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Defining the Rhythm: Developing a New Method to Describe Tremor
and Myoclonus
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ABSTRACT: Background: The hallmark feature of
tremor is rhythmicity, which can be quantified using
power spectral density (PSD) analysis. However, tremor
exhibits considerable variability, ranging from highly reg-
ular to more irregular patterns. Similarly, rhythmicity in
myoclonus varies, but it typically manifests as arrhythmic
jerks.

Objectives: To develop PSD-based measures of move-
ment regularity for the classification of tremor and
myoclonus.

Methods: Electromyography data from 153 patients were
analyzed retrospectively, including orthostatic tremor
(OT) (n = 36), essential tremor (ET) (n = 40), hand dystonic
tremor (DT) (n = 42), and limb cortical myoclonus (n = 35).
Five PSD analysis-derived variables were assessed: peak
prominence, peak-to-broadband power ratio, peak fre-
quency, peak width, and harmonics. Discriminant analysis
evaluated classification accuracy across groups.

Results: Peak prominence was highest in OT and higher
in ET than DT or myoclonus. Peak-to-broadband power
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ratio showed similar trends. Peak frequency differed
across groups, with myoclonus highest and OT exceed-
ing ET and DT. Peak width was larger in myoclonus and,
to a less extent, in DT compared with ET. Harmonics
were greater in OT and ET compared with DT and myoc-
lonus. Discriminant analysis correctly classified 86.3% of
cases, with overlap between ET and DT. Receiver operat-
ing characteristic (ROC) curve analysis for peak promi-
nence and width demonstrated high classification
accuracy between ET and DT.

Conclusions: Our findings represent a promising step
toward establishing objective, PSD-based measures for
the classification of tremor and myoclonus. These tools
could enhance diagnostic accuracy and deepen insights
into these disorders. © 2025 The Author(s). Movement
Disorders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society.
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Tremor is defined as an involuntary, rhythmic, oscilla-
tory movement of a body part.' Its hallmark feature,
rhythmicity, distinguishes it from other hyperkinetic
movement disorders, providing a valuable diagnostic
advantage. These regular muscle discharges can be read-
ily identified using basic electrophysiological techniques
such as surface electromyography (EMG). However,
tremor rhythmicity may range from highly regular to
somewhat irregular.”* While regularity is a key feature
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of tremor, it can also be seen in myoclonus. Certain
forms of cortical and high-frequency myoclonus may
exhibit rhythmicity that visually resembles tremor, com-
plicating the clinical distinction between the two condi-
tions.” Aside from these exceptions, myoclonus is
typically considered the opposite of tremor, as it is usu-
ally characterized by arrhythmic jerks.>

Despite advances in understanding tremor and myoc-
lonus, the translation of neurophysiological concepts
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into clinical practice remains limited. A key challenge
lies in identifying neurophysiological characteristics that
accurately reflect observable rhythmicity. The absence
of standardized, objective metrics has led to imprecise
clinical terminology. For instance, terms such as
“jerky” are often used to describe “irregular” tremor—a
description that may appear contradictory. This term is
frequently applied to dystonic tremor (DT), yet it intro-
duces ambiguity, as “jerk” is synonymous with myoclo-
nus. Describing tremor as “jerky” could imply the
presence of brief, abrupt muscle contractions (ie, myoc-
lonus) superimposed on the tremor, further complicat-
ing differentiation between these phenomena.

A well-established method for quantifying movement
rhythmicity, as recorded via EMG or accelerometery, is
the estimation of power spectral density (PSD) using
the fast Fourier transform or related techniques. The
presence of a peak in the PSD is often regarded as a
reliable indicator of rhythmicity; however, no objective
definition of a PSD peak currently exists.* When visu-
ally apparent, peak frequency can aid in diagnosing
tremors with distinct frequencies, such as orthostatic
tremor (OT) and essential tremor (ET)."” Conversely,
for DT or myoclonus, the presence of a PSD peak is less
well-studied and may be ambiguous or absent.

