policy

which provides the optimal motor output throughout the movement. This control policy

(Eq. 6.3) is a vector field dependent on the plant dynamics, movement goal and a quadratic

cost (Eq. 6.4) associated with both the movement error (tracking cost) and the motor out-

put (control cost, or energetic cost). At every time point the motor command is generated

according to the optimal control policy and the current sensory estimates about the effector

— the command is specific to the effector’s current state — hence feedback control has been

incorporated into feedforward control. To account for physiological noise, Todorov derived

solution for signal-dependent noise (Todorov, 2005). We have adopted this solution in our

simulation (Eq. 6.3).
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Model Description

We modeled saccade system-dynamics with a discrete, second-order linear set of

equations:

xt+1 = Axt + But (6.1)

where xt is the two-dimensional state of the eye at time t, augmented by the saccade goal,

r: [ex, ėx, ey , ėy, rx, ry]T (all variables are in Cartesian coordinates). The system-matrices

A and B are:

A =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 1 0 0 0 0
−1
τ1τ2

−(τ1+τ2)
τ1τ2

0 0 0 0

0 0 0 1 0 0

0 0 −1
τ1τ2

−(τ1+τ2)
τ1τ2

0 0

0 0 0 0 1 0

0 0 0 0 0 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, B =
1

τ1τ2

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

1 0

0 0

0 1

0 0

0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

where the time constants τ1 and τ2 are 224 and 13ms (Robinson et al., 1986). The forward

model,

x̂t+1 = Ax̂t + But. (6.2)

predicts the state of the eye in absence of external sensory feedback. The output of the

optimal controller at a given time, t, is:

ut = Gt(A,B, T, r)x̂t (6.3)

where the control policy, Gt, provided by Todorov, 2005, is a function of the system dynam-

ics, the goal and the weighting function associated with the tracking cost (T ,defined below).

The cost function used to find the optimal control policy is a scalar quadratic function of

eye state error and oculomotor output:

J = yT Ty + uTu (6.4)
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where T is a sigmoid function that rises at the desired time of the movement termination,

y is the state error vector, defined by,

y = Hx, H =

⎡
⎢⎢⎢⎢⎢⎣

−1 0 0 0 1 0

0 1 0 0 0 0

0 0 −1 0 0 1

0 0 0 1 0 0

⎤
⎥⎥⎥⎥⎥⎦

.

Results of the simulation are shown in Figure 6.1. Compared with the minimum endpoint

variance model, the speed profiles (Fig. 6.1B) produced by the stochastic optimal feedback

control model begin and end smoothly and therefore are closer to emipirical data. Also,

the optimal control model does not require a weighting function, L, for the control cost,

and therefore does not make any assumption about the energetic distrubtion along the tra-

jectory, whereas the minimum endpoint variance model inherently specifies such a function

(Fig. 6.1C). But the most important distinction is that the minimum endpoint variance

model generates the entire sequence of control signals en masse, while optimal control pro-

vides a feedback control law and thus access to the computational components underlying

the dynamical system throughout the course of a movement. This opens up the possibility

to explore the mechanism of trajectory change during adaptation.

6.2 Modeling Adaptation

6.2.1 Trajectory Curvature Reflects Suboptimality in the Saccadic Sys-

tem

As shown in Chapter 5, cross-axis adaptation produced increasingly curved sac-

cades. From the optimality point of view, curvature implies that parts of the saccadic

system must operate sub-optimally, as the optimal trajectory would bring the eye straight

to the intended target. Since curvature develops with adaptation, components in the sac-

cadic system that drive the curvature should also adapt. The computational components

of the saccadic system, as discussed in §1.1, are the controller, the forward model, and a

process that specifies saccadic goal (Fig. 1.1B&C).

We imagined that when one makes a saccade in complete darkness and observes

an error, there are two possible interpretations that the brain might make: either the target
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moved, or the dynamics of the eyes changed (or some combination of the two). Both are

sensory consequences that depend on oculomotor commands. This suggests that the forward

model may play two roles in this situation: estimating the state of the eye, and setting an

internal goal for the trajectory after a saccade has been initiated. This internal goal might

be either the initial target location, T1, or the displaced target location, T2, in which cases

saccades would aim from the start at either T1 or T2. Our data, however, suggest neither is

true — throughout adapation, the initial aim (first chord slope, S1) of saccade trajectories

is moving from T1 toward T2, though never reaching T2 (Fig. 5.3) — arguing that the

saccadic system may in fact create an internal saccadic goal and furthermore, the goal may

change with time. We included this feature in our forward model by adapting the internal

goal over trials as follows:

r̂y[n + 1] = (1 − ar)r̂y[n] + bry[n], (6.5)

where n is the trial number, ar and br are the forgetting and learning rates for the goal,

and y is the vertical visual error at the end of the primary saccade.

