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There are two types of dystonic tremor syndromes (DTS), dystonic tremor (DT) and tremor associated with dystonia
(TAWD), and neither is understood. DTS likely share some mechanisms with nontremulous dystonia, and there may also be
overlaps with essential tremor (ET). We studied 21 ET (8 females, 13 males) and 22 DTS human patients (10 females, 12
males), including 13 human patients with DT (writer’s cramp with writing tremor) and 9 human patients with tremor associated with dystonia (TAWD; cervical dystonia with hand tremor). Tremors were analyzed using accelerometry and surface
EMG of the antagonist pairs of arm muscles during posture, simple kinetic movement, and writing. Cerebellar inhibition was
performed to assess cerebello-thalamo-cortical involvement. DT exhibited higher variability of peak frequency and greater
instability of tremor burst intervals over time (higher tremor stability index) than ET or TAWD regardless of tasks.
Intermuscular coherence magnitude between the antagonist pairs increased during the writing task in DT, but not ET or
TAWD. ET and TAWD exhibited different phase relationships of the temporal fluctuations of voluntary movement and
tremor in the kinetic condition. A linear discriminant classifier based on these tremor parameters was able to distinguish the
three groups with a classification accuracy of 95.1%. Cerebellar inhibition was significantly reduced in DT, but not in TAWD,
compared with ET and healthy controls. Our study shows that the two DTS are distinct entities with DT closer to nontremorous dystonia and TAWD closer to ET.
Key words: cerebellar function; dystonic tremor; essential tremor; pathophysiology; transcranial magnetic stimulation
Significance Statement
This study provides novel findings about characteristics and pathophysiology of the two different types of dystonic tremor
syndromes compared with essential tremor. Patients with DTS are classified into DT who have dystonia and tremor in the
same area, and tremor associated with dystonia (TAWD) who have dystonia and tremor elsewhere. Our results showed that
DT exhibits increased tremor variability, instability, and intermuscular coherence, and decreased cerebello-thalamo-cortical
inhibition compared with TAWD. Our study shows that DT and TAWD are distinct phenotypes, and that the physiological
characteristics of DT are more similar to nontremorous dystonia, and TAWD is closer to ET.
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Dystonic tremor syndromes (DTS) are comprised of tremor
and dystonia as the main neurologic signs. Two types of tremor
in dystonia are typically classified: dystonic tremor (DT), which
is defined as tremor in a body part affected by dystonia, and
tremor associated with dystonia (TAWD), defined as tremor in a
body part not affected by dystonia (Bhatia et al., 2018). Tremor
in dystonia mostly occurs in posture and during voluntary movements resembling essential tremor (Pandey and Sarma, 2016).
The clinical characteristics of dystonic tremor are coarse, jerky,
irregular, directional, and asymmetrical. Electrophysiological
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studies showed that tremors in both DT and TAWD groups
were smaller in magnitude but exhibited higher irregularity in
terms of amplitude and frequency compared with essential tremor
(ET) (Jedynak et al., 1991; Shaikh et al., 2008; Bove et al., 2018).
However, regular oscillations similar to ET have also been demonstrated in various types of DTS (Rudzi
nska et al., 2013; Shaikh et al.,
2015), indicating that there might be overlap in tremor characteristics between DTS and ET.
It is unclear whether tremor in dystonia has its own pathophysiology unrelated to dystonia or shares some mechanisms.
Previous neurophysiological studies of tremor in dystonia (both
DT and TAWD subtypes) showed that DTS shared similar physiology of dystonia, including loss of inhibition at spinal, brainstem, and cortical level (Munchau et al., 2001; Nistico et al.,
2012; Tinazzi et al., 2013; Conte et al., 2018). Functional imaging
studies also revealed the involvement of basal ganglia, thalamus,
and sensory-motor cortex in DTS, similar to dystonia without
tremor (Cerasa et al., 2014; Kirke et al., 2017). Recently, there has
been increasing evidence of cerebellar involvement and interactions between cerebellum and basal ganglia in dystonia and DTS.
