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Abstract

Objective—Although Essential Tremor is one of the most common movement disorders, we do
not currently know which muscles are most responsible for tremor. Determining this requires
multiple steps, one of which is characterizing the distribution of tremor among the degrees of
freedom (DOF) of the upper limb.

Methods—Upper-limb motion was recorded while 22 subjects with ET performed postural and
kinetic tasks involving a variety of limb configurations. We calculated the mean distribution of
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tremor among the seven DOF from the shoulder to the wrist, as well as the effect of limb
configuration, repetition, and subject characteristics (sex, tremor onset, duration, and severity) on
the distribution.

Results—On average, kinetic tremor was greatest in forearm pronation-supination and wrist
flexion-extension, intermediate in shoulder internal-external rotation and wrist radial-ulnar
deviation and then shoulder flexion-extension and elbow flexion-extension, and least in shoulder
abduction-adduction. The average distribution of postural tremor was similar except for forearm
pronation-supination, which played a smaller role than in kinetic tremor. Limb configuration and
subject characteristics did significantly affect tremor, but practically only in forearm pronation-
supination and wrist flexion-extension. There were no significant differences between repetitions,
indicating that the distribution was consistent over the duration of the experiment.

Conclusions—This paper presents a thorough characterization of tremor distribution from the
shoulder to the wrist.

Significance—Understanding which DOF exhibit the most tremor may lead to more targeted
peripheral tremor suppression.

Keywords

Essential tremor; tremor distribution; upper limb; motion capture; inverse kinematics; power
spectral density; degrees of freedom

1 Introduction

Essential Tremor (ET) is one of the most common movement disorders, affecting
approximately 7 million people in the US (Louis and Ottman, 2014). Although treatments
are available, many patients are left without satisfactory treatment options. The most
efficacious medications, propranolol and primidone, are only effective in 50% of patients
and, on average, only provide a 50% reduction in tremor (Elble and Deuschl, 2009).
Botulinum toxin type A injections also provide some tremor reduction but are accompanied
by dose-dependent hand weakness (Zesiewicz et al., 2013) unless guided by sensor-based
measurements of tremor (Samotus et al., 2018, Samotus et al., 2017, Samotus et al., 2016).
Surgical methods, such as deep brain stimulation and focused ultrasound, produce a greater
reduction in tremor but are highly invasive; consequently, only about 1 in 30 ET patients
undergoes DBS surgery (Kestenbaum et al., 2015). In a recent survey designed to discover
gaps in their current care, ET patients listed “a treatment approach other than just
medications and surgery” as one of the top items (Louis et al., 2015).

Peripheral tremor suppression, for example through low-pass filtering orthoses (Belda-Lois
et al., 2007a, Belda-Lois et al., 2007b, Case et al., 2013, 2014, 2015, Fromme et al., 2019,
Hashemi et al., 2004, Kotovsky and Rosen, 1998, Loureiro et al., 2005) or through electrical
(Dosen et al., 2015, Freeman et al., 2015, Maneski et al., 2011, Prochazka et al., 1992) or
vibratory stimulation (Feys et al., 2006, King et al., 2009) offers a potential alternative to
medication and surgery, but we do not currently know where to intervene (which muscles or
joints) to best suppress tremor. To optimally suppress tremor at the hand, we must
understand which muscles contribute most to tremor.

Clin Neurophysiol. Author manuscript; available in PMC 2021 November 01.
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Determining which muscles are most responsible for a patient’s tremor is a challenging
problem that has, to the best of our knowledge, never been achieved in any type of tremor
(pathological or physiological). The main difficulty arises from the fact that tremor
propagates along the upper limb, so tremor at a joint may be caused by muscles throughout
the upper limb, not just muscles acting on that joint. To understand, it is helpful to view
tremor propagation as a multi-input multi-output system in which tremorogenic activity in
the muscles of the upper limb are the inputs, tremulous displacements in the various degrees
of freedom of the upper limb are the outputs, and the upper limb is the system that filters and
mixes the inputs on their way to becoming outputs (Corie and Charles, 2019). Because the
upper limb filters and mixes the inputs, it is not possible to determine which muscles
contribute most to a patient’s tremor from measurements of the inputs or outputs alone, or
even from a simple comparison of inputs and outputs. Instead, one must use a system-
dynamics approach to establish the relationships between the inputs and outputs. Such an
approach requires multiple steps, the first of which involve thoroughly characterizing the
inputs and outputs. The purpose of this paper is to characterize the outputs (tremor).

A thorough characterization of tremor in the upper limb includes the distribution of tremor
among the degrees of freedom (DOF) of the upper limb, i.e. determining which DOF has the
most tremor, second-most tremor, and so on. Furthermore, if this information is to be useful
in the future to develop tremor-suppressing devices for a variety of patients and conditions,
we need to understand how this distribution varies across patients and time, and whether the
distribution depends on conditions (such as task and limb configuration) or subject
characteristics (e.g. sex; tremor severity, onset, and duration). Such a characterization does
not currently exist, whether in a prior study or combination of prior studies. That said, a few
studies have investigated tremor distribution in a subset of DOF, and some of these studies
have determined the variability or effect of a limited subset of conditions or subject
characteristics. Rocon and Pons measured tremor in 21 patients with ET while they
performed a variety of tasks (Rocon and Pons, 2011). However, they measured tremor in
only four DOF (in the elbow, forearm, and wrist), and only a high-level summary of their
results is available, with virtually no detail regarding the mean or variability of tremor
distribution. According to the high-level summary, they found in this subset of DOF that
tremor amplitude increased proximal-distally, and that tremor frequency was similar
between these DOF and independent of task. To guide injection of Botulinum toxin type A,
Jog and colleagues used flexible goniometers to measure tremor in 6 DOF while 24 patients
with ET performed postural tasks (Samotus et al., 2017, Samotus et al., 2016). However,
since the goal of their study was to demonstrate how to target tremor-generating muscles at
individual joints and in individual patients, they did not compare tremor across joints or
patients, so their results did not compare tremor magnitude across more than 3 DOF or
include the variability across patients or the effect of subject characteristics. We recently
presented a method to characterize tremor in the 7 DOF from the shoulder to the wrist
(Geiger et al., 2018) but only included preliminary results from a relatively small number of
patients (all with mild ET), and without characterizing the variability across patients or the
effect of task or subject characteristics. In summary, although subsets of DOF and settings
have been studied, the distribution of tremor throughout the upper limb is unknown, as is the
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variability in this distribution across patients and time, and the effect of conditions and
subject characteristics.