We simulated a saccadic system with this adaptive feature, an example trajectory

is illustrated in Figure 6.2A. It demonstrates that adaptating the goal specification process

alone cannot explain why trajectories curve.

6.2.2 Adapting the Controller and the Forward Model

We next conjectured that saccade adaptation relied on dynamic calibration of

sensorimotor maps encoded by forward model and inverse model of eye dynamics, any

changes in one model that are not matched by the other would result in sub-optimality –

trajectory curvature in saccades.

Coupling the Horizontal and Vertical Channels

We implemented trial-by-trial adaptation of the controller and the forward model

of the eye dynamics by introducing coupling between the horizontal and the vertical saccadic

system. Specifically, a cross-talk term was added in the system matrix B of the controller
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and the forward model:

ut = Gt(A,BOC, T, r)x̂t, (6.6a)

x̂t+1 = Ax̂t + BFMut, (6.6b)

where BOC =
1

τ1τ2

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

1 0

0 0

cOC 1

0 0

0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, and BFM =
1

τ1τ2

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0

1 0

0 0

cFM 1

0 0

0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

When BOC �= 0, any horizontal motor command would be associated with a vertical motor

command. When BFM �= 0, any horizontal command would be interpreted by the forward

model (FM) to cause a vertical displacement of the eye as well as the desired length of

horizontal displacement. Specifically, BOC < 0 characterizes a dynamical system in which a

rightward horizontal command would be result in rightward and downward eye movement.

In order for the eye to reach the goal optimally, the optimal controller (OC) for such a

system would generate a vector field Gt that counteracts the system’s natual tendency.

Similarly, when BFM < 0, a rightward horizontal command would be estimated to cause

both rightward and downward eye movement, which would then cause corrective action

from OC to generate upward motor output. In short, coupling the horizontal and the

vertical channels at either the OC or the FM level would result in trajectory changes in the

vertical direction.

Figure 6.2 illustrates four scenarios of how relative adaptation rates of FM and

OC affect saccade trajectories. (1) When neither FM nor OC adapt, saccade trajectory is

straight (Fig. 6.2A). (2) When FM adapts faster than OC (or in the limit, FM adapts and

OC does not), discrepancy between their models of the eye dynamics renders OC unable

to fully compensate the cross-talk predicted by FM, thus resulting in curvature toward

the new target position, T2 (Fig. 6.2B). (3) When OC adapts faster than FM (or in the

limit, only OC adapts), OC overcompensates any cross-talk predicted by the forward model,

resulting in curvature toward the original target position, T1 (Fig. 6.2C). (4) Lastly, if FM

and OC adapt simultaneously to the same level, while FM predicts the eye to be below its
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actual position, the controller compensates appropriately so that the trajectories remained

optimal, i.e., straight (Fig. 6.2D).

Our data showed strong agreement with the second scenario where the forward

model adapts faster than the controller, or in the limiting case, only the forward model

adapts and the controller stays unchanged.

Rationale For Adapting the Saccadic Internal Model and Coupling the Hori-

zontal and Vertical Channels

Saccade adaptation can be induced either naturally or experimentally (reviewed in

(Hopp & Fuchs, 2004)). Naturally occurring adaptation has been observed in patients with

weakened eye muscles due to cranial nerve (CNIII or CNVI) palsy (Kommerell et al., 1976;

Abel et al., 1978), and in monkeys that have undergone resection of either tendons or nerves

of eye muscles (Optican & Robinson, 1980; Snow et al., 1985). Experimentally induced

(e.g. by intra-saccadic target step) saccade adaptation are behaviorally similar to naturally

occuring adaptation. This has led to the idea that perhaps during an adaptation experiment,

the brain interprets, at least in part, the unexpected visual errors as indication of weakness

or miscalibration of the eye muscles. Such interpretation of error — miscalibration of eye

dynamics or sensory estimation— will then drive adaptation of the internal model.

