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Abstract

To investigate changes in tremor severity over repeated spiral drawings to assess whether learning deficits can be evaluated
directly in a limb in essential tremor (ET). A motor learning deficit in ET, possibly mediated by cerebellar pathways, has been
established in eye-blink conditioning studies, but not paradigms measuring from an affected, tremulous limb. Computerized
spiral analysis captures multiple characteristics of Archimedean spirals and quantifies performance through calculated indices.
Sequential spiral drawing has recently been suggested to demonstrate improvement across trials among ET subjects. One hundred
and sixty-one ET and 80 age-matched control subjects drew 10 consecutive spirals on a digitizing tablet. Degree of severity
(DoS), a weighted, computational score of spiral execution that takes into account spiral shape and line smoothness, previously
validated against a clinical rating scale, was calculated in both groups. Tremor amplitude (Ampl), an independent index of tremor
size, measured in centimeters, was also calculated. Changes in DoS and Ampl across trials were assessed using linear regression
with slope evaluations. Both groups demonstrated improvement in DoS across trials, but with less improvement in the ET group
compared to controls. Ampl demonstrated a tendency to worsen across trials in ET subjects. ET subjects demonstrated less
improvement than controls when drawing sequential spirals, suggesting a possible motor learning deficit in ET, here captured in
an affected limb. DoS improved independently of Ampl, showing that DoS and Ampl are separable motor physiologic compo-
nents in ET that may be independently mediated.
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Introduction
P4 Seth L. Pullman
sp31@cumc.columbia.edu Essential tremor (ET) is one of the most common movement
disorders in adults [1]. It is characterized by 412 Hz kinetic
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hands, which can be elicited during voluntary movements
such as writing and drawing. Understanding of its underlying
pathophysiology remains incomplete, but current clinical,
pathological, and radiographic evidence increasingly suggest
underlying abnormalities in cerebellar pathways. Clinically,
cerebellar features have been associated with ET including:
intention tremor [2], gait and balance abnormalities [3, 4],
oculomotor dysfunction [5], and eye-hand incoordination
[6]. MR studies also support possible cerebellar degeneration
in ET, based on decreased volume, decreases in cerebellar N-
acetylaspartate, and increased mean diffusivity [7]. fMRI
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studies have been inconsistent, but some suggest decreased
cerebellar activation among ET subjects vs. controls in motor
timing tasks and a correlation in dentate activation with tremor
severity [8]. Pathological examinations have further suggested
an association with cerebellar pathology, including a reduction
in Purkinje cells in some subjects with ET [9-11], reported
among both early- and late-onset ET cohorts [12], as well as
alterations in cerebellar connectivity, particularly altered syn-
aptic distribution of parallel and climbing fiber inputs to
Purkinje cells in ET, correlating with tremor severity [13].

Motor learning may be defined in several ways, including
improvement in accuracy and smoothness of movements after
practice [14]. Cerebellar circuitry is increasingly implicated in
motor learning, particularly in sensorimotor adaptation, in-
cluding vestibulo-ocular reflex adaptation [15] and error-
based learning [16, 17], as well as procedural learning includ-
ing motor sequence learning [18]. Motor learning perfor-
mance in ET is currently incompletely described, but charac-
terization of learning deficits might further elucidate the role
of cerebellar dysfunction in ET. Prior studies have demonstrat-
ed an apparent reduction in motor learning in ET using clas-
sical eye-blink conditioning. This motor learning paradigm
has been favored in ET in part because the eyelids are spared
in the condition, minimizing confounding of assessment of
motor learning by tremor-related impairment in execution of
the measured response. One study found decreased acquisi-
tion of conditioned responses, decreased rate of learning, as
well as decreased retention in eye-blink conditioning across
2 days of training in ET subjects compared with controls [19].
Another study found a 55.6% reduction in eye-blink condi-
tioning in long-duration ET subjects compared with controls
[20]. These authors theorized that the demonstrated motor
learning deficits in ET support the role of underlying cerebel-
lar dysfunction in the disease. Other paradigms for motor
learning, including motor skill learning, have not been studied
in ET until recently [21], partly due to the potentially con-
founding influence of action tremor on motor execution cre-
ating challenges in identifying appropriate measures.

