
Impaired motor learning in a disorder of the inferior olive: Is the 
cerebellum confused?

Aasef G. Shaikh, MD, PhDa,b, Aaron L. Wong, PhDc, Lance M. Optican, PhDd, and David S. 
Zee, MDc

aDepartment of Neurology, Case Western Reserve University, Cleveland, OH

bNeurology service, Daroff-DelOsso Ocular Motility Laboratory, Louis Stoke Cleveland VA Medical 
Center, Cleveland, OH

cDepartment of Neurology, The Johns Hopkins University, School of Medicine, Baltimore, MD

dLaboratory of Sensorimotor Research, National Eye Institute, NIH, DHHS, Bethesda, MD

Abstract

Background—An attractive hypothesis about how the brain learns to keep its motor commands 

accurate is centered on the idea that the cerebellar cortex associates error signals carried by 

climbing fibers with simultaneous activity in parallel fibers. Motor learning can be impaired if the 

error signals are not transmitted, are incorrect, or are misinterpreted by the cerebellar cortex. 

Learning might also be impaired if the brain is overwhelmed with a sustained barrage of 

meaningless information unrelated to simultaneously appearing error signals about incorrect 

performance.

Methods—We test this concept in subjects with syndrome of oculopalatal tremor (OPT), a rare 

disease with spontaneous, irregular, roughly pendular oscillations of the eyes thought to reflect an 

abnormal, synchronous, spontaneous discharge to the cerebellum from the degenerating neurons in 

the inferior olive. We examined motor learning during a short-term saccade adaptation paradigm.

Results—We found a unique pattern of disturbed adaptation in subjects with OPT, discrete 

compared to the abnormal learning from direct involvement of the cerebellum. Both fast (seconds) 

and slow (minutes) timescales of learning were impaired. We suggest that the spontaneous, 

continuous, synchronous output from the inferior olive prevents the cerebellum from receiving the 

error signals it needs for appropriate motor learning.

Conclusion—The important message from this study is that impaired motor adaptation and 

resultant dysmetria is not the exclusive feature of cerebellar disorders, but it also highlights 

disorders of the inferior olive and its connections to the cerebellum.
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Introduction

Changes in our environment, injury to the central or peripheral motor system, and inherent 

variability of central motor commands can all compromise the accuracy of movements. 

Fortunately our brain has evolved mechanisms for monitoring and adjusting motor 

performance. Relatively short latency internal feedback loops compensate for the inevitable 

variations in central motor commands, while persistent inaccuracies due to central or 

peripheral disruptions are corrected by enduring adaptive changes to the motor plan [1, 2].

One hypothesis regarding how this adaptation is achieved emphasizes the role of a neural 

network consisting of the inferior olive, cerebellar cortex, and the deep cerebellar nuclei. 

Movement errors lead to a change in the phase of synchronous sub-threshold oscillations in 

the membrane potential of inferior olivary neurons [3, 4]. The inferior olive discharge, 

carrying the error signal, is transmitted to the Purkinje neurons via the climbing fibers (CF) 

and also to the deep cerebellar nuclei via CF collaterals. Simultaneously parallel fibers (PF) 

relay an internal copy of the performed movement. The Purkinje neurons compare the 

activity of CF to that of PF. Once an error is detected the change in the activity of Purkinje 

neuron alters ongoing movement by inducing plasticity in their target neurons in the deep 

cerebellar nuclei [5-15].

Motor learning evolves on multiple timescales [16-19]. The fast timescale process rapidly 

learns from errors, but also forgets quickly. Simultaneous slow timescale adapts gradually in 

response to persistent systematic errors, but is relatively resistant to forgetting. Together, 

these two processes enable the motor system to learn robustly when challenged by a 

consistent movement perturbation.