During a cross-axis adaptation experiment, adaptation requires the saccade to have

an increased vertical component but no change to the horizontal component. As mentioned

in §5.3.1, the horizontal and the vertical components of saccades are encoded separately

downstream of the superior colliculus. Since no change is required in the horizontal saccadic

channel, it is possible that the vertical channel could adapt independently, and generate a

growing vertical component with a velocity profile that is stretched in time (see §5.3.1)
but appropriate for a straight oblique saccade. But our data showed otherwise (Fig. 5.5)

— the vertical component is not stereotypical. We argue therefore, that it could not have

developed independently of the horizontal channel, but rather developed as a function of

the horizontal motor output.
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6.3 Characteristics of Forward Model Adaptation

6.3.1 Forword Model Involves Multiple Time-Scales of Plasticity

This framework for single-trial trajectory control provided us a foundation for

modeling the trial-by-trial adaptation. If trajectory curvature results from a rapidly adapt-

ing forward model, then the multiple timescales of adaptation we observed in the chord

slopes (Fig. 5.3B) is a signature of the temporal dynamics governing forward model learn-

ing. We hypothesized that the forward model of the eye dynamics is comprised of two

learning processes: a fast process that learns quickly but also forgets quickly, and a slow

process that learns slowly but does not forget much (see §5.4). We applied this idea to

trial-by-trial learning of the cross-talk term in the forward model:

cFM[n + 1] = cfast[n + 1] + cslow[n + 1] (6.7a)

cfast[n + 1] = (1 − afast)cfast[n] + bfasty[n] (6.7b)

cslow[n + 1] = (1 − aslow)cslow[n] + bslowy[n]. (6.7c)

In equations 6.7b&c, the constants afast and aslow are forgetting rates of the fast and the

slow systems, bfast and bslow are the learning rates of the two systems. They are constrained

by afast > aslow and bfast > bslow. The visual error, y[n], provides the driving force to the

adaptation. This formulation is the same as that in Smith et al. (2006), where the concept

of interacting fast- and slow-learning systems underlying short-term motor learning was

first proposed.

We further simulated the ∼ 30sec break between adaptation training sets with 5

catch trials in which no visual feedback was given at the end of a saccade. Without the

driving force, y[n], memories of learning will be left to decay (Eq. 6.7b&c).

6.3.2 Error Interpretation Dictates Motor Learning

Last but not least, we consider a central question to any learning paradigm – the

driving force of learning. What drives cross-axis or other types of saccade adaptation?

Multiple studies have shown that saccade adaptation is mostly driven by visual error that

exists at the end of the primary saccades; corrective saccades following the primary saccades

do not seem to be necessary for the adaptive process in either humans or monkeys (Wallman
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& Fuchs, 1998; Noto & Robinson, 2001). As mentioned above (§6.2.1), we hypothesized

that the brain may interpret each visual error two different ways: either its model of the

dynamics of the eye was inaccurate (changes in the body), or the target had jumped (changes

in the environment). How the brain explains this error at the end of each trial necessarily

dictates subsequent adaptive actions. We explored two possibilities of error interpretation,

one in which error drives forward model adaptation of the internal goal and eye dynamics

separately, and the other in which error is split up among the two possible contributing

sources according to their likelihood.

Model 1: Error Drives Forward Models of the Target and the Eye Equally

Figure 6.3A summarizes the model we have described so far, in which the visual

error observed at the end of each saccade drives adaptation of the goal through a single

timescale of plasticity (Eq. 6.5), and the forward model through two timescales of plasticity

(Eq. 6.7). Altogether, this model contains 6 parameters (ar, br, afast, bfast, aslow, bslow). We

fit these parameters to data on primary saccades of all adaptation trials as well as the post-

adaptation catch trials (540 trials total). We simulated the short breaks between sets with

5 additional catch trials each. Thus altogether, 580 saccade trajectories were simulated, of

which, the aforementioned 540 trajectories were used to compare with actual data. Three

aspects of each primary saccade trajectory were used in the fit: the vertical extent of the

saccade, the first chord slope (S1) and the fourth chord slope (S4), thus yielding a total

of 1620 data points. A nonlinear least-squares solver (Matlab, Mathworks Inc.) was used

to find the parameter set that minimized the squared residual between the model and the

average data across all 11 subjects. The goodness of fit for the model was evaluated with

the statistic r2 (defined by equation 3.4), and the statistic reduced χ2, the sum of squared-

ratio between residual and measurement uncertainty normalized by the degree of freedom

in the model, where standard deviation across subjects was used as the uncertainty about

the mean.