Spiral analysis provides an efficient method for the capture
of kinematic, dynamic, and spatial attributes of sequentially
drawn Archimedean spirals using a digitizing tablet and writ-
ing pen, calculating mathematical indices that quantify upper
limb motor function. The tablet records pen X and Ypositions,
force and time, without wires, or other attachments.
Computerized spiral analysis has been used in assessment of
a broad range of neurological disorders [22] including multi-
ple sclerosis [23], Parkinson’s disease (PD) [24], dyskinesia
[25], Niemann-Pick Disease [26], psychogenic tremor [27], as
well as ET [28]. Spiral analysis has previously demonstrated
characteristic kinematic features in ET, including the presence
of a tremor axis in a majority of ET subjects [29]. Further,
certain spiral features among ET subjects support underlying
cerebellar involvement in the condition. Specifically, loop-to-

loop spiral width variation (spiral width variability index or
SWVI), a marker for ataxia, has been noted to be higher in ET
subjects compared with controls and higher SWVI scores as-
sociated with greater degree of intention tremor [28]. Spiral
degree of severity (DoS) is a computational score of how well
a spiral is drawn, with higher scores representing increased
impairment of spiral execution. DoS is calculated with weight-
ed contributions from indices quantifying spiral drawing
shape and curve smoothness. DoS has been validated among
PD subjects, with total motor Unified Parkinson’s Disease
Rating Scale [30] scores correlating with disease severity
[24], and may hold promise as a biomarker in early PD [31]
but has not yet been examined among ET subjects.

Recently, Schuhmayer and colleagues [21, 32] reported
that, among ET subjects, tremor amplitude decreases with
consecutively drawn spirals, suggestive of improvement.
Those authors tested 40 ET subjects, specifically noting sig-
nificant reduction across trials in tremor velocity at the spec-
tral frequency peak. However, it remains unclear whether the
decrease in amplitude noted was due to a change in inherent,
involuntary aspects of tremor or to other factors under volun-
tary control amenable to motor learning.

To investigate whether motor learning can be effectively
evaluated in a limb-based paradigm in ET subjects, we used
computerized spiral analysis to distinguish tremor compo-
nents. We sought (1) to determine whether repeated spiral
drawing holds promise in capturing motor learning; (2) to
identify distinct kinematic measures of motor learning vs.
tremor amplitude, an innate tremor characteristic in ET; and
(3) to investigate whether motor learning is impaired in ET
subjects. Ultimately, the identification of such distinct kine-
matic measures would allow for the objective assessment of
improvement in motor performance of a clinically affected
limb, independent of tremor amplitude. Further, demonstra-
tion of a motor learning deficit in ET in sequential spiral
drawing would represent the first such evidence outside of a
conditioning paradigm, an initial step in expanding our current
understanding of motor learning deficits in ET. Further char-
acterization of learning deficits might expand understanding
of underlying pathophysiology in the disorder.

Methods
Subjects

ET and control subjects were recruited from an ongoing
clinical-pathological study [9, 33] at Columbia University
Medical Center (CUMC), New York, where ET subjects were
enrolled into the Essential Tremor Centralized Brain
Repository (ETCBR) at CUMC. ET subjects were recruited
throughout the USA through advertisements for the
International ET Foundation, the Tremor Action Network
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website, and the ETCBR website (www.essentialtremor.us).
Diagnosis of ET was verified via review of patient
questionnaires and videotaped neurological examinations
according to published diagnostic criteria (“moderate or
greater amplitude kinetic tremor during three or more
activities or a head tremor, in the absence of Parkinson’s
disease”) [4, 28]. Age, disease duration, current medications,
and cognitive function via Folstein Mini-Mental State
Examination (MSE) [34] were assessed. Age-matched healthy
spousal controls were recruited when the ET subject had a
living spouse not diagnosed with ET, Parkinson’s disease,
dystonia, or other movement disorder. Control subjects were
also recruited from the ongoing Spiral Analysis Normative
Data study (SANDS) at CUMC and enrolled if they had no
history of neurologic disorders, upper limb injuries, vision
problems, use of psychoactive medications, or family history
of tremor. The study was conducted in accordance with the
Institutional Review Board of CUMC. Control subjects were
additionally recruited from the Einstein Aging Study (EAS) at
the Albert Einstein College of Medicine. The EAS is a longi-
tudinal, community-based, volunteer sample of individuals
over the age of 70 years residing in the Bronx, New York.
Participants were recruited using systematic sampling
methods that utilized voter registration lists for Bronx
County. EAS study design and methods are described in more
detail [35]. Controls were included if they were between 75
and 95 years old; had no history of neurologic disorders, upper
limb injuries, vision problems, use of psychoactive medica-
tions, or medications with tremor as a known side effect; and
had no family history of tremor. The study was conducted in