To address this gap, we measured tremor in all 7 main DOF from the shoulder to the wrist in
23 patients from a broad spectrum of ET severity during both postural and kinetic tasks in a
variety of limb configurations. From these measurements we determined the mean
distribution of postural and kinetic tremor from the shoulder to the wrist, as well as the effect
of limb configuration, repetition, and subject characteristics. This characterization represents
a necessary step toward unraveling the relationship between tremorogenic muscle activity
and tremor and, eventually, determining which muscles are most responsible for a patient’s
tremor.

2 Methods
2.1 Subjects

Twenty-five subjects with ET completed the study at the NIH Clinical Center in Bethesda,
MD. Two subjects were later excluded because of technical difficulties during data
collection, and one subject was excluded because she exhibited far more tremor than the rest
of the subjects (almost 4 standard deviations above the mean), so results represent data from
22 subjects (Table 1). Prior to beginning the study each subject provided informed consent in
accordance with NIH’s Institutional Review Board. Within one year prior to the experiment,
each subject underwent a neurological exam performed by neurologists specializing in
movement disorders. The neurologists assessed the subject’s tremor and determined if it was
consistent with ET or other tremor disorders. Subjects were excluded from our study if their
history included stroke, head trauma, seizures, movement disorders other than ET, psychotic
disorders, cardiac pacemaker implantation, or DBS. In particular, if the subject’s tremor was
found to include elements from other tremor disorders (e.g., Parkinson’s Disease or
dystonia), the subject was excluded from the experiment. Before the experiment, each
subject was evaluated using The Essential Tremor Rating Assessment Scale (TETRAS)
(Elble et al., 2008, Elble et al., 2012a, 2012b), which was performed by one of two people: a
neurologist (DH) specializing in tremor or a research assistant (ACP) trained by DH in
administering the TETRAS. The TETRAS was only used to recruit a broad distribution of
tremor severities.

2.2 Experimental Set-up

We followed some of the methodology presented in (Geiger et al., 2018) but also made
several important improvements, so we present our methods in detail here. To measure
tremor in the 7 main DOF of the upper limb (Figure 1A), we placed electromagnetic motion
capture sensors (trakSTAR 3DGuidance by Ascension Technologies, Shelburne, VT) on the
trunk and right arm of subjects in the following locations: sternum, inferior to the
suprasternal notch; dorsal aspect of the distal upper arm, proximal to the elbow; dorsal
aspect of the distal forearm, a few centimeters proximal to the wrist joint center; dorsum of
the hand, bridging the third and fourth metacarpals (Figure 1B—C). Additional sensors, used
only during calibration (see below), were placed on the acromion (straddling the acromial
angle) and the end of a stylus. Each sensor is capable of measuring motion in 6 DOF with a
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static accuracy of 1.4 mm in translation and 0.5° in rotation. Data were collected at 360
samples/s. Subjects were also instrumented with wireless surface electromyography (EMG)
sensors (Trigno IM by Delsys, Natick, MA) over 15 muscles of the upper limb (data not
included in this paper). Since the motion capture system is susceptible to interference from
ferromagnetic materials and electromagnetic noise, before data collection we minimized
ferromagnetic materials in the immediate environment and tested the quality of the
measurements, which was found to be satisfactory. Furthermore, our data processing
methods (see below), which focused on the difference in orientation between neighboring
sensors and included double differentiation, further mitigated the effects of interference.

To calibrate the motion capture setup, we used the landmark calibration method
recommended by the International Society of Biomechanics (Wu et al., 2005), with a slight
modification to the landmarks on the hand to enable in-vivo use, which is described in detail
in (Clark et al., 2020). Briefly, the stylus was used to record the location of specific
landmarks on the trunk and upper limb relative to the motion capture sensors. To locate the
center of rotation of the glenohumeral joint, we found the instantaneous center of rotation
from subjects’ movements in shoulder flexion, extension, and abduction recorded with the
sensors on the upper arm and scapula.

During the experiment, subjects were seated comfortably in front of a table. On top of the
table were 7 targets distributed throughout the workspace of the subject (Figure 1B-C). We
measured tremor as subjects pointed at a target or moved between targets (see below).
Targets were comprised of a thin piece of foam mounted on a dowel, as foam would bend
easily and interfere minimally with subject’s tremor if the subject touched the target. The
seven targets represented posture and movement locations common to activities of daily
living. The location of these targets was adjusted for individual subjects as follows. Five
targets were arranged roughly in the horizontal plane (targets 1-5 in Figure 1B-C). The
closest target (target 5) was placed roughly 4 cm from the subject in the sagittal plane,
approximately at the level of the xyphoid process. The target farthest from the subject (target
1) was also in the sagittal plane, placed so the subject could touch it with the tip of his/her
index finger when the elbow was extended at 30 degrees. The three middle targets (targets
2-4) were placed halfway between the farthest and nearest target, with the left and right
targets (targets 2 and 4) placed at 45° from the line connecting the closest and farthest
targets. Two additional targets (targets 6 and 7) were placed directly above the closest target
(target 5) at the level of the top of the subject’s head and the bottom of the subject’s chin,
respectively (Figure 1B-C).