As one would expect, adaptation to inaccurate motor behavior is impaired if there are 

disruptions within the learning circuits. For example, the subjects with structural 

abnormalities in the cerebellar cortex adapt poorly [19-23]. Fast learning process is 

predominantly impaired in cerebellar subjects, but their slow learning timescale is relatively 

unaffected [19, 24]. Such dissociation suggests prominent role of cerebellum to regulate 

trial-to-trial movement corrections, while other brain regions facilitate long-term learning.

We hypothesized that spontaneous, non-error-driven output from the inferior olive will 

interfere with the motor learning by disrupting or masking appropriate errors signals 

destined for the cerebellum. We test this concept in a unique “disease model”, the syndrome 

of oculopalatal tremor (OPT), featuring pathologically synchronized, spontaneous discharge 

from the inferior olive. Such abnormal activity is the delayed consequence of a lesion in the 

brainstem or cerebellar outflow tracts that causes a breach in the Guillain-Mollaret triangle 

(connections from the inferior olive to the deep cerebellar nuclei, and back to the inferior 

olive with fibers running in the central tegmental tract after passing near the red nucleus) 

[25]. We predict that motor learning should be impaired at multiple time-scales such that 

subjects with OPT do not correct errors in motor accuracy, and instead show persistent 

dysmetria.
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Methods

Ten healthy subjects (age range: 25 - 65) and three subjects with OPT (age range: 38 - 62) 

participated in the study. Clinical features are outlined in table 1. The ethics committee at 

The Johns Hopkins University approved the study protocol. The subjects signed written 

informed consent. Eye movements were recorded using a scleral search coils calibrated in a 

magnetic field (Skalar Medical, Delft, The Netherlands; Chronos Vision, Berlin, Germany) 

[26]. Data were acquired at 1000 Hz with an angular resolution of 0.1°. Subjects sat in a 

dark room in a stationary chair. A bite bar was used to prevent head movements. Targets 

were presented using a laser dot, 2 mm in diameter, rear-projected onto a screen 1 m in front 

of the subject.

Experimental protocol

Each experiment was divided in two sessions – gain-increasing adaptation and gain-

decreasing adaptation. Each session, comprised of open-loop and adaptation trials, was 

performed at least one month apart (Figure 1).

Open-loop trials

Sets of open-loop trials assessed changes in saccade gain as an index of the level of 

adaptation (Figure 1A). During an open-loop trial, the target shifted 10° away from the 

current position, either to the right or left. The onset of the saccade triggered the 

disappearance of the target; hence, the eyes landed in darkness. Five hundred milliseconds 

after the end of primary saccade, a new fixation target appeared at the current location of the 

eye. The 500 ms delay provided sufficient separation between trials to minimize any 

additional changes in saccade gain as there was no error feedback immediately after the 

movement [27]. Open-loop trials allowed for an estimate of the initial motor command that 

drove the primary saccade [28].

Adaptation trials

The adaptation paradigm contained six learning blocks each consisting of 60 double-step 

saccade-adaptation trials except in the first block. The first block consisted of 30 trials with 

no double step, to measure saccade gain to fixed targets, followed by 30 adaptation trials. 

The same paradigm was used in all OPT and healthy subjects. In control subjects, there were 

only four blocks for the gain-decreasing adaptation paradigm. These data were still 

representative of typical gain-decreasing saccade adaptation because all control subjects 

reached an asymptote in their learning before the fourth block, and therefore were not 

expected to show any changes with additional training.

Each adaptation trial began with a random fixation time ranging from 1-2 seconds and then 

the target (T1) jumped 10° to an eccentric position. The onset of the primary saccade in 

response to T1 was detected when the eye exited a 3° window centered on the fixation 

target. At this time, T1 was extinguished and another target (T2) appeared a fixed distance 

away from T1 along the horizontal midline (a double-step trial). In the gain-decreasing 

paradigm, the target was shifted backward (towards the initial fixation point) by 25% (2.5°), 

bringing the destination 7.5° away from the location of the initial fixation target (Fig. 1B). In 
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the gain-increasing paradigm, the target was shifted farther by 25% (2.5°), moving the 

destination 12.5° away from the initial fixation target (Fig. 1C). The double-step trials were 

repeated to induce learning.