accordance with the Institutional Review Board of Albert
Einstein College of Medicine. Informed consent was obtained
from all individual participants included in the study.

Subject Characteristics

One hundred and sixty-six ET subjects were recruited; five
were excluded due to incomplete data. Given the advanced
age of ET subjects (83.6 £ 5.8 years), the number of available
age-matched spouses and other controls was limited, so 80
age-matched control subjects (82.4 4.7 years, p = 0.82) were
recruited and enrolled equally between the clinical-patholog-
ical, SANDS, and EAS studies (Table 1). Similar proportions
of subjects were left-handed in each group (12.4% ET vs.
7.5% control, p=0.25). Similar proportions were of female
sex (60.9% ET vs. 65.0% control, p =0.53).

ET Group Clinical Characteristics

ET subjects had mean tremor duration of 41.4+22.6 years.
Mean age at onset was 42.1+23.0 years. One hundred and
thirty-two of the 161 ET subjects (82.0%) had onset of symp-
toms at age 65 years or younger. Scores on Folstein MSE
(27.3 £2.2 points) were within normal range. Seventy-one
of'the 161 ET subjects (44.1%) were on treatment with poten-
tially sedating medications, including anticholinergic agents,
benzodiazepines, opiates, primidone, or topiramate at the time
of testing as assessed by intake questionnaires.

Table 1 ET vs. controls: subject
clinical characteristics at baseline

and tremor characteristics (mean
DoS, DoS slope, Ampl, Ampl
slope) across 10 trials

GRO @ Springer

ET (n=161) Control (n =80) p value

Mean age (years) + SD 83.6+£5.8 82.4+4.7 0.82
Female subjects 98 (60.9%) 52 (65.0%) 0.53
Left-handed subjects 20 (12.4%) 6 (7.5%) 0.25
Mean Folstein MSE score + SD 273+22 - -
Mean tremor duration (years) = SD 41.4+22.6 - -
Mean age at onset (years) = SD 42.1+£23.0 - -
Subjects with age at onset (years) at 132 (82.0%) - -

age 65 years or younger
Subjects taking sedating medications 71 (44.1%) 0 (0.0%) -

(anticholinergic agents, benzodiazepines,

opiates, primidone, topiramate)
DoS (mean + SD) 2.90+0.84 1.14+0.33 <0.0005
Subjects with decreased DoS across trials 90 (55.9%) 62 (77.5%) 0.002
DoS change across trials (mean slope + SD) —0.023+0.075 —0.047+£0.087 0.024
Ampl (mean £+ SD) in centimeters 0.083+£0.85 No tremor -
Subjects with decreased Ampl 72 (45.0%) No tremor -

across trials (percent)
Ampl change in centimeters across trials 0.028 £0.15 No tremor -

(mean slope + SD)

Folstein Mini-mental State Exam [26]
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Spiral Drawing Paradigm