2.3 Experimental Protocol

The experiment included postural and kinetic trials to allow us to measure both postural and
kinetic tremor. During postural trials, subjects were instructed to point at a given target with
their index finger, getting close to the target without touching it, and to hold that position for
30 seconds. We asked subjects to avoid touching the targets to minimize sensory feedback,
which might potentially affect the tremor. Subjects repeated this task for each of the seven
targets, in pseudo-random order. During kinetic trials, subjects moved back and forth
between target 5 and a given target for 30 seconds. We instructed subjects to touch the
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targets and to move at a speed that could be maintained comfortably for the duration of the
test. Subjects repeated this task for each of the 6 targets (not counting target 5), also in
pseudo-random order. Whether a given subject first performed the postural or kinetic trials
was also randomized. At the end of each 30 second trial, subjects were asked to place their
hand in a predefined area (Figure 1B—C) for 5 to 10 seconds; this allowed some rest and
provided a marker for the beginning and end of each trial. After completing the postural and
kinetic trials, subjects repeated the whole process two more times, resulting in 21 postural
and 18 kinetic trials per subject. The total time to complete all trials was approximately 30—
45 minutes.

2.4 Data Processing

We converted the motion capture sensor data into joint angles in the following DOF (positive
direction listed first): shoulder flexion-extension (SFE), shoulder adduction-abduction
(SAA), shoulder internal-external humeral rotation (SIER), elbow flexion-extension (EFE),
forearm pronation-supination (FPS), wrist flexion-extension (WFE), and wrist ulnar-radial
deviation (WRUD) (Figure 1A). The shoulder was defined as the thoracohumeral joint, and
the carrying angle of the elbow and axial rotation angle of the wrist (about the long axis of
the third metacarpal) were assumed to be zero. This process of converting motion capture
sensor data into joint angles is referred to as inverse kinematics calculations and is explained
in detail in (Clark et al., 2020). In performing our inverse-kinematics calculations, we
adhered to the ISB recommendations (Wu et al., 2005) in defining all DOF except the three
DOF in the shoulder. To explain, the ISB convention recommends for the shoulder a Y-X-Y
sequence, which places anatomical shoulder position (zero flexion-extension, abduction-
adduction, and humeral internal-external rotation) in gimbal lock, where joint angles are ill-
defined. Since many of the postures and movements were close to anatomical shoulder
position, we defined the shoulder DOF using a Z-X-Y rotation sequence, which moves
gimbal lock far from anatomical shoulder position (in 90° of shoulder abduction). As
mentioned above, our definition parses shoulder movement into shoulder flexion-extension,
abduction-adduction, and internal-external humeral rotation.

After converting the motion sensor data to joint angles, we calculated angular acceleration in
each DOF using numerical differentiation. Prior to each differentiation, the data were filtered
using a 10' order Butterworth filter with cut-off frequency at 20 Hz. The power spectral
density (PSD) of the acceleration data was estimated using Welch’s method, implemented
via Matlab’s pwelch function, with 50% overlap between windows. To achieve a robust
estimate of the PSD, we varied the number of windows between 8 and 38 to determine the
optimal number of windows. We found that increasing the number of windows beyond 18
produced only slight improvements in noise reduction, so we used 18 windows instead of the
default of 8 windows in Matlab’s pwelch function.

The amount of tremor in each DOF was defined as the power in the angular acceleration of
that DOF contained in the tremor band (4-12 Hz), calculated by numerical integration of the
PSD from 4 to 12 Hz. Characterizing the amount of tremor in terms of the power in the
tremor band is more robust than relying on the amplitude of peaks in the tremor band; power
takes advantage of all the data points in the tremor band, and the process of integrating the
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area under the PSD curve low-pass filters noise in the PSD curve. In contrast, peak
amplitude relies on a single data point, and detecting peaks is heavily affected by noise and
requires a peak detection algorithm with somewhat arbitrary parameters. As power in
voluntary movements and postural instability is located below 4 Hz, these activities did not
contribute to the power measure. Importantly, because the DOF were defined according to
ISB recommendations (Wu et al., 2005) in terms of angular motion of distal limb segments
relative to proximal segments, this power measure represents the amount of tremor in distal
segments relative to proximal segments (similar to how an electrogoniometer would measure
tremor at a joint). Thus, according to our definition of the amount of tremor in each DOF,
distal DOF do not inherit tremor from proximal DOF the way distal segments inherent
absolute motion from proximal segments. We chose this definition deliberately as it treats
joints independently and is relevant to tremor suppression efforts that act on muscles and
joints.

To investigate if different DOF exhibited the same tremor frequency, we also determined the
frequency and amplitude of the greatest statistically significant peak in the tremor band.
Statistically significant peaks were detected using a sliding-window constant-false-alarm-
rate detection algorithm (McDonough and Whalen, 1995), with a 1.0 Hz window and 1.5 Hz
sidebands. This method performed a statistical comparison between the point at the middle
of the sliding window and the means of the sidebands. If the point at the middle of the
window was a local maximum (i.e. greater than its two neighbors) and significantly greater
than the sidebands (a =0.05), it was classified as a peak. After identifying all peaks in the
tremor band, we selected the largest peak.

2.5 Data Analysis

2.5.1 Distribution of tremor amount—The primary purpose of the analysis was to
determine how the amount of tremor was distributed among the DOF of the upper limb, and
how this distribution changed with tasks, targets, repetitions, and subject characteristics.