Each adaptation block was separated by a rest period of about 30 seconds. During the rest 

period, subjects remained in the dark with their eyes closed.

Analysis

Eye positions were analyzed offline with interactive software programmed in MATLAB™ 

(The MathWorks, Natick, MA). The software was designed to select the start and end of the 

primary saccade using a 15°/s velocity threshold. Saccades associated with blinks were 

discarded from the analysis. Corrective saccades were not analyzed. Kinematics (amplitude, 

peak velocity, peak acceleration, and peak deceleration) and timing parameters (latency, 

duration, time-to-peak velocity, time-to-peak acceleration, and time-to-peak deceleration) 

were measured. The gain for each trial was calculated as the size of the primary saccade 

divided by the size of the initial target step. Each block was divided in first 20 trials and last 

20 trials. We compared parameters of first and last 20 trials in each block for measuring 

rapid timescale of adaptation. We compared last 20 trials of the preceding block and first 20 

trials of the following block for comparison of retention. For such comparisons we did 

paired t-test.

Results

Ten healthy subjects (age range: 25 - 65) and three subjects with OPT (age range: 38 - 62) 

participated in the study. As expected all OPT subjects had irregular disconjugate 2Hz 

pendular oscillations of the eyes[29]. Table 1 outlines the clinical summary and MRI 

findings. All subjects had the characteristic radiological sign of inferior olive hypertrophy on 

MRI. In addition one subject had prominent perivascular spaces around the aqueduct but 

these were thought to be a normal variant; one subject had mild encephalomalacia in the 

midbrain tegmentum, and one subject had a suboccipital craniectomy with a small post-

operative lesion to the left of the posterior cerebellar vermis. The lesion was not in regions 

of the cerebellar cortex known to affect eye movements.

Saccade adaptation in healthy subjects

Healthy subjects appropriately modified saccade amplitudes in response to the intra-saccadic 

target steps during saccade adaptation paradigms. Figure 2A,B illustrate the learning 

response of a normal subject in the gain-increasing and gain-decreasing adaptation 

paradigms. The ratio of actual and desired saccade amplitude (saccade gain) increased by 

the end of gain-increasing saccade adaptation when compared to the beginning of the 

paradigm (Figure 2A). Saccade amplitudes became larger (Figure 2C, pre-adaptation 

amplitude 9.1° ± 0.7°; post-adaptation amplitude: 10.0° ± 0.7°, red trace; t-test: p < 0.01). 

Increase in saccade amplitude resulted in a gain change from 0.9 ± 0.07 pre-adaptation to 

1.0 ± 0.07 post-adaptation. This change was achieved by a tendency to increase saccade 

duration without changing peak velocity (Figure 2E, pre-adaptation saccade duration 39.5 

± 1 ms; post-adaptation saccade duration 44.5 ± 5.1 ms).
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Saccade gain decreased after the gain-decreasing paradigm (Figure 2B). Saccade amplitudes 

were significantly reduced (Figure 2D, pre-adaptation amplitude 8.8° ± 0.3°; post-adaptation 

amplitude 7.6° ± 0.3°; t-test, p < 0.01). The gain reduced from 0.9 ± 0.03 pre-adaptation to 

0.7 ± 0.03 post-adaptation. The gain reduction was achieved by decreasing the peak velocity 

(Figure 2F, pre-adaptation velocity 350.4°/s ± 30.7 °/s; post-adaptation velocity 337.5 °/s 

± 33.3 °/s; p < 0.01) and keeping the same duration of the adapted saccades (pre-adaptation 

duration 37.9 ms ± 2.1 ms; post-adaptation duration 37.5 ± 3.3 ms; t-test, p = 0.7). These 

results are consistent with previous observations [30-34].