Each subject was instructed to draw 20 handwritten
Archimedean spirals consecutively, with 10 from each
hand. A minority of subjects had missing data for some
spirals. Subjects were included if at least eight spirals were
acquired. Spirals were drawn using a wireless inking pen
inside 10 x 10 cm squares on letter size paper over a
graphics tablet (Intuos4, Wacom Technology Corp,
Portland, OR), connected to a computer using proprietary
acquisition and analysis software written in Objective-C
and MATLAB (The Mathworks, Natick, MA). The tablet
had a resolution of 1000 points/cm and an accuracy of
0.025 cm. Spiral data were acquired at approximately
100 Hz as (x, y) points obtained from Cartesian (x-y plane)
coordinate system. Subjects were instructed to sit with
shoulders parallel to the front edge of the tablet, drawn
from the center of paper outward and not to rest their

wrists or arms on the tablet (Fig. 1 (A)). They drew freely,
without constraints, attachments or traceable templates.

Spirals drawn with the dominant hand were included for
analysis. Prior studies have suggested worsened mean tremor
severity [36] and amplitude [37] in the non-dominant com-
pared to dominant hand in a majority of ET subjects. Given
evidence for asymmetries in tremor characteristics between
dominant and non-dominant hands, we included only spirals
drawn with the dominant hand.

Measures

Quantification of the spirals was based on radius-angle trans-
formations of the drawings (Fig. 1 (B)) from which multiple
indices related to spiral execution were calculated. The radius-
angle transformation is the mathematical equivalent of
“unraveling” the spiral such that the original two-
dimensional spiral drawing, represented by (X, ) coordinates,

a b2
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0 5 o 2 4 6 8 10
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—
© & B
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Fig. 1 (A) Example subject drawing on tablet. (B1) Ideal spiral. (B2)
corresponding linear radius-angle transformation. (B3) ET spiral. (B4)
ET radius-angle transformation demonstrating non-linear transformation

and superimposed tremor (dot shown in Cartesian and polar graphs). (C)
Example spirals across DoS range
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is expressed linearly in terms of (r, #) coordinates. For this
study, we investigated two indices clinically relevant in mea-
suring tremor: DoS and Ampl. DoS, a unitless, continuous
measure of spiral execution, previously described [38], repre-
sents a clinically validated [24], weighted computational score
derived from kinematic and spatial data. DoS measures over-
all spiral execution, curve smoothness, and spatial irregularity.
It was designed to correlate with a five-point clinical rating
scale (0 to 4) where 0 to 0.999 was designated normal, 1 to
1.999 mild, 2 to 2.999 moderate, and 3 to 3.999 severely
abnormal (Fig. 1 (C)).

Tremor amplitude (Ampl), in centimeters, was obtained by
averaging the displacements of every deviation (above a noise
level) of the spiral loops from the beginning to end of the
drawing, at the peak axis at which the tremor is most pro-
nounced. Peak axis determination was accomplished by find-
ing the maximal X-axis deviations of the spiral. This was done
by calculating the X value of each (X, Y) spiral point as the X-
axis was rotated in 5° increments over 180°. For each 5° X-
axis rotation, X values for all (X, Y) points of the spiral were
based on the original spiral data at 0°: Xy, ), Where n=
number of points, e.g., 2000 points if the spiral was drawn
over 20 s sampled at 100 Hz. Each subsequent series of X
values was calculated as Xy .y =|Xoq.. .y * cos(¥) — Yo ..
» % sin(@)|, where §=5°, 10°...175° was the angle of X-axis
rotation. This resulted in 36 corresponding X-time series, on
which discrete Fourier transform (DFT) was used to calculate
36 power densities, the highest of which determined the trem-
or axis angle (Fig. 2). Ampl was then calculated as half the
mean of the differences between all deviations (peaks and na-
dirs) of the maximal X-time series (Fig. 3). Ampl thus was a
direct measure of tremor deviations in spiral loops and detect-
able only in ET subjects as the controls did not have tremor.

DoS and Ampl were quantified and compared across the 10
trials. Linear regression was performed with slope evaluations
for each subject. The DoS slope from the first to the tenth
spiral drawing was our primary outcome measure for learning.