2.5.1.1 Effect of task, target, and repetition: In analyzing the data, we found that
subjects exhibited far more kinetic tremor than postural tremor (see Results); when
analyzing the distribution of postural and kinetic tremor together, results were dominated by
kinetic tremor. Therefore, we analyzed the distribution of postural and Kinetic tremor
separately. The processes for analyzing postural and Kinetic tremor were the same, so we
describe here only the process for postural tremor. There was a very wide range in tremor
power between subjects. Since we were interested in the distribution of postural tremor
independent of tremor severity, we normalized each subject’s postural tremor by his/her
mean postural tremor. The resulting postural tremor values were unitless and represented a
subject’s postural tremor in a specific DOF, target, and repetition, compared to that subject’s
average postural tremor. To identify statistically significant effects of target and repetition on
the distribution of postural tremor between DOF, we ran an ANOVA of normalized postural
tremor with the following factors: DOF (1-7), target (1-7 except 5), repetition (1-3),
DOF*target, and DOF*repetition. Post-hoc analysis was performed using Tukey’s honest
significance test using a significance level of 0.05. This process was repeated for kinetic
tremor.
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2.5.1.2 Effect of subject characteristics: We also determined the effect of subject

characteristics on tremor distribution. Subject characteristics included sex (M vs. F), age of
onset (early, middle, late), duration of disorder (short, medium, long), and tremor severity
(mild, moderate, severe), and were defined as follows. For sex, subjects were divided into 13
males and 9 females. For age of onset, we determined three groups: early onset (<20 years,
10 subjects), middle onset (>20 and <60 years, 9 subjects), and late onset (>60 years, 3
subjects). Disease duration was determined by subtracting the subject’s estimated age of
onset from their current age and was grouped similarly into: short duration (<20 years, 5
subjects), medium duration (>20 and <40 years, 8 subjects), and long duration (>40 years, 9
subjects). Tremor severity was determined by averaging a subject’s power over all DOF and
trials (including both postural and kinetic trials) and dividing subjects into groups according
to this average power: mild tremor (power < 4x10% deg?/sec?, 8 subjects), moderate tremor
(4x10% = power <10° deg?/sec?, 7 subjects), and severe tremor (power = 10° deg?/sec?, 7
subjects).

To identify statistically significant effects of these subject characteristics on the distribution
of postural tremor between DOF, we performed an ANOVA of normalized postural tremor
with the following factors: DOF, sex, age of onset, duration of disorder, and tremor severity.
The model included main effects and two-factor interactions with DOF. Post-hoc analysis
was performed using Tukey’s honest significance test using a significance level of 0.05. This
process was repeated for kinetic tremor.

2.5.2 Distribution of tremor frequency—A secondary purpose of the analysis was to
investigate peak frequency. First, we determined if different DOF exhibited the same tremor
frequency. To characterize the dominant frequencies in each DOF, we determined the
frequency of the greatest statistically significant peak in each trial for each DOF. To test for
differences between DOF, we performed an ANOVA of peak frequency with fixed factors
DOF (1-7) and task (postural vs. kinetic) and random factor subject, but we only included
the 8 subjects with severe tremor because they exhibited the most consistent peaks
(explained in more detail in Results). Second, we used this same ANOVA to test for
differences in peak frequency between postural and Kinetic tasks.

3 Results

As described above, raw sensor data were transformed into joint angles, filtered joint
accelerations, and finally PSD estimates (Figure 2). Subjects exhibited a wide range of
tremor amplitudes; the subject with the most tremor had 33 times more tremor power than
the subject with the least tremor (see Table 1). Individual subjects exhibited far more kinetic
tremor than postural tremor. On average, Kinetic tremor power was 76 times greater than
postural tremor power (range 3—271). The difference between kinetic and postural tremor
was especially large for the three distal-most DOF; for FPS, WFE, and WRUD, kinetic
tremor power was 122 times greater than postural tremor power (compared to 41 times for
the four proximal DOF). Note that the dominance of kinetic tremor is not due to the large,
voluntary back-and-forth movements in the Kinetic tasks; the power of the voluntary
movements consisted of frequencies below 1 Hz and was therefore not included in the
calculation of tremor power, which included frequencies between 4 and 12 Hz.
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3.1 Distribution of tremor amount

We found substantial variability in tremor distribution between subjects, especially for
postural tremor (Figure 3A-B). Nevertheless, the ANOVA revealed significant differences in
tremor between DOF (Table 2 and Table 3). Regarding postural tremor, WFE had
significantly more power than all other DOF; SIER, FPS, WRUD had more power than EFE
and SAA; and SFE had more power than SAA (Figure 3C). Regarding Kinetic tremor, FPS
and WFE exhibited more power than WRUD and SIER; WRUD and SIER showed more
power than EFE and SFE; and EFE and SFE had more power than SAA (Figure 3D).
Overall, the distribution of tremor was similar for postural and kinetic tremor except that
tremor in FPS played a larger role in kinetic tremor compared to postural tremor (compare
Figure 3C and Figure 3D).

3.1.1 Effect of target and repetition—Target had a significant effect on the
distribution of both postural and Kinetic tremor (Table 2 and Table 3). We were only
interested in differences in tremor in a given DOF at different targets (as opposed to between
different DOF and targets); among these differences, the only significant differences
occurred in FPS and WFE. Regarding postural tremor (Figure 4A): FPS had more tremor at
target 6 than at targets 2-5; and WFE had more tremor at target 1 than at targets 2 and 5-7,
more tremor at target 4 than targets 2 and 5, and more tremor at target 3 than target 2.
Regarding Kkinetic tremor (Figure 4B): FPS had more tremor at target 6 than at target 1, and
more tremor at target 1 than at all other targets; and WFE had more tremor at target 1 than at
targets 2, 3, and 7, and more tremor at target 4 and 6 than at target 7.

In contrast, repetition did not have a significant effect on tremor distribution (Table 2 and
Table 3), indicating that the distribution of tremor did not change significantly between
repetitions under identical conditions (task and target), which were spaced 10-15 minutes
apart (i.e. 20-30 minutes between first and last).