Impaired motor learning in disorder of inferior olive

We suggest that spontaneous, non-error-driven output from the inferior olive will also 

interfere with saccade adaptation by disrupting or masking appropriate error signals destined 

for the cerebellum. It is also possible that a “sick” inferior olive is not able to generate an 

accurate error-signal to drive adaptation. We examine these proposals in a unique “disease 

model”, the syndrome of oculopalatal tremor (OPT), which features a pathologically 

synchronized, excessive, spontaneous discharge from the inferior olive. Such abnormal 

activity is the delayed consequence of a lesion in the brainstem or the cerebellar outflow 

tracts that cause a breach in the Guillain-Mollaret triangle (fibers from the dentate nuclei 

passing through the red nucleus and then in the central tegmental tract to the contralateral 

inferior olive) [25, 35, 36].

Figure 2G,H illustrate that gain-increasing and gain-decreasing saccade adaptation was 

impaired in a representative OPT subject. Saccade amplitude, gain, peak velocity, and 

duration before the gain-increasing adaptation are 10.1 ± 3.2°, 1.0 ± 0.03, 287.0°/s ± 95.1°/s, 

and 58.0 ± 5.8 ms, respectively (blue traces in Figure 2 I,K). These values did not 

significantly change after the gain-increasing paradigm (11.2° ± 3.7° (t-test, p=0.4), 1.1 

± 0.04, 287.0 °/s ± 95.1 °/s (t-test, p=0.1) and 286.9 ms ± 111.9 ms (t-test, p=0.9) (red traces 

in Figure 2I,K). Saccade amplitude, peak velocity, and duration also are unchanged after the 

gain-decreasing adaptation paradigm (Figure 2 J,L; pre-adaptation: amplitude 11.5 ° ± 1.6°, 

gain 1.2 ± 0.02, velocity 236.5 °/s ± 74.4°/s, duration 126.9 ± 115.7 ms; post-adaptation: 

amplitude 11.5 ° ± 1.6°, velocity 219.6°/s ± 64.3°/s, and duration 136.6 ms ± 112.4 ms; p-

values for t-test while comparing amplitude: 0.1; gain: 0.1; velocity: 0.1; and duration: 0.3). 

These results were consistent across all three OPT subjects. Box and whisker plots in Figure 

3 summarize data from gain-increasing and gain-decreasing adaptation for rightward and 

leftward saccades from all OPT subjects, except subject # 3 for whom only leftward 

saccades were analyzed because his rightward saccades were pathologically slowed. 

Subject#3 elected to participate in only one experiment session, hence only the gain-

increasing paradigm could be performed.

Our results show a lack of motor learning in OPT, which we attribute to abnormal function 

of the inferior olive. However, there are potential confounds. OPT subjects have more 

baseline variability in saccade amplitudes than do healthy subjects (amplitude standard 

deviation OPT = 3.18°; healthy subjects = 0.72°). This could be due to their underlying 

lesion or to the oscillations per se masking small amounts of learning. It is also possible that 

pendular oscillations of the eyes and consequent retinal slip could induce a fluctuating error 
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signal that might also interfere with the ability of the cerebellum to adapt its saccades. 

Against this explanation, two of our OPT subjects had predominantly torsional nystagmus 

with a relatively small horizontal component, which would not interfere with accurate 

detection of horizontal post saccadic errors. Impairment of saccade adaptation in these two 

subjects was comparable to the other. It is also possible that baseline dysmetria masked 

adaptation that had occurred in subjects with OPT. Therefore we first classified saccades in 

each direction as hypermetric or hypometric at their baseline and then looked at the effects 

of the adaptation paradigm. Regardless of the particular adaptation paradigm in which they 

were tested, we still found that saccade adaptation was impaired (Table 2).

Timescales of motor learning in OPT

Motor learning evolves on multiple timescales [16-19, 32, 37]. The fast timescale process 

rapidly learns from errors (green arrows in Figure 2A,B depict fast time scale of learning), 

but also rapidly forgets what it learned during breaks between trials (grey lines), hence, there 

is rapid unlearning [18, 32, 37-39]. At the same time, there is a slower timescale process that 

learns gradually in response to persistent systematic errors, but is relatively resistant to 

forgetting (grey arrow in Figure 2A,B). Together, these two processes enable the motor 

system to respond robustly when challenged by a consistent movement perturbation. 