Statistical Analysis

Between group subject age and tremor performance charac-
teristics (DoS, DoS slope, amplitude, amplitude slope) were
compared with independent two-sample ¢ tests. Between
group handedness, sex and presence of a negative DoS slope
were compared with chi-square tests. Mann-Whitney U tests
were used to determine group differences in Folstein MSE
scores between those on sedating medications vs. those not
taking sedating medications, as well as group differences in
mean DoS between patients and controls. Linear regression
analyses were performed for both DoS (log DoS) and Ampl
(log amplitude), testing for associations with subject age, dis-
ease duration, treatment with sedating medications, and
Folstein MSE scores. Pearson correlations were also

GRO @ Springer
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Fig. 2 Tremor amplitude detection. a ET spiral with initial 0° X-axis
orientation and schematic of two rotated X-axes (dotted lines). b X-axis
rotated to maximal (55°) tremor Ampl. ¢ DFT showing power densities at
a (initial) and ¢ (maximal) X-axis orientations

performed on DoS and Ampl for subject age, disease duration,
and Folstein MSE scores. Linear mixed models were used to
quantify trial-to-trial change in DoS between consecutive tri-
als. Tremor and clinical characteristics (DoS, DoS slope,
Ampl, Ampl slope, age, age at onset, duration of disease) were
compared between subgroups of ET subjects on and off treat-
ment with sedating medications using independent two-
sample ¢ tests.

Results

Spiral Findings One thousand five hundred and forty-eight
spirals drawn with the dominant hand from 161 ET subjects
and 779 spirals from 80 control subjects were analyzed. Mean
DoS was greater in ET vs. controls (2.90+0.84 vs. 1.14+
0.33, p<0.0005) (Table 1). DoS correlated with duration of
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Fig. 3 (A) X-time plot from
initial X-axis orientation. Note
low tremor detection. (B) DFT-
determined maximal X-time plot
detecting tremors. (C) X-time plot
section illustrating peak-to-nadir
deviations (d; to d,), and Ampl is
calculated as mean of all devia-
tions divided by two

Fig. 4 a Mean DoS across trials
in ET and control groups. DoS
decreased over 10 trials in both
groups but less in the ET group. b
Group mean Ampl in ET subjects,
demonstrating a tendency to
increase over 10 trials
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tremor (r=0.18, p=0.026) and Folstein MSE scores (r=—
0.18, p=0.022), but not with age at disease onset (»=—0.14,
p=0.074). Ampl did not correlate with duration of tremor
(r=—0.045, p=0.57), Folstein MSE scores (r=—10.011,
p=0.90), or age at disease onset (»=0.01, p =0.90).

Change in DoS from the first to tenth trials (Fig. 4a)
demonstrated that DoS decreased across trials in both
groups (i.e., DoS improved across trials), but less in
the ET group than control. Fewer ET subjects than con-
trols showed an overall decrease in DoS scores with se-
quential trials as assessed by mean negative slope of DoS
across trials one through 10 (ET 55.9% vs. controls
77.5%, p=0.002) (Table 1). Overall magnitude of mean
slope of DoS (over 10 trials) in the ET group (—0.023 £
0.075) was significantly lower compared to the control
group (—0.047+0.087) (p=0.024). There was no signif-
icant association between DoS slope and age, duration of
tremor, cognitive scores, or treatment with sedating med-
ications. Of note, linear mixed model analyses demon-
strated that rate of change (trial-to-trial change) was not
uniform across all 10 trials, decreasing across trials in
both groups. Among controls, slope for DoS decreased
by 0.04 per trial (»p <0.0001). Among ET patients, DoS
decreased on average by 0.03 units per trial (p <0.0001).
Among ET subjects, slope for DoS decreased by 0.03 per
trial (p <0.0001).

Ampl was measurable only among ET subjects as no
tremors were detected in controls. Mean ET Ampl was 0.83
+0.85 cm and tended to increase from the first to last trial
(slope =0.028 £0.15) (Fig. 4b). Similar proportions of sub-
jects demonstrated mean negative (45%) and zero or positive
slopes (55%). Linear regression analysis demonstrated that
Ampl was not associated with DoS (p =0.77).