Beyond identifying peaks, more sophisticated PSD-
derived measures remain underexplored.®” One such
feature, peak width (also termed full width at half
maximum—FWHM—and half-power bandwidth in
previous literature™'?), reflects the range of frequencies
contributing to the tremor signal and it has been pro-
posed to distinguish ET from ET-plus and DT.'"'% A
broader peak width may correspond to greater irregu-
larity observed during visual inspection, though this
relationship has yet to be systematically investigated.
Other potential PSD features, such as the prominence
of peak activity relative to the underlying broadband
PSD, could offer valuable insights. In theory, more reg-
ular movements would exhibit less contamination from
non-rhythmic activity, resulting in a more prominent
peak. Additionally, a regular movement pattern may be
inferred from the presence of harmonics at integer mul-
tiples of the fundamental tremor frequency. Strong syn-
chronization of motor unit spike trains would enhance
tremor regularity, resulting in pronounced harmonics in
both the neural drive and the EMG signal.'?

To test these concepts and develop objective measures
of movement regularity, we analyzed four distinct con-
ditions: OT, characterized by extreme regularity and a
clear PSD peak; myoclonus, typically irregular; ET,
noted for its regularity; and DT, considered less regular
than ET and often described as “jerky,” though still
classified as tremor. We extracted PSD-derived mea-
sures across these conditions and demonstrated
that they form a spectrum of regularity. Furthermore,
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these measures, when combined, effectively differentiate
between the conditions.

Methods

Patients

Data from 153 patients who underwent tremor or
myoclonus EMG recording, at UCL Queen Square Insti-
tute of Neurology, London, UK, between 2019 and 2023
were retrospectively collected and analyzed. Medical
records for all participants were systematically reviewed
to confirm the final diagnosis (further details are provided
in Data S1). The cohort comprised 36 patients with
OT (28 female, mean age 65.4 & 9.7 years, mean dis-
ease duration 6.8 + 5.6 years), 40 with ET (22 female,
mean age 64.6+ 8.5 years, mean disease duration
9.5 + 6.5 years), 42 with hand DT (25 female, mean age
58.7 £ 9.5 years, mean disease duration 8.2 + 5.4 years),
and 35 with upper limb cortical myoclonus (20 female,
mean age 45.8 £ 18.5 years, mean disease duration
5.4 + 4.2 years), diagnosed according to the current
criteria.”'* The study protocol was approved by the local
institutional review board and conducted in accordance
with the Declaration of Helsinki.

EMG Recording and Analysis

EMG recording is detailed in Data S1. Examples of
raw EMG traces are provided in Figure 1A.

Signal analysis was performed in MATLAB (Version
2020a, MathWorks Inc., Natick, MA, USA). For all
EMG recordings, PSD was calculated using Welch’s
periodogram with a Hann window twice the length of
the sampling rate and a frequency resolution of 0.1 Hz.
From the PSD, a peak of activity was identified by
selecting the maximum value within predefined fre-
quency ranges for each condition: 1-20 Hz for OT, 1-
12 Hz for ET and DT, and 1-48 Hz for myoclonus,
excluding harmonics (see later). These ranges were cho-
sen based on the expected peak frequencies for each
group while avoiding high-amplitude, non-tremor-related
EMG activity from being erroneously selected. The peak
detection process used MATLAB’s ‘findpeaks’ function
and was visually confirmed.

Once a peak was identified, five key variables were
extracted. The first variable was peak prominence, calcu-
lated as the ratio of peak power to the underlying EMG
power at the same frequency. The underlying EMG
power was estimated by interpolating the PSD after
excluding the peak and surrounding values using a cubic
function, then selecting the PSD value at the peak fre-
quency from this interpolated spectrum. The second var-
iable was the peak-to-broadband power ratio (PB ratio),
where broadband power was defined as the average
PSD between 1 and 48 Hz (excluding the peak and

Movement Disorders, Vol. 40, No. 12, 2025 2655



LATORRE ET AL w

J
(A)

WINNTPR'Y st Avh ottt Mt ]
VA A S | sty Mo e M bty L et !
DT it I sty W v ool i ey

Myo

1
ET \ u\.\j\“l\;LM\Wv'v\WJ\M,w..w“f\wﬂ)hww,\hv’\J}!“iv)wm,u,qrw\fw\'Mwﬂ /!\"v \““,J,_,‘N\N‘wﬁlwk
[l

Lo [ L] | . . f |
ot A I b s ﬁN%/‘*“'“'vJ'r“W\(“m['”ﬂ‘ﬂl“wjh‘/‘” ’ﬂ‘[J . L"ﬁ‘/ Aﬂ'wﬂ\m"n
! v v Tl

I

\I[“\‘MM""MPW"N‘ M“i ‘F."»T«v.w“ w\d\;\ﬁu’wﬁmﬁ M J'v‘{‘"‘"“ﬁ.mr‘kf“’wNVA\‘MM

|
| h !