Hypothetically, conditions that impair motor learning can affect the fast or the slow, or both 

learning processes. Therefore we examined whether the subjects with OPT could exhibit 

motor learning at any timescale even though they did not show any overall adaptation. Fig. 

2G-L indicate the absence of learning on slow timescales in OPT subjects. The results 

suggest two possibilities. OPT subjects have a small amount of fast-timescale learning, but 

still no ultimate change in gain due to lack of retention. Alternate explanation is that OPT 

subjects cannot learn even on a fast timescale.

We distinguished among these possibilities by examining the fast timescale of learning 

within single adaptation blocks and measured the retention of learned responses across set 

breaks. Across each adaptation session there was no systematic change in saccade gain as 

qualitatively depicted for one OPT subject in Fig. 2G,H. This was true for rightward or 

leftward directed saccades during gain-increasing and gain-decreasing paradigms in OPT 

subjects. Saccades within blocks in each direction (rightward or leftward) were then 

classified as hypometric or hypermetric according to the average post-saccadic retinal error 

immediately following the primary saccade. In this manner we account for the target double-

step, which occurs during the primary saccade, but ignore any corrective movements that 

may be made once the post-saccadic error can be observed. For example, during the gain-

increase adaptation paradigm, saccade dysmetria was calculated relative to a 12.5° target 

step, and each block was classified according to the direction of this dysmetria (hypometric 

or hypermetric). We would expect hypometric saccades to exhibit gain increase and 

hypermetric saccades to exhibit gain decrease, regardless of the direction of the intra-

saccadic target step.

We measured the amount of learning that occurred within individual blocks, and compared 

these changes across all blocks for all OPT subjects. For both hypometric and hypermetric 

saccades, small but significant adaptation was observed along with the expected changes in 
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kinematics and timing parameters (Figure 4 and table 2). When patients produced 

hypermetric saccades, a small but statistically significant amount of learning occurred over 

the fast timescale: saccade amplitudes significantly decreased within a single adaptation 

block (paired t-test, p < 0.01), resulting from a decline in peak velocity (paired t-test, p < 

0.01) with no compensatory change in the duration of saccades (paired t-test, p > 0.20). 

However, such learned responses were not retained across set breaks between successive 

blocks, as saccade gain increased following the rest break (Table 2; paired t-test, p<0.001). 

Note, these gain changes might also be the consequence of short-term fatigue [19, 21]. 

However, when saccades were hypometric, they exhibited a consistent gain increase within a 

single block (paired t-test, p < 0.01), resulting from an increase in peak velocity (paired t-

test, p = 0.05) and a significant delay of the time of peak deceleration (paired t-test, p < 

0.01). It appears therefore that fast timescale of learning was only marginally preserved in 

OPT subjects.

Discussion

Motor learning relies on error signals to restore movement accuracy. The inferior olive 

provides error signals to the Purkinje cells via CF. An attractive hypothesis is that a change 

in the activity of Purkinje neurons promotes learning when these error signals are combined 

with the internal copy of the performed movement transmitted via mossy and parallel fibers 

(PF) [5, 6, 12, 13, 15, 40]. Previous studies using saccade adaptation paradigms have shown 

that subjects with structural or functional abnormalities in the cerebellum adapt poorly 

[19-23, 41]. Lesions of the medial-posterior cerebellum impair adaptation of both stimulus-

driven (as in our study here) and self-triggered saccades; whereas selective deficits of self-

triggered saccade adaptation are seen with lesions of the supero-anterior vermis [42]. 

Impaired adaptation of saccade gain and dysmetria is also a feature of structural lesions 

disrupting cerebellar inflow, especially the inferior olive to cerebellar input [43]. 