Subgroup analyses investigating the effect of sedating
medications (i.e., anticholinergic agents, benzodiazepines,
opiates, primidone or topiramate) were conducted comparing
DoS, DoS slope, Ampl, and Ampl slopes between ET sub-
groups on and off treatment with sedating medications
(Table 2). Mean DoS was noted to be higher in the group on
treatment with sedating medications (3.11 £0.74) compared
with the group off treatment with sedating medications (2.73
+0.89) (p=0.003). However, DoS slope (p=0.73), Ampl

(p=0.50), Ampl slope (p=0.25), and Folstein MSE scores
(p=0.078) demonstrated no significant differences between
groups on and off treatment with sedating medications.

Discussion

In this study, we demonstrate subtle but significant evidence
of a motor learning deficit in a large cohort of ET subjects
compared to controls through analysis of sequential spiral
drawings using measures independently assessing tremor se-
verity (DoS) and tremor amplitude (Ampl). Similar to a pre-
vious study [21], we found improvement in sequential spiral
drawing in ET subjects, but not due to changes in tremor
amplitude, which tended to increase across trials.
Conversely, DoS improved across training in both groups,
but with significantly less improvement in our ET group com-
pared with controls. This study describes a novel method of
distinguishing performance changes that may be associated
with motor learning from tremor amplitude in ET, broadening
understanding of motor physiology in ET.

‘We found that Ampl did not improve over 10 trials, instead
demonstrating a tendency to increase independently of DoS.
Given the quantitative lack of improvement in Ampl across
training in subjects with intact motor learning, as demonstrat-
ed by improvement in DoS, we propose that our measure
Ampl separately captures a static characteristic of tremor re-
sistant to improvement that may be mediated independently
from tremor severity as measured by DoS. Our findings con-
trast with those of a previous study of sequential spiral draw-
ing in ET subjects, which found a decrease in tremor ampli-
tude across 10 trials [21, 32]. This discrepancy is likely ex-
plained by methodological differences. In the previous study,
tremor amplitude was defined as tremor velocity at the spec-
tral frequency peak rather than an average of all deviations of
the spiral drawing at the maximal tremor axis. By determining
the maximal tremor axis and measuring Ampl directly over
the entire spiral in centimeters, rather than as a tremor velocity
confined to a frequency range, we found that Ampl tended to
increase over sequential spiral drawings in ET. Interestingly,
our potentially more inclusive measure suggests Ampl is re-
sistant to learning and may be mediated by involuntary

Table 2 ET subjects by exposure
to sedating medications
(anticholinergic agents,

benzodiazepines, opiates,
primidone, topiramate): cognitive
scores and tremor characteristics
(mean DoS, DoS slope, Ampl,
Ampl slope) across 10 trials

Sedating medications ~ No sedating medications  p value
n=171) (n=90)
Mean Folstein MSE score + SD 273 +23 272 +20 0.078
DoS (mean + SD) 3.11 £0.74 2.73 +0.89 0.003
DoS change across trials (mean slope + SD) ~ —0.021 + 0.079 —0.025 £ 0.072 0.73
Ampl (mean £ SD) in centimeters 0.78 £ 0.80 0.87 = 0.89 0.50
Ampl change in centimeters across trials 0.014 + 0.84 0.039 = 0.18 0.25

(mean slope + SD)
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mechanisms. We propose that Ampl and DoS may represent
independently mediated components of ET.

Our ET and control groups were well matched in age and
proportion of female and left-handed subjects. Our ET sub-
jects showed no evidence of underlying cognitive impairment
that might confound assessment of motor learning; scores on
Folstein MSE were within normal range. A substantial portion
(44.1%) of our ET subjects was on treatment with potentially
psychoactive medications at the time of testing, including an-
ticholinergic agents, benzodiazepines, opiates, primidone, or
topiramate. These agents could theoretically have had cogni-
tive side effects impacting motor learning, introducing a po-
tential confounder. Subgroup analyses demonstrated signifi-
cantly higher overall DoS in the group on treatment with se-
dating medications suggesting overall inferior performance in
spiral execution in the treated group. Group differences in
overall DoS might indicate a treatment effect on spiral execu-
tion vs. unmeasured baseline differences in functional status
driving the initiation of those agents. However, subgroup anal-
yses demonstrated no significant effect of treatment with se-
dating medications on baseline cognitive performance mea-
sures or on motor learning as measured by DoS slope, sug-
gesting motor learning was not affected. Given that the ma-
jority of these agents are commonly used for symptomatic
treatment of ET or other comorbid conditions in this age
group, we did not exclude these subjects from our study.
Conversely, Ampl was not significantly associated with treat-
ment with sedating medications.