Clinical signs of concomitant cerebellar dysfunction, cerebellar
atrophy or lesions, as well as functional abnormalities of cerebellum, and its pathway to the frontal cortex and cerebellar pathology has been shown in dystonic tremor (Ma et al., 2012; Batla et
al., 2015; Kirke et al., 2017; Merola et al., 2019). Eye blink classical conditioning, a marker for cerebellar dysfunction, was
impaired in patients with cervical dystonia (CD) with tremor
(both DT and TAWD), while it was normal in dystonia without
tremor (Antelmi et al., 2016). Transient benefit of deep brain
stimulation of the ventrointermediate nucleus of thalamus, the
nucleus that receives afferents from the cerebellum, also supports
the involvement of the cerebello-thalamo-cortical (CTC) pathway and its connections in DTS (Cury et al., 2017). Therefore,
the network involving the CTC pathway might play a role in
DTS. In addition, the differences in characteristics and pathophysiology of tremor among the subtypes of DTS have never
been explored (Defazio et al., 2013). It is still debated whether
DT and TAWD are distinct entities or similar syndromes with
different types of corresponding dystonia (Defazio et al., 2015).
The primary purpose of the current study was to examine the
neurophysiological characteristics of DTS and its subtypes (DT
and TAWD) in comparison with ET. Various tremor parameters, including peak frequency (Fp), tremor variability, tremor
stability index (TSI) (di Biase et al., 2017), and intermuscular coherence between the antagonist muscle pairs, were investigated
and compared between the groups (ET, DT, and TAWD) and
with several tasks (postural, kinetic, and writing). The functional
influence of the cerebellum or the CTC pathway in DTS can be
assessed by cerebellar inhibition (CBI), which quantifies the inhibitory projection from the Purkinje cells to the dentato-thalamo-cortical pathway (Ugawa et al., 1995), being useful for
investigating the integrity of the CTC pathway. CBI has been
studied in ET with conflicting results, and it was reduced in focal
hand dystonia without tremor (Pinto et al., 2003; Molnar et al.,
2004; Brighina et al., 2009; Hanajima et al., 2016). Our hypothesis was that DT and TAWD are two distinct subtypes with DT
having more CTC dysfunction compared with TAWD and ET.

Materials and Methods
Participants
Twenty-one patients with a clinical diagnosis of ET (8 females), 22
patients with DTSs (10 females), and 19 age-matched right-handed
healthy controls (8 females) without any clinical signs of tremor/
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dystonia participated in the study. Patients with DTS were subdivided
into 13 patients with DT (writer’s cramp with writing tremor) and 9
patients with TAWD (CD with hand tremor). All patients were diagnosed according to the Consensus Statement on Classification of tremor
and dystonia (Deuschl et al., 1998; Albanese et al., 2013; Bhatia et al.,
2018). Patients were not taking any symptomatic medications for tremor
and dystonia for at least 5 half-lives before participation of the study.
Those who took medications that may affect the transcranial magnetic
stimulation (TMS) results, such as benzodiazepines, primidone, topiramate, selective serotonin-reuptake inhibitors, and antiepileptics, were
excluded from the TMS section (Ziemann, 2004). All patients with DTS
were studied at least 3 months after botulinum toxin injections. Baseline
characteristics and clinical data were collected in all recruited participants and are presented in Table 1. Severity of tremor and its impact on
activities of daily living were quantified by The Essential Tremor Rating
Assessment Scale (TETRAS) in all patient groups. This scale was used in
our study because it focuses mainly on upper extremity action tremor
and also assesses head and face tremor that are considered to be the
most affected in both ET and DTS (Ondo et al., 2018). Informed consent
was obtained before participation. The experiments conformed to the
Declaration of Helsinki and were approved by the Institutional Review
Board of the National Institutes of Health.
Tremor recordings
All patients with ET and DTS participated in tremor recordings. Tremor
was recorded using two triaxial accelerometers, taped on the dorsum of
both hands of the patients with the z axis perpendicular to the dorsal surface. Four pairs of bipolar surface EMG electrodes were placed on the
flexor carpi radialis (FCR) and extensor carpi radialis (ECR) muscles
bilaterally. These muscles are the antagonist muscle pairs responsible for
wrist tremors and are the most severely affected in ET and DTS (both
DT and TAWD) (Louis, 2019). Hand tremors were recorded in four
conditions: posture (P), posture with 1 pound weighting, simple kinetic
movement (K), and writing with the affected hand (Wr). The patients