3.1.2 Effect of subject characteristics—Effects of subject characteristics on tremor
distribution were almost entirely limited to FPS and WFE. None of the main effects of
subject characteristics were significant (Table 4 and Table 5), but this simply reflects the fact
that we normalized the tremor power within each subject. The important results lie in the
interactions with DOF, which were all significant; however, only few of these effects
represented differences /n the same DOF. Of the 25 significant differences between subject
characteristics in the same DOF (indicated in Figure 4C-J), all but three occurred in FPS and
WEFE. Some of these differences were shared across postural and Kinetic tremor: persons
with early-onset tremor had more postural and kinetic tremor in FPS than persons with late-
onset tremor (Figure 4E—F), and persons with short-duration tremor had more postural and
kinetic tremor in FPS than persons with medium- or long-duration tremor (Figure 4G-H);
also, persons with medium-duration tremor had more postural and kinetic tremor in WFE
than persons with short-duration tremor (Figure 4G-H), and persons with severe or
moderate tremor had more postural and kinetic tremor in WFE than persons with mild
tremor (Figure 41-J).
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3.2 Distribution of tremor frequency

A secondary purpose of the analysis was to ascertain if different DOF tremored at the same
frequency. Unfortunately, only 81% of trials (range among subjects: 70-90%) exhibited a
statistically significant peak (see Methods), and some of these peaks were deemed spurious.
To clarify, subjects with severe tremor generally exhibited a baseline of peak frequencies
that were mostly consistent from one trial to the next (Figure 5C). Occasionally, trials
exhibited different peak frequencies in one or multiple DOF, but on subsequent trials the
peak frequency typically returned to the baseline. The departures from the baseline appeared
random and, importantly, the peak frequencies that differed significantly from the baseline
typically belonged to peaks that were smaller in amplitude (Figure 5F,1). Considering it
unlikely that tremor frequency would shift by multiple Hz from one trial to the next, we
assumed that the peaks that differed significantly from the baseline were caused by noise,
which was amplified due to the double differentiation from position to acceleration. As the
amplitude of peaks decreased, the proportion of spurious peaks increased; therefore, subjects
with mild or moderate tremor exhibited more spurious peaks than subjects with severe
tremor (Figure 5, left and middle columns), and postural tasks exhibited more spurious
peaks than kinetic tasks, especially for subjects with mild or moderate tremor (e.g. Figure
5A). Therefore, in our analysis of peak frequency, we relied more heavily on the 8 subjects
with severe tremor.

Our analysis did not reveal any convincing evidence in favor of a difference in peak
frequency between DOF. An ANOVA of peak frequency in severe subjects found that SFE
and SAA had significantly higher peak frequency; however, given that 1) these two DOF had
low amounts of tremor (Figure 3C-D), 2) the proportion of spurious peaks increased as
tremor decreased, and 3) the frequency of most spurious peaks were above the baseline
frequency, the increased mean peak frequency in SFE and SAA likely reflects the higher
proportion of spurious peaks in these DOF.

We also investigated differences in peak frequency between postural and kinetic tasks.
Approximately one fourth of all subjects exhibited a visually distinguishable decrease in
peak frequency as trials transitioned from kinetic to postural tasks, similar to (Schuhmayer
et al., 2017). The most striking example is shown in Figure 5B. However, most of these
subjects had mild or moderate tremor; the other three fourths of the subjects, including all
but one of the subjects with severe tremor (who exhibited the clearest, most consistent
peaks) did not show a visibly discernable change in peak frequency between postural and
kinetic tasks (e.g., see Figure 5C). In harmony with this observation, the ANOVA of peak
frequency in subjects with severe tremor did not find any significant difference in peak
frequency between postural and kinetic tasks (F(1)=0.17, p=0.69).

4 Discussion

Because the DOF of the musculoskeletal system are mechanically coupled, tremor spreads
from a given muscle proximally and distally throughout the upper limb. Therefore,
understanding tremor and how best to intervene requires, among others, studies involving
multiple DOF. Here we have taken a step in this direction by characterizing how ET is
distributed among the DOF of the upper limb.
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4.1 Distribution of tremor amount

On average, we found the distribution of the amount of postural tremor (WFE > SIER, FPS,
WRUD > EFE, SAA and SFE > SAA) and kinetic tremor (FPS, WFE > WRUD, SIER >
EFE, SFE > SAA) to be similar except that tremor in FPS played a larger role in kinetic
tremor than in postural tremor (Figure 3C-D). The distribution of postural tremor, which we
measured in 23 patients covering a broad spectrum of ET severity (Table 1), is similar to our
prior, preliminary investigation of postural tremor distribution in 10 patients with mild ET, in
which we defined tremor amount in terms of angular displacement instead of acceleration
(Geiger et al., 2018). In that study, WFE showed by far the most tremor, then four DOF
(FPS, SIER, WRUD, and SFE) exhibited similar amounts of tremor, and EFE and SAA had
the lowest tremor.1 We also compared the distribution of tremor observed by Rocon and
Pons (Rocon and Pons, 2011) in the four distal DOF (EFE, FPS, WFE, and WRUD) during
both postural and kinetic tasks to the distribution we found among those four DOF. Only a
high-level summary of their results is available, but Rocon and Pons summarized the
distribution among these four DOF as a distal-to-proximal decrease in tremor. Our results do
not support a proximal-to-distal increase since tremor in WRUD was either similar to FPS
(postural tasks) or smaller than FPS (kinetic tasks), and since kinetic tremor in FPS and
WFE were similar (Figure 3C-D). Jog et al found postural tremor to be greater in WFE than
in FPS and WRUD (Rahimi et al., 2015), which agrees with our findings. Jog and colleagues
also measured tremor in the shoulder and elbow (Samotus et al., 2017, Samotus et al., 2016)
but did not include shoulder internal-external rotation or compare across joints, so it was not
possible to extract distribution across those DOF from their publications.

Despite substantial variability in tremor distribution between subjects (Figure 3A-B), there
were some similarities across subjects, as confirmed by the ANOVA (Figure 3C-D). We
explain this similarity as follows. The distribution of tremor can be viewed as the result of a
multi-input multi-output filtering operation, with tremorogenic activity in various muscles as
the inputs, the musculoskeletal system as the filter, and tremor in various DOF as the outputs
(Corie and Charles, 2019, Davidson and Charles, 2017). The distribution of the output
depends on the distribution of the input and how the filter filters the inputs on their way to
becoming outputs. Therefore, the degree to which the distribution of the output is
stereotyped (between subjects) generally depends on the degree to which the distribution of
the input is stereotyped and the degree to which the filtering properties of the filter are
stereotyped. The distribution of the input is unknown, so we do not know the extent to which
it contributes to similarity in the distribution of the output. However, the filtering properties
of the system have been shown to be quite similar between subjects (Davidson and Charles,
2017). Therefore, even if the distribution of tremorogenic activity varied randomly between
subjects, we would still expect some similarity in the distribution of the output.