G

Amplitude (Z-scores)

N —

Time (s)

0 10 20

30 40 50

Frequency (Hz)

FIG. 1. (A) Electromyography (EMG) traces of the four conditions explored, showing maximum rhythmicity in orthostatic tremor (OT) (upper row), pro-
gressively decreasing in essential tremor (ET), dystonic tremor (DT), and myoclonus (Myo). (B) Example of power spectral densities (PSDs) from a
patient with ET and graphical representation of features used to extract the main variables. Black vertical dashed lines represent the range (1-48 Hz)
from which broadband EMG activity, used to calculate the PB ratio, was selected. The dashed red line indicates the PSD where activity from harmonics
and peak frequency was interpolated to measure broadband activity and peak prominence (vertical dotted green line). The horizontal dotted green line
represents peak width. See article text for further information. [Color figure can be viewed at wileyonlinelibrary.com]

harmonics) using the same interpolation approach. The
third variable was the peak frequency itself, while the
fourth was the peak width at half prominence.'!!?
Finally, the fifth variable was the number of harmonics,
defined as regions of the PSD at frequencies that were
integer multiples of the peak frequency, where power
exceeded the underlying EMG power by at least three
standard deviations, as determined using the interpola-
tion method. A graphical explanation of these variables
is provided in Figure 1B. To investigate the possible con-
tribution of voluntary muscle activity associated with
posture to the PSD observed in myoclonus, we compared
these data to PSDs obtained from surface EMG in
72 healthy subjects, as detailed in Data S1.

Statistical Analysis

Statistical analyses were carried out with SPSS version
26.0 (IBM Corp., Armonk, NY, USA). Equality of
covariance matrices was tested by means of Box’s
test. A multivariate analysis of variance (MANOVA)
was performed to investigate simultaneous differences
across the four different patient groups (OT, ET,
DT, myoclonus), which were included as a fixed
factor. Dependent variables, each having four levels
corresponding to the four patient groups, included peak
prominence, PB ratio, peak frequency, peak width, and
number of harmonics.

To investigate differences in individual variables
between groups, the MANOVA was followed by
five univariate between-group analyses of variance
(ANOVAs). For variables showing statistically signifi-
cant effects, Bonferroni-corrected post hoc comparisons
were conducted to identify specific group differences.
Post hoc tests included #-tests for peak prominence, PB
ratio, peak frequency, and peak width, while the
Mann-Whitney U test was applied for the number of
harmonics.

Finally, a discriminant analysis was performed to
assess whether a linear combination of the five outcome
variables could effectively discriminate among the four
patient groups. Prior probabilities for group classifica-
tion were based on the observed group sizes.

Results

A graphical summary of the PSDs and their peak fea-
tures is provided in Figure 2. Box’s test for equality of
covariance matrices was not significant (P = 0.18), and
Levene’s test for equality of error variances showed no
significant results for any of the tested variables
(all P> 0.05).

Using Pillai’s trace, the MANOVA showed a signifi-
cant effect of “group” (Fis441 = 35.864, P <0.001).
The one-way ANOVAs all showed significant main
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FIG. 2. In (A, C, E, G) power spectral densities (PSDs) from all subjects from orthostatic tremor (OT), essential tremor (ET), dystonic tremor (DT), and
myoclonus patients are shown, respectively. To facilitate visual comparison, voltage values were converted into Z-scores and offsets were subtracted.
(B, D, F, H) show frequency-centred peaks of activity for OT, ET, DT, and myoclonus, respectively. OT exhibited narrower and more pronounced peaks
in the PSD compared with other conditions. In contrast, the PSD peaks for ET, DT, and myoclonus became progressively broader and less prominent
relative to surrounding EMG activity. Black dashed lines represent the standard error of the mean for frequency and shaded areas represent the stan-
dard error of the mean for the signal. [Color figure can be viewed at wileyonlinelibrary.com]