Experimental studies have suggested that motor learning begins in the cerebellar cortex, and 

that the deep cerebellar nuclei consolidate the learned responses [44]. Degenerative or focal 

lesions of the cerebellar cortex are associated with disinhibition and consequent 

hyperactivity of the deep cerebellar nuclei. Hence impaired adaptation from structural 

lesions in the cerebellar cortex could be due to the combination of the lack of function of 

Purkinje neurons and excessive activity in the deep nuclei.

We demonstrate a novel mechanism for learning impairment in the subjects with OPT where 

the inferior olive sends spontaneous signals to the cerebellar cortex masking the presence of 

meaningful error information. All our OPT subjects had impaired motor learning in fast and 

slow time-scales during both gain-increasing and gain-decreasing saccade adaptation 

paradigms. Such pattern contrasts with impaired learning in cerebellar disease where long 

time scales are preserved [19, 21, 24, 39]. These distinctions in adaptation patterns may be 

due to fundamental differences between the mechanisms that lead to impaired motor 

learning. In subjects with lesions in the cerebellar cortex, presumably adequate error signals 

from the inferior olive are not acted upon to produce learning. In contrast, in subjects with 

OPT the continuous spontaneous discharge interferes with the ability of the inferior olive to 

pass meaningful error signals to the cerebellum. One may also speculate that the “signal-to-

noise ratio” for errors would be so low that the cerebellum could not support long-term 
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motor learning. Instead, when such “noisy” signals were consistently repeated, as in a 

saccade adaptation paradigm, minimal learning could occur but would be rapidly 

extinguished during short breaks between adaptation blocks. This hypothesis is consistent 

with our results that OPT subjects have a remnant of intact learning on fast timescales, but 

no long-term learning after an entire adaptation session. In some instances there is unilateral 

inferior olive hypertrophy. We speculate, in such instances, there is still low signal-to-noise 

ratio for the error signal to evoke motor learning at the cerebellum. We further speculate that 

repetitive “noisy” output form unilaterally impaired inferior olive might still evoke 

cerebellar maladaptation causing coarse eye oscillations in OPT.

We recognize that the dysmetria and variability of saccade amplitudes, inherent to the 

pathology of OPT, could affect the interpretation of saccade adaptation paradigms. Such 

movement deficits could mask or exaggerate the effects of saccade adaptation. For example, 

an OPT subject with hypermetric saccades at baseline might have little gain-increase 

adaptation if their hypermetric primary saccades align with the location of the shifted target. 

Thus, it was important to exaggerate errors in both directions and provide distinct learning 

signals in at least one condition. Furthermore, by examining hypometric or hypermetric 

saccades as classified with respect to the final post-saccadic retinal error (that is, following 

the adaptive target double-step), we could examine whether subjects responded to such 

errors appropriately regardless of how the target was displaced. This approach also allowed 

us to take in to account the effects of the spontaneous oscillations of the eyes on the ability 

to adapt.

It is also possible that pendular oscillations of the eyes and consequent retinal slip could 

induce a fluctuating error signal that might also interfere with the ability of the cerebellum to 

learn. Against this idea, two of our subjects (subject 1, and 2) had a slow and predominantly 

torsional nystagmus with a relatively small horizontal component which would not interfere 

with detection of horizontal post saccadic errors and saccade dysmetria. Nevertheless 

saccade adaptation was still impaired in both of these subjects, and the nature of impairment 

was comparable in all subjects. Our results were also comparable with other studies of motor 

adaptation in subjects with inferior olive lesions in which eye-blink conditioning or arm 

pointing, for example, were used. Classical eye-blink conditioning was impaired in subjects 

with OPT[45-47]. Ours is the first study examining saccade adaptation and time dependent 

patterns of impaired motor learning in a disorder of inferior olive. An important message 

from this study is that impaired motor learning or dysmetria suggests not only cerebellar 

disorders but also disorders of the inferior olive and its connections to the cerebellum.
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Figure 1. 
Summary of the experimental protocol for saccade adaptation. Throughout the experiment 

the subject is seated in a dark room. (A) Open-loop trial: 1) During this trial the target turns 

on 2) as soon as the subject starts moving the eyes towards the target (red arrow) the target 

turns off. Open-loop trials were obtained before and after saccade adaptation paradigms. (B) 