4.1.1 Effect of target and repetition—Clinical evaluations of tremor often include
multiple postures because different limb configurations (postures) are known to elicit
different amounts of tremor. Accordingly, we found that different targets elicited different

lin (Geiger et al. 2018), shoulder tremor was characterized in the glenohumeral joint, not the thoracohumeral joint as in this paper;
however, to enable comparison, we approximated the DOF as equivalent.
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amounts of tremor, but only in FPS and WFE (Figure 4A-B). Comparing this effect between
postural and kinetic trials is challenging because postural trials focused on a single target,
whereas kinetic trials required subjects to move between a given target and target 5.
Nevertheless, there were several similarities between postural and kinetic tremor: for both
types of tremor, FPS exhibited more tremor for target 6 than targets 2—4, and WFE had more
tremor for target 1 than targets 2 and 7. Targets 1 and 6 require the limb to be farthest from
neutral posture, suggesting a possible effect of movement effort on tremor, but more
research is required to test this hypothesis.

In contrast, differences in tremor distribution between repetitions were not significant,
indicating that tremor distribution was relatively constant over the 20-30 minutes between
trials. This finding suggests that if peripheral tremor suppression is achievable, it may be
possible to suppress tremor using a simple device with constant or “semi-constant”
parameters (e.g. adjustable by hand), without the need for sensors and continuous feedback
loops.

4.1.2 Effect of subject characteristics—Similar to the effect of target on tremor
distribution, the effects of subject characteristics on tremor distribution were almost entirely
limited to FPS and WFE. Combining trends across postural and kinetic tremor (Figure 4C—
J), we found that patients with early-onset tremor, patients with short-duration tremor, and
patients with mild tremor tended to have more tremor in FPS, whereas patients with late-
onset tremor, patients with long-duration tremor, and patients with severe tremor tended to
have more tremor in WFE. This was especially true for kinetic tremor, but a trend toward
this pattern was also visible in postural tremor. Note that these statements should not be
combined (e.g. “Patients with early-onset, short-duration, mild tremor...”) since our subject
pool included only one patient with early-onset, short-duration tremor and no subjects with
late-onset, long-duration tremor (for any tremor severity).

4.2 Distribution of tremor frequency

We did not find any evidence in favor of a difference in peak frequency between DOF
(Figure 5), consistent with the study by Rocon and Pons on tremor in EFE, FPS, WFE, and
WRUD (Rocon and Pons, 2011). Prior studies on tremorogenic muscle activity found high
coherence in EMG between muscles of the same limb but low coherence between muscles
of different limbs (Raethjen et al., 2000). A system (such as the arm) driven by periodic
input (such as tremorogenic muscle activity) will generally respond with periodic output at
the same frequency. Therefore, our finding that different DOF of the same limb had similar
tremor frequencies is consistent with the high intra-limb EMG coherence found in previous
studies.

4.3 Methodological Considerations

Great care was taken to include only patients with ET. Before participating in our study, each
subject was evaluated by a neurologist specializing in movement disorders. The neurologist
assessed the subject’s tremor and determined if it was consistent with ET. Subjects were
excluded if their tremor was found to include elements from other tremor disorders (e.g.
Parkinson’s Disease or Dystonia).
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Past studies of tremor involving multiple DOF sometimes characterized tremor in terms of
linear acceleration of limb segments (Morrison and Newell, 1996, 1999, 2000a, 2000b). This
approach describes the absolute motion of a body segment, which includes the motion of
more proximal segments as well. In contrast, performing inverse kinematics allows one to
isolate tremor to individual DOF. Also, some past studies investigated tremor in postures
close to the end of the range of motion of a DOF (e.g. with the elbow fully extended),
effectively reducing the total number of DOF of the arm. We investigated upper-limb
postures closer to the middle of the range of motion of the various DOF, which is more
representative of postures in daily life.

Including both postures and movements enabled the identification of differences between
postural and kinetic tremor. Similarly, measuring tremor in a relatively large number of limb
configurations (7) and movement directions/distances (6) allowed us to test the effect of limb
configuration. Finally, including multiple repetitions spaced in time enabled the
determination of changes over time (20-30 minutes between first and third repetition).
Despite the relatively number of trials (thirty-nine 30-second trials) lasting a total of 30-45
minutes, subjects did not show signs of fatigue.

We analyzed the distribution of the amount of tremor using a large variety of methods but
robustly found similar results, so we included only one of the methods in this paper. Other
methods included analyses of un-normalized tremor (treating postural and kinetic tremor
separately or together) as well as non-parametric analysis of rankings. Similarly, we used a
variety of measures, including peak amplitude2 instead of power and angular position or
velocity instead of acceleration, and found similar distributions in all cases (not shown).

4.4 Limitations

Since the goal of this study was to characterize the distribution of tremor in ET patients, the
larger the population, the better. Although a larger population would have been preferred,
our population was large enough to observe stereotyped behavior across a wide range of
tremor severities, age of onset, and disorder duration. Since the purpose of this paper was to
characterize tremor distribution in ET patients, we did not include a control group; indeed, a
normal control group would not have a tremor other than physiological tremor.

Ideally, we would have measured tremor as subjects performed their normal activities of
daily living (ADL). However, subjects were instrumented with a total of 20 sensors (5
motion-capture sensors and 15 surface EMG sensors), some of which were tethered, making
it difficult to perform ADL in a natural manner. That said, the postures and movements
included in the experiment were chosen to approximate those required during ADL.