effects of factor “group” (peak prominence: Fsj40 = F3 149 = 52.556, P <0.001; harmonics: F5 149 = 77.810,
59.351, P <0.001; PB ratio: F3149 = 31.115, P < 0.001; P <0.001). Post hoc comparisons on peak prominence
peak frequency: Fs 140 = 141.768, P < 0.001; peak width: showed significantly larger values in OT compared with
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the other groups (all P < 0.001). This was also the case for
ET compared with DT and myoclonus (P = 0.001 and
P < 0.001), while the difference between DT and myoclo-
nus was not significant (P = 0.686), albeit the first showed
larger values (Fig. 3A). Post hoc tests on PB ratio showed
similar but weaker results, with OT having significantly
larger values than ET, DT, and myoclonus (all P < 0.001),
while the same variable was not significantly different in
the last three groups (Fig. 3B). The four groups showed
marked differences in frequency of peak activity, with
myoclonus being significantly larger than the other three
(all P < 0.001) and OT showing larger values than ET and
DT (both P < 0.001). Conversely, the same variable was
not significantly different when comparing ET and DT
(P =0.951) (Fig. 3C). Peak width was significantly larger
in myoclonus compared with OT, ET, and DT (all
P < 0.001) and significantly larger, albeit to a less extent, in
DT compared with ET (P = 0.023) and OT (P = 0.019).
The same variable, however, did not yield statistically dif-
ferent values when comparing OT and ET (P = 0.945)
(Fig. 3D). Post hoc comparisons on the number of har-
monics showed a significantly larger value in OT, com-
pared with the other three groups (all P <0.001). The
same was true when comparing ET with DT and myoclo-
nus (both P < 0.001), while there was no significant differ-
ence between the last two groups (p > 0.05), as both
groups showed no harmonics (Fig. 4).
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Data S1 and Figure S1 present the PSDs of healthy
subjects and patients with myoclonus, together with
their statistical comparison. The finding confirms that
the observed peaks in myoclonus PSDs below ~39 Hz
are not solely due to postural activation.

Discriminant analysis revealed three discriminant
functions (DFs), each significantly separating the four
patient groups (P < 0.001, < 0.001, and 0.002, respec-
tively). Variance explained and canonical R?> were
63.3%/0.91, 35.3%/0.853, and 1.4%/0.306 for DF1,
DF2, and DF3, respectively. In combination, these
functions significantly differentiated the four groups
(A = 0.043, y*(15) = 465.343, P < 0.001). The corre-
lations between outcomes and the DFs revealed that
frequency and width significantly loaded on DF1
(r = 0.719 and 0.443, respectively). By contrast, peak
prominence and harmonics loaded significantly on DF2
(r = 0.645 and r = 0.702, respectively), while PB ratio
significantly loaded on DF3 (r = —0.674). Details about
single-subject scores are depicted in Figure 5. When
classified according to the DFs, 86.3% of original cases
were correctly identified, specifically 97.2% of OTs
(35/36, 1 identified as ET), 60% ETs (24/40, 16 identi-
fied as DTs), 100% of DTs and 97.1% myoclonus
(34/35, 1 identified as DTs). The difficult discrimination
between ET and DT might be due to some overlapping
features, such as peak frequency and PB ratio, which
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FIG. 3. (A-D) Post hoc comparisons for peak prominence, peak-to-broadband power ratio (PB ratio), peak frequency, and peak width, respectively, for
the four patient groups investigated (orthostatic tremor [OT], essential tremor [ET], dystonic tremor [DT], and myoclonus). Brackets with asterisks indi-
cate statistically significant comparisons. To facilitate visual comparison across the four groups, y-axis values have been converted into logqo values
for peak prominence, PB ratio, and peak width. Raw values are summarized in Table S1. [Color figure can be viewed at wileyonlinelibrary.com]

2658 Movement Disorders, Vol. 40, No. 12, 2025


http://wileyonlinelibrary.com

r PSD

* I /
1
140 - | * I 3
* -2
1204 : 1
0
1 P ——
(0]
2 80
£
3
5 60
o
40
20
0 T T

T T

oT ET DT Myoclonus

FIG. 4. Percentages of cases in each group (orthostatic tremor [OT],
essential tremor [ET], dystonic tremor [DT], and myoclonus) where
variable numbers of harmonics (ranging from 9 to 4) were present.
Brackets with asterisks indicate statistically significant comparisons.
Black dashed lines join areas in the stacked bars corresponding
to the same number of harmonics. Overall, OT showed the largest
number of harmonics, followed by ET. No harmonics were observed in
the DT and myoclonus recordings. [Color figure can be viewed at
wileyonlinelibrary.com]
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FIG. 5. Clustering of power spectral density (PSD) features obtained in
orthostatic tremor (OT), essential tremor (ET), dystonic tremor (DT), and
myoclonus according to the three discriminant functions (DF1, DF2,
DF3), represented by three different axes. Overall, DF1 and DF2, which
explained the largest variance, could easily discriminate OT and myoc-
lonus from other groups, while ET and DT were the groups most difficult
to separate. See article text for details. [Color figure can be viewed at
wileyonlinelibrary.com]

did not show statistically significant differences (Fig. 3)
and may have decreased the accuracy of the discrimi-
nant analysis. Therefore, we further explored the possi-
bility of discriminating ET and DT by focusing on
spectral features showing statistically significant differ-
ences between these two groups (peak prominence and