Figure 6.4 displays the results of this model. Panels A provide examples of simu-

lated trajectories from both adapation trials and post-training catch trials. The simulation

showed that the forward model consistently under-predicted the vertical extent of the tra-

jectories, as discussed in §6.2.2. Also as expected, the vertical motor output increased

throughout the course of adaptation (panel B). We found the learning rates for the fast and
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slow system of the forward model to be 1.04 × 10−3 and 7.43 × 10−5, respectively, and the

forgetting rates 0.296 and 0.00290, respectively. The learning and forgetting rates for the

goal adaptation were 0.00138 and 0.00119, respectively. Panels C & D show the model’s fit

to the initial and final chord slopes, and to the adaptation level. While the model predicted

the overall trends in the data, it failed to capture the fast decay occurring between sets

and therefore greatly overestimated the data in the post-traing catch trial set (goodness of

fit for 1620 data points together: r2 = 0.574, reduced χ2 = 4.64). This is also reflected in

panel E which displays the progression of chord slopes of the simulated saccade trajectories

in the same format as Figure 5.3.

In summary, Model 1 was only able to partially explain the data. The key features

of Model 1 were:

• Forward model adapts its expectation of both the goal and the eye

• Both adaptations are driven equally by error feedback

• Adaptation of the forward model of the eye dynamics involves two timescales

The model failed to predict the fast decay of curvature (S4) and adaptation during the rest

period between sets, the charateristic in the data that had led us to consider the multiple

timescales of plasticity (two-state) formulation. Yet the two-state feature alone was not

sufficient to explain this characteristic.

Model 2: Error Assignment Depending on Likelihood of Source

The simple two-state model’s failure to predict the observed sharp drop-off between

sets led us to develop a more complex model (Fig. 6.3B), in which the saccadic system is

able to differentially attribute errors to the two sources, depending on the magnitude of

the post-saccadic visual error. When the error is very large, it is more believable that it is

caused by unexpected changes in the external environment (the displacement of the target

in this case). Small errors are presumed to be dominated by imperfections in the internal

model of the effector (an inaccurate forward model of the eye in this case). We model

the likelihood that a visual error is attributed to a target jump as a sigmoid function that

increases with the error magnitude. The remainder of the error is attribued to the forward

model of the eye and drives its adaptation. These ideas are encapsulated in the following
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mathematical expressions:

y[n] = yTJ[n] + yFM[n] (6.8a)

pTJ[n] = yTJ[n]/y[n] = (1 + ekσe−ky[n])−1 (6.8b)

pFM[n] = 1 − pTJ[n] (6.8c)

In equations 6.8, pTJ and pFM are the fractions of error attributed to target jump and forward

model of the eye, respectively, σ is the magnitude of error at which target jump and the

forward model contribute equally, and k describes the shape (steepness) of the sigmoid.

The subscriptes TJ and FM stand for target jump and forward model, respectively. The

full model, after incorporating the concept of error-assignment, is now:

r̂y[n + 1] = (1 − ar)r̂y[n] + bryTJ[n] (6.9a)

cFM[n + 1] = cfast[n + 1] + cslow[n + 1] (6.9b)

cfast[n + 1] = (1 − afast)cfast[n] + bfastyFM[n] (6.9c)

cslow[n + 1] = (1 − aslow)cslow[n] + bslowyFM[n] (6.9d)

In total, the full model contained 8 parameters (ar, br, afast, bfast, aslow, bslow, σ, and

k). Results of the model is displayed in Figure 6.5. The error-assignment functions for

target jump and FM are shown in panel A. The two sigmoid functions intersect at 1.57◦,

which means when a visual error of 1.57◦ is observed, the error will be equally distributed

to the two possible sources. Panel B displays the actual magnitude of error assigned to

target jump (world) and FM (body) by the model throughout the experiment. As expected

from the shapes of the error-assignment functions, early in the experiment when error was

large, most of the error was attributed to target jump, hence was used to drive goal adap-

tation. This assignment decreased over trials as the total size of the visual error decreased,

while the assignment of error to inaccuracy associated with the forward model increased.