Gain-decreasing saccade adaptation paradigm: 1) The target (T1) turns on, 2) as soon as the 

subject starts to move their eyes towards the target, it turns off. 3) Once the eyes reach the 

estimated location of T1, another target (T2) turns on, but 2.5 degrees closer to the previous 

position of the eyes, introducing an error signal. 4) As a result the subject makes a corrective 

saccade to T2. (C) Gain-increasing saccade adaptation paradigm: This is analogous to the 

gain-decreasing saccade adaptation paradigm. However, during steps 3 and 4, T2 appears 2.5 

degrees farther away from the previous position of the eyes, inducing an error signal to make 

larger saccades.
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Figure 2. 
Example of saccade adaptation in one healthy subject during gain-increasing (A) and gain 

decreasing (B) saccade adaptation paradigm. In panels A,B gain of saccades (actual eye 

movement/desired eye movement) is plotted against the trial number. Yellow trace depicts 

actual value of gain, while red trace is moving average. Green arrows depict saccade 

adaptation over a short timescale; grey arrow depicts adaptation over a longer timescale. 

Grey vertical lines depict break times. Panels G, H depict same phenomenon in the subject 

with ocular palatal tremor. Panels C-F depict eye position and eye velocity in healthy 

subjects. Panels I-L depict eye position and velocity in the subject with ocular palatal tremor. 

The blue lines depict the mean values of parameters before adaptation; the red lines depict 

mean values after adaptation. Lighter shades of blue and red around the lines represent the 

standard deviation. Positive values of position and velocity are for rightward saccades, 

negative values are for leftward saccades.
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Figure 3. 
Summary of saccade adaptation over a slow timescale in the three OPT subjects. 

Comparisons of tested parameters are sorted in individual subplots (A: gain; B: velocity; C: 

acceleration; D: deceleration). Each panel in a given subplot depicts experiment condition as 

labeled. Each box and whisker plot in a given subplot depicts a summary of all saccade trials 

in one subject during one session. The horizontal line in the center of each box and whisker 

plot depicts the median value, the notch-length is the 95% confidence interval, the length of 

the box depicts the interquartile distance, and the distance between the whiskers includes the 

range of the data analyzed. The values of parameter tested on the y-axis were compared 

between the box and whisker plots labeled ‘Pre’ and ‘Post’. The plots labeled ‘Pre’ depict 

corresponding values prior to saccade adaptation, while the plots labeled ‘Post’ depict the 

values after saccade adaptation. Numbers succeeding ‘Pre’ or ‘Post’ represent individual 

subject, i.e. Pre:1 means before saccade adaptation in Subject #1. The overlapping notches 

between the two plots suggest that the difference between the corresponding medians is not 

significant with 95% confidence (p>0.05). Each panel depicts one parameter in four 

conditions - gain-increasing and gain-decreasing adaptation for rightward and leftward 

saccades. Saccade velocity, saccade amplitude (gain), peak-acceleration, peak-deceleration, 

were compared. None of these parameters were affected by saccade adaptation. We could 

only record gain-decreasing saccade adaption paradigm in Subject # 3. Furthermore, subject 

# 3 had slowed rightward saccades; hence only leftwards saccades were analyzed.
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Figure 4. 
Example of the fast timescale of saccade adaptation in one OPT subject. Average amplitude 

(eye position), velocity, and acceleration across 20 saccades (10 in each direction) are 

compared at the beginning and end of a single adaptation block. The blue lines depict mean 

values at the beginning of the block; red lines depict values at the end of the block. Lighter 

shades of blue and red around the lines represent standard deviations. Positive values of 

position and velocity depict rightward saccades (which are also hypermetric in this 

example), while the negative values are for leftward saccades (hypometric).
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