CLASSIFICATION OF TREMOR AND
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peak width). To this end, we calculated receiver operat-
ing characteristic (ROC) curves separately for both var-
iables. This analysis, shown in Figure S2, yielded high
classification accuracy for both variables (area under
the curve [AUC] 0.905 for peak prominence and 0.963
for peak width). The optimal cut-offs were 6.53 for peak
prominence (sensitivity 87.5%, specificity 83.3%) and
1.76 Hz for peak width (sensitivity 92.8%, specificity
92.5%). Moreover, to further explore the discriminative
value of peak width between tremor and myoclonus, we
performed a post hoc ROC analysis comparing DT and
myoclonus (see Data S1), as these two groups showed
the closest overlap in peak width distribution. The AUC
was 0.78, indicating moderate/good discriminative abil-
ity (Fig. S3). The optimal cut-off value for peak width
was 2.21 Hz. This threshold yielded a sensitivity of
100% and a specificity of 88.57%.

Discussion

In this study, we analyzed five measures extracted
from the PSD: peak prominence, PB ratio, frequency of
peak activity, peak width, and number of harmonics.
While the individual measures demonstrated varying
results, they collectively highlighted significant differ-
ences among the tremor subtypes (OT, ET, DT) and
between these and cortical myoclonus, aligning with
their distinct phenomenological characteristics. Fur-
thermore, discriminant analysis combining all outcome
measures successfully separated the four patient
groups, with the exception of ET and DT. However,
these two groups were more effectively distinguished
using peak prominence and peak width, underscoring
the utility of specific spectral features for finer diagnos-
tic differentiation.

Peak Prominence and PB Ratio

The peak prominence of the PSD reflects how dis-
tinctly the most prominent signal (the peak) stands out
from the background activity at a specific frequency.
The PB ratio is a similar concept, but it compares the
peak power to a broader measure of background activ-
ity, encompassing the average power across the entire
frequency range considered (1-48 Hz). This allows the
peak power to be assessed relative to the overall EMG
activity, making it possible to distinguish tremor-related
muscle activity (the peak) from background noise due
to non-specific muscle activity. The group with the
highest prominence was OT, which showed a statisti-
cally significant difference compared with the others.
Conversely, the ET peak was significantly more promi-
nent than both DT and myoclonus, while DT and
myoclonus did not differ significantly, though DT dis-
played a larger value. The PB ratio demonstrated a sim-
ilar pattern of results, albeit weaker, since only OT
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showed statistically significant differences with the three
other groups (Fig. 3A,B).

These measures are relatively new, as only a few stud-
ies have applied similar approaches in this context.®
High synchronization among motor units at the tremor
frequency has already been demonstrated in ET.'°
However, increased peak power is also observed in the
“voluntary drive frequency band,” attributed to volun-
tary contraction during posture holding. Additionally,
peripheral feedback loops can influence motor unit dis-
charge during tremor.'® This indicates that background
activity at frequencies matching or differing from the
tremor frequency may be related to voluntary move-
ments, afferent inputs, or other EMG activity unrelated
to tremor.

Our findings suggest that tremor in ET and OT is
driven by highly synchronized motor unit discharges, as
previously indicated.”'*>'® This synchronization results
in a tremor-related peak in the PSD that is much larger
than the EMG activity associated with posture. In con-
trast, in DT, dystonic activity, and lower tremor rhyth-
micity, likely reduces the gap between the peak and
background noise. This suggests that only part of the
dystonic activity follows a regular pattern contributing
to tremor, while irregular and continuous dystonic
activity persists in the background. Lastly, the findings
in myoclonus align with expectations: a clear visible
peak is absent, with irregular muscle discharges creat-
ing high noise levels and either a minimal or non-
existent peak. Interestingly, DT and myoclonus did not
differ in terms of peak prominence. This finding may
reflect a shared feature: a modest contrast between peak
frequency power and background EMG activity. In
DT, this could arise from the overlap of tremulous and
irregular dystonic bursts, along with voluntary postural
activity (see Fig. S2). A similar background pattern may
apply to myoclonus; however, in this case, low peak
prominence may also reflect a flatter spectral profile
(due to lower or absent rhythmicity), where the peak
frequency is closely surrounded by nearby frequencies
of similar power. This would also explain the broader
peak width in this group.