To our knowledge, this is the first study to demonstrate a
possible motor learning deficit in ET in a limb-based motor
paradigm, demonstrated by significantly lower DoS slopes
over 10 trials in the ET compared to control groups. This
apparent learning deficit is not only consistent with findings
from eye-blink conditioning studies [19, 20], supporting an
underlying motor learning deficit in ET, but also suggestive
of learning dysfunction beyond classical conditioning.
Correlation of these findings with cerebellar dysfunction will
require further investigation. Synapses between climbing and
parallel fibers and Purkinje cells have previously been impli-
cated as sites of long-term depression and potentiation, possi-
ble anatomical correlates of cerebellar motor learning in
vestibulo-ocular reflex adaptation, and eye-blink conditioning
paradigms [39]. ET has been associated with alterations in
distribution and density of climbing and parallel fiber inputs
[13, 40]. Whether this circuitry is involved in the motor leamn-
ing deficit demonstrated in the present study remains un-
known. Future correlation with validated biomarkers of cere-
bellar dysfunction or ultimately neuropathologic characteriza-
tion would elucidate underlying pathophysiology.

Strengths of the Study We evaluated repeated spiral drawings
directly from tremulous limbs in a large cohort of ET subjects
and age-matched controls, performing analyses on 2327

spirals. Our paradigm allows subjects to draw spirals
freely without constraints such as a template, resulting
in the execution of a clinically relevant movement with-
out compensatory mechanisms such as bracing an arm or
wrist. Our data suggest that DoS, a validated measure of
motor performance, provides a novel and effective mea-
sure for assessment of motor learning in ET subjects and
healthy controls. Ampl is a direct measure of the size, in
centimeters, of all tremor deviations in a drawn spiral,
and is not derived from spectral power constrained with-
in a frequency range, providing an independent measure
of tremor size.

Limitations of the Study Given that mean DoS was lower
overall among the control vs. ET group, we cannot rule
out the possibility that the ET subjects might have a con-
tribution of dysfunctional execution in addition to im-
paired motor learning. In both ET and control groups, rate
of trial to trial improvement in DoS was not uniform,
tending to decrease across trials. The successive decrease
in slopes suggests more robust improvement in early vs.
later trials in both groups. This trend is reassuring for, but
does not preclude, a possible equalization in learning be-
tween groups with additional trials (i.e., more than 10
trials). Similarly, a differential effect of fatigue between
the two groups cannot be excluded. To validate this meth-
od of detecting possible motor learning in ET, future stud-
ies will need an independent measure of motor learning, if
possible, also involving a limb.

Although Folstein MSE scores for our ET group were with-
in normal range, scores for our control group were not avail-
able, limiting our ability to rule out a small difference in base-
line cognitive function (i.e., superior baseline cognitive func-
tion in the control group) between the two groups which could
be a contributor to differences in rates of improvement.

Conclusions

To our knowledge, ours is the first study to capture a possible
motor learning deficit in ET beyond classical eye-blink con-
ditioning. Further, we demonstrate that ET subjects improve
motor execution in sequential spiral drawing, without im-
provement of tremor amplitude, indicating amplitude may be
resistant to learning effects. These findings advance under-
standing of motor physiology in ET and may be applicable
in clinical studies, allowing for assessment of motor learning
in ET directly in tremulous limbs with separable measures of
motor learning and tremor amplitude. Further studies are
needed to validate our findings, investigate underlying patho-
physiologic mechanisms, and evaluate effects of treatment on
motor learning in ET subjects.
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