Overall, more error was blamed to have come from target jump than FM. We found the

learning rates for the fast and slow system of the forward model to be 0.104 and 0.000896,

respectively, and the forgetting rates 1 (complete forgetting) and 0.0260, respectively. The

learning and forgetting rates for the internal goal were 0.00147 and 0.00189, respectively.

Panel C provides examples of simulated trajectories from both adapation trials and post-
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training catch trials. Model-predicted saccade trajectories produced highly significant fits

to empirical results of chord slopes and adaptation level (panels E&F, goodness of fit for

1620 data points: r2 = 0.829, reduced χ2 = 1.892). Panel G displays the progression of

chord slopes of the simulated saccade trajectories in the same format as Figure 5.3, further

confirming the success of the error-assignment model.

The error-assignment features of Model 2 provide much a better fit to the data

than Model 1. Next, we considered alternative optimization techniques to see if the fit

could be further improved. So far we have solved the model parameters by minimizing the

squared residuals between model and data, where the data sequence consists of the values of

S1, S4 and the vertical amplitude (adaptation level) of primary saccades for all trials. But

in terms of numerical value, adaptation level is almost ten times that of chord slopes. This

difference is carried over to the residuals, which could cause the least-squares solver, hence

the model, to preferentially minimize residuals of the adaptation-level portion of the data,

at the expense of fitting the chord slopes. A better choice of minization quantity would

be χ2, which weights the data points by the inverse of their uncertainty. But this would

only make a big difference if the distinct portions of the data sequence were independent.

Adaptation level, however, is not independent of S1 or S4. When we solved for the model

parameters by minimizing χ2, we observed that the model fit improved in some early trials

but was worse in later trials, without significant increase in the quality of the overall fit

(though the minimization statistic, χ2, did improve: reduced χ2 = 1.60, r2 = 0.795). We

further tested a model where adaptation of the internal goal involved two timescales. But

the quality of the fit was, again, not significantly improved (reduced χ2 = 1.576, r2 = 0.797)

with the additional two parameters.

In conclusion, Model 2 — the error-assignment model — seems to be a good model

for our cross-axis saccade adaptation data.

6.4 Neural Correlates of the Model

If our model (Fig. 6.3B) indeed underlies saccade trajectory guidance and adapta-

tion, how might the brain implement such a model? As discussed in §1.6.2 and §1.6.3, the

cerebellum plays an important role in both steering and adapting saccades. Neuroanatom-

ically, the cerebellum exerts its influence on saccades via two output pathways leaving the

cFN. The short pathway projects directly to the burst generators (BBG), while the long
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pathway ascends via the thalamus to various cortical eye fields, which then influence the

superior colliculus and the BBG. The superior colliculus (SC) is mostly likely to issue the

feedforward saccadic commands, S1. The adaptation of S1 may depend on the long pathway

involving the cortex. Gaymard et al. (2001) reported that patients with lesions in the cere-

bellar thalamus show reduced saccade adaptation. They suggest that the thalamus relays

adaptation-related information from the cerebellum to cerebral cortical oculomotor areas.

The short output pathway is part of the superior colliculus-cerebellar-brainstem side-loop,

which has been implicated in several other curvature studies and is a likely candidate for

carrying out S4. Robinson et al. (1993) showed that unilateral lesion to cFN causes vertical

saccades to curve toward the lesioned side late in the saccade. Microstimulation of the

oculomotor vermis evokes curved saccades in oblique directions (Fujikado & Noda, 1987).

Anatomically, this pathway is suitable for computing the forward model: the collicular in-

put to the cerebellum may provide the efference copies of recent motor commands. On

the output end, cFN has direct, descending projection to BBG, which allows it to have a

rapid influence on saccadic accuracy (Hopp & Fuchs, 2004), as well as ascending projection

back to SC (Noda et al., 1990; Sugita & Noda, 1991), which may carry sensory estimation

to SC for further computation of the optimal motor command (Fig. 1.1C). Together, this

side loop seems important for steering saccade trajectories, influencing saccades on a short

timescale, and carrying out the necessary computation for the forward model. It therefore is

a likely candidate for acting on the forward model to produce mid-flight corrective feedback.

Several works in the manual motor control literature also suggest the cerebellum as the site

where the forward model is computed (Miall et al., 1996; Diedrichsen et al., 2005b).
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