Beyond the individual findings for each condition, we
have demonstrated that these two measures—particularly
peak prominence—can be used to reliably identify a PSD
peak, as opposed to relying on visual inspection. Given
that it answers the question “Is there a peak?”, this mea-
sure could become a valuable tool for precisely defining a
tremulous disorder as tremor.

Frequency of Peak Activity

This measure identifies the predominant frequency at

which muscle discharges occur. As expected from previ-
. 1.11.12 . . . .

ous studies, > "'~ there is no significant frequency dif-

ference between ET and DT, while OT shows a

significantly higher frequency (Fig. 3C)." Interestingly,
myoclonus results indicate not only a wide frequency
range (8—40 Hz), but also the presence of very high fre-
quencies. The most remarkable aspect is that these
frequencies overlap with the beta frequency band,
which is typically associated with high corticomuscular
coherence observed in cortical myoclonus.®'”-'®

Peak Width

The width of the peak activity defines the range of
dominant frequencies. A wider peak width suggests that
muscles fibers can synchronously discharge across mul-
tiple frequencies rather than a single one, resulting in a
broader, “bell-shaped” peak in the PSD rather than
a sharp peak. This measure reflects the range of fre-
quencies that contribute, with varying power, to tremor
or myoclonus, offering insight into whether the phe-
nomenon is driven by a single or multiple oscillatory
activities, or a single oscillator influenced by interfering
noise that alters the tremor frequency.

Our results indicate that myoclonus exhibits a larger
peak width, likely due to irregular, multifrequency mus-
cle discharges typical of arrhythmic phenomena, where
no single dominant frequency emerges (Fig. 3D). A
similar, broad peak width with more distinct peak prom-
inence has been observed in cortical tremor, a form of
rhythmic cortical myoclonus resembling tremor but shar-
ing the same pathophysiology as cortical myoclonus.>"”

DT also shows a broader peak width compared with
ET and OT (Fig. 3D), suggesting higher frequency vari-
ability in DT. This characteristic has been proposed
based on clinical observations of DT’s jerkiness and has
been previously assessed using other measures, such as
cycle-to-cycle frequency variability in the time domain
or the tremor stability index (TSI), which captures fre-
quency variability by examining the interquartile range
of instantaneous frequency changes.'>*%*! Thus, the
broader peak width observed in DT complements TSI
results, indicating that both frequency-domain and
time-domain measures consistently reveal increased var-
iability in DT compared with other tremor types.

Comparable results to ours were achieved using simi-
lar measures of tremor power, namely half-width
power (HWP) and FWHM.'"!? The former quantifies
tremor power by measuring the area under the curve
between the rising and falling edges of the peak at half-
peak power, while the latter provides a measure of fre-
quency, specifically capturing the range of frequencies
involved,'* which corresponds to our peak width. Simi-
lar to our results, FWHM was significantly higher in
DT compared with ET, while HWP was lower.'* This
finding suggests the presence of multiple oscillators with
irregularities in both amplitude and frequency in DT or
that superimposed dystonic contractions could disrupt
the rhythmicity of the tremor.

2660 Movement Disorders, Vol. 40, No. 12, 2025
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In conclusion, the width of peak activity provides a
measure of “regularity,” answering the question: “Is this
tremor or myoclonus more or less regular?”. This mea-
sure could be particularly valuable, as studies suggest
that more regular tremors may respond better to non-
invasizvaezzcentral stimulation compared with irregular
ones.””