To characterize tremor, we used a motion capture system that measures position, performed
inverse kinematics to obtain joint angles, differentiated twice to obtain joint accelerations,
and calculated the PSD of joint acceleration. We chose to measure position (instead of
directly measuring acceleration) to facilitate the inverse kinematics required to separate

2\We repeated the analysis including all subjects and including only subjects with severe tremor (because their peaks were more
reliable) and found that the distributions were similar.
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motion into individual DOF. Unfortunately, numerical differentiation amplifies high-
frequency noise, creating a noisy estimate of acceleration. Instead of analyzing the PSD of
joint angle, we chose to characterize tremor in terms of the PSD of acceleration because this
is more common practice (and would therefore allow for comparison with future studies).
We also chose the PSD of joint acceleration because, compared to the PSD of joint angle,
the PSD of joint acceleration emphasizes higher-frequency movements, including tremor,
over lower-frequency movements such as those required during the kinetic tasks. To
minimize the effect of noise amplified during differentiation, we low-pass filtered before
each differentiation and computed the PSD using a large number of windows to further
average out noise. As mentioned above, for comparison we repeated our analysis with
position or velocity instead of acceleration and found the distribution of power among DOF
to be virtually identical whether the power was calculated in terms of the PSD of position,
velocity, or acceleration. That said, the noise in acceleration made it more difficult to detect
peaks than it would have been using direct measurements of acceleration, especially in
patients with mild and moderate tremor. Consequently, we were unable to determine for
mild and moderate subjects if different DOF tremored at different frequencies.

As mentioned above, we quantified tremor in terms of the angular motion of one DOF
relative to another, not in terms of the absolute movement of limb segments. Because distal
limb segments “inherit” some of their absolute movement directly from proximal limb
segments, the tremor distribution among limb segments will likely be different from the
tremor distribution among DOF.

4.5 Conclusion

According to our observations, three of the four DOF with the greatest tremor were in the
wrist and forearm. Therefore, in the absence of more understanding about how tremor
propagates (see below), efforts to suppress tremor should focus first on distal DOF. For
example, a single orthosis targeting FPS, WFE, and WRUD could potentially suppress most
of a patient’s tremor. Since tremor frequency was similar between DOF (at least for severe
tremor), low-pass filtering with a single (perhaps patient-specific) cut-off frequency may be
effective for all DOF. That said, as tremor can propagate from a given muscle both
proximally and distally, developing devices that suppress tremor in an optimal manner
requires additional research to understand which muscles are most responsible for a patient’s
tremor. To this end, we are analyzing the EMG data gathered alongside the kinematic data to
determine the distribution of tremorogenic activity among the muscles of the upper limb. In
parallel, we are using models of upper-limb dynamics to simulate the propagation of tremor
throughout the upper limb (Corie and Charles, 2019, Davidson and Charles, 2017). Together,
knowing how the input (tremorogenic muscle activity) is distributed, how the output
(tremulous joint displacement) is distributed, and how the limb propagates tremor (through
simulations), we expect to determine where to intervene to suppress tremor in an optimal
manner.
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Highlights
. We characterized the amount of tremor in the joints from the shoulder to the
wrist.
. Kinetic tremor was greatest in forearm pronation-supination and wrist
flexion-extension.
. Limb configuration and subject characteristics showed significant effects on

tremor distribution.
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A
Shoulder flex-ext (SFE)
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Elbow flex-ext (EFE)
Wrist rad-uln deviation (WRUD)
el -

Figure 1:
Joint-angle definitions and experimental setup. A: We measured tremor in each of the 7 main

degrees of freedom of the upper limb. Each degree of freedom is indicated by its axis of
rotation, with dots representing axes that are perpendicular to the plane of the figure. B-C:
Motion-capture sensors were placed at the locations marked by the gray rectangles. During
postural tasks, subjects pointed at one of the seven targets, and during kinetic tasks, subjects
moved their finger between target 5 and one of the other targets. Between trials, subjects
rested their right hand on the table to the right of the targets, as shown.
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Figure 2:
Representative postural test data in wrist flexion-extension (WFE, in black) and radial-ulnar

deviation (WRUD, in gray) for a mild (left), moderate (center), and severe (right) subject.
The first and second rows focus on 2 seconds of a trial and show the angular displacement
and filtered angular acceleration in each degree of freedom, calculated from raw sensor data
using inverse kinematics. The third row shows the power spectral density (PSD) of
acceleration calculated from the 30-second trial from which the 2-second portions in the top
two rows were taken. The circles indicate statistically significant peaks identified by our
peak-detection algorithm. Note the differences in scales between the mild, moderate, and
severe cases.
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Figure 3:
Normalized postural tremor (A, C) and kinetic tremor (B,D), presented separately for each

subject (A-B) and averaged across subjects (C-D). Error bars indicate +1 standard error.
Degree-of-freedom abbreviations are defined in Figure 1A.
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Effect of target (A-B) and subject characteristics (sex (C-D), tremor onset (E-F), tremor
duration (G-H), and tremor severity (I-J)) on the distribution of normalized postural tremor
(left column) and normalized kinetic tremor (right column). Error bars represent +1 standard
error, and black bars indicate significant differences within a given degree of freedom
(p=0.05). Degree-of-freedom abbreviations are defined in Figure 1A.
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Peak frequency and amplitude, displayed as peak frequency in chronologically ordered trials
(A-C), histogram of peak frequencies (D-F), and peak amplitude vs. peak frequency (G-I).
Examples include a subject with mild tremor (left column), a subject with moderate tremor
(middle column), and a subject with severe tremor (right column). In severe tremor, peaks
tended to group around a common frequency (C, F). Occasionally, peak frequency jumped
significantly from one trial to the next, but these jumps appeared random, and the peak
frequency returned to the common frequency on subsequent trials. Importantly, the peak
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frequencies that differed significantly from the common frequency typically belonged to
peaks that were much smaller in amplitude (Figure 8F, I). Considering it unlikely that tremor
frequency would shift by multiple Hz from one trial to the next, peaks that differed
significantly from the baseline were assumed to be spurious (likely due to the increased
noise caused by double differentiation). As the amplitude of peaks decreased, the proportion
of spurious peaks increased; subjects with mild or moderate tremor (left and middle
columns) exhibited more spurious peaks than subjects with severe tremor. In A-C, trials
measuring Kinetic or postural tremor are separated by vertical bars, and the size of the
markers represents the peak amplitude (in deg?/(s* Hz)) on the log scale shown to the right
of subfigure A. The color legend for all subfigures is shown in subfigure I (for degree-of-
freedom abbreviations, see Figure 1A).
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Subject characteristics, sorted by the amount of power in the tremor band (from least to most severe). Dur.,
Hand., Ht, Wt, and Family Hist represent the duration of the disorder in years, handedness, height, weight, and
family history of ET, respectively. The TETRAS score is divided into scores for activities of daily living,
performance, and a total score. Power was calculated during the data analysis and represents the mean total
power in acceleration in the tremor band (4-12 Hz), averaged over all trials (see Methods). NK stands for “not