Number of Harmonics

The presence of harmonics has been observed in the
PSD of tremor signals, particularly in studies on tremor
in PD.?*%° The functional significance of these har-
monics remains under debate. It is possible that they
reflect true physiological phenomena, as previous stud-
ies have found significant corticomuscular and
corticocortical coherence at double the tremor fre-
quency in PD and voluntarily simulated tremor.?**°
This interpretation is further supported by the observa-
tion of different scalp topography of corticomuscular
coherence for the basic and first harmonic frequencies
in PD tremor.”® While not directly tested here, this
would support the presence of different neural genera-
tors in OT and ET, which could help differentiate them
from DT and myoclonus, similar to what was reported
previously between ET and PD tremor.>” Another pos-
sible explanation is that harmonics arise from sensory
feedback from mechanoreceptors activated by muscle
contractions associated with tremor.”* According to
this view, the clearer and more numerous harmonics
found in OT and ET in the present study may be a
result of stronger and more synchronous tremor dis-
charges, as demonstrated by the larger peak promi-
nence and narrower peak width found in these
conditions, compared with DT and myoclonus.

The EMG signal itself may also contribute to har-
monics in the PSD, potentially due to the nonlinearity
of tremor waveforms.?>>*?® It is important to note that
the steepness of tremor discharges can have physiologi-
cal meaning. The sum of individual motor unit action
potentials correlates linearly with the neural drive to
the muscle.?” The higher the level of motor unit syn-
chronization, the steeper the rise and fall of the EMG
bursts related to tremor.?’>! It has been suggested that
the amplitude and number of harmonics in the EMG
PSD depend on the steepness of the rising and falling
edges in tremor discharges.*” In this view, our findings
suggest that EMG discharges in OT are driven by the
activity of a highly synchronous neural generator, while
the descending activity in ET, DT, and myoclonus is
more temporally dispersed.

Conclusions

In this study, we demonstrated that our five outcome
measures can objectively characterize tremulous involuntary

r PSD CLASSIFICATION OF TREMOR AND

MYOCLONUS

movements, determining whether a movement qualifies as
tremor, its regularity, and its predominant frequency or fre-
quency range. Individual measures were able to differentiate
OT, ET, DT, and myoclonus to different degrees. Combin-
ing all measures in a linear discriminant analysis allowed us
to effectively separate these four movement disorders, pro-
viding significant segregation across them, with the excep-
tion of ET and DT (Fig. 5).

The inclusion of OT, ET, DT, and myoclonus was
based on their distinct clinical features. We hypothe-
sized that these disorders represent a spectrum, ranging
from a highly regular, single-frequency-driven phenom-
enon (OT) to an irregular, multifrequency phenomenon
(myoclonus). Our results support this hypothesis, posi-
tioning OT and myoclonus at opposite ends of the spec-
trum, with ET and DT lying in between. The partial
overlap in certain features, such as peak frequency and
PB ratio, which lacked significant differences, may
explain the limited accuracy of the discriminant func-
tion in separating ET and DT. By focusing exclusively
on spectral features that demonstrated statistically sig-
nificant differences between the two groups—specifi-
cally, peak prominence and peak width—DT and ET
could be classified with high accuracy. The area under
the ROC curve values were 0.905 for peak prominence
and 0.963 for peak width, highlighting their strong dis-
criminative power.

The presence of some overlap between DT and ET is
not surprising. This might be due to diagnostic chal-
lenges®** or the broad inclusion of ET cases, including
those classified as ET-plus and questionable dystonia
that may have clustered with DT cases. Nevertheless,
we believe that these findings overall point to a poten-
tial pathophysiological link between ET and DT. While
peak frequency and PB ratio are similar between the
two, ET exhibits higher peak prominence and narrower
peak width compared with DT, suggesting that DT is
characterized by greater background muscle activity
and more variable frequencies, likely due to the influ-
ence of underlying dystonia. These differences may
reflect different physiological mechanisms.'%%5-?

Our findings should be interpreted with caution due
to the retrospective design of the study and the lack
of in-depth phenotyping, such as differentiation of
ET-plus. Additionally, our analysis relied on diagnosis-
specific frequency windows, which restricts the general-
izability of the method for prospective diagnostic use.
Although this approach was necessary to avoid mis-
classifying tremor-related activity amid nonspecific
EMG signals, future studies should aim to develop clas-
sifiers based on unified frequency ranges without prior
diagnostic assumptions and while also taking tremor
severity into account. Furthermore, our study focused
on group-level comparisons rather than establishing
quantitative thresholds for clinically meaningful spec-
tral peaks. While we identified systematic differences
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across conditions, future research is needed to validate
cut-offs that could support objective diagnostic criteria.
Nonetheless, we believe our results provide valuable
insights into tremor and cortical myoclonus characteri-
zation, particularly in differentiating ET from DT,
thereby aiding clinical diagnosis and advancing under-
standing of the pathophysiology of these disorders. ®
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