known.”
TETRAS Scale Measured
Sex | Age g%igtf Dur. | Hand. | Ht(cm) | Wt (kg) | Family Hist aot | pert | Total Powezr /1403 Severity
(deg?/s*)
M 56 17 39 R 176 85 Yes 23 175 40.5 16 Mild
M 65 17 48 L 172 94 Yes 15 18 33 17 Mild
M 69 8 61 R 177 89 Yes 25 215 46.5 19 Mild
M 72 25 47 R 168 95 No 13 135 26.5 27 Mild
F 81 57 24 R 166 53 Yes 30 26.5 56.5 29 Mild
F 63 20 43 R 164 69 Yes 19 18 37 35 Mild
M 70 64 6 R 178 75 Yes 18 16.5 345 36 Mild
M 69 49 20 R 176 111 Yes 22 255 475 39 Mild
M 69 65 4 R 175 105 Yes 7 14 21 41 Mod
M 64 13 51 R 178 105 Yes 28 18.5 46.5 42 Mod
F 61 35 26 R 164 61 Yes 24 20 44 45 Mod
F 66 45 21 R 172 101 Yes 25 20 45 58 Mod
F 75 65 10 R 166 64 Yes 28 20 48 67 Mod
M 51 16 35 R 174 78 Yes 28 21 49 68 Mod
F 70 22 48 R 174 98 NK 15 225 375 85 Mod
F 52 28 24 R 164 82 Yes 16 18.5 34.5 134 Severe
M 63 16 47 R 183 99 Yes 24 20.5 445 156 Severe
M 48 5 43 R 180 141 Yes 14 20 34 174 Severe
M 58 25 33 L 187 111 Yes 29 35 64 250 Severe
F 76 55 21 R 168 67 Yes 26 28.5 54.5 422 Severe
F 20 5 15 R 168 57 Yes 30 32 62 444 Severe
M 69 17 52 R 187 118 Yes 29 37 66 520 Severe
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Effect of target and repetition on the distribution of normalized postural tremor among the degrees of freedom

(DOF) of the upper limb. Nparm and DF represent the number of parameters and degrees of freedom

associated with the ANOVA.

Source Nparm | DF | Sum of Squares | F Ratio | Prob>F
DOF 6 6 735.64794 | 47.0464 <0.0001
Target 6 6 123.18445 7.8779 <0.0001
Rep 2 2 2.02159 0.3879 0.6785
DOF*Target 36 36 370.14026 3.9452 <0.0001
DOF*Rep 12 12 7.20099 0.2303 0.9970
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Effect of target and repetition on the distribution of normalized kinetic tremor among the degrees of freedom

(DOF) of the upper limb. Nparm and DF represent the number of parameters and degrees of freedom

associated with the ANOVA.

Source Nparm | DF | Sum of Squares | F Ratio | Prob>F
DOF 6 6 1644.7895 | 349.2661 <0.0001
Target 5 5 201.6467 51.3829 <0.0001
Rep 2 2 1.8647 1.1879 0.3050
DOF*Target 30 30 274.8608 11.6732 <0.0001
DOF*Rep 12 12 1.0138 0.1076 0.9999

Clin Neurophysiol. Author manuscript; available in PMC 2021 November 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Pigg et al.

Table 4:

Page 27

Effect of subject characteristics on the distribution of normalized postural tremor among degrees of freedom

(DOF) of the upper limb. Nparm and DF represent the number of parameters and degrees of freedom

associated with the ANOVA.
Source Nparm | DF | Sum of Squares | F Ratio | Prob>F
DOF 6 6 383.95947 | 25.5548 <0.0001
Sex 1 1 1.99E-21 0 1
Onset 2 2 1.37E-19 0 1
Duration 2 2 2.38E-19 0 1
Severity 2 2 1.77E-19 0 1
DOF*Sex 6 6 137.97967 9.1834 <0.0001
DOF*Onset 12 12 90.4714 3.0107 0.0003
DOF*Duration 12 12 184.51981 6.1405 <0.0001
DOF*Severity 12 12 294.70591 9.8072 <0.0001
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Effect of subject characteristics on the distribution of normalized kinetic tremor among degrees of freedom

(DOF) of the upper limb. Nparm and DF represent the number of parameters and degrees of freedom

associated with the ANOVA.
Source Nparm | DF | Sum of Squares | F Ratio | Prob>F
DOF 6 6 1004.8153 | 199.296 <0.0001
Sex 1 1 1.47E-20 0 1
Onset 2 2 9.46E-19 0 1
Duration 2 2 1.41E-19 0 1
Severity 2 2 4.98E-19 0 1
DOF*Sex 6 6 3.5202 0.6982 0.6511
DOF*Onset 12 12 65.882 6.5336 <0.0001
DOF*Duration 12 12 118.5904 | 11.7607 <0.0001
DOF*Severity 12 12 153.9718 | 15.2695 <0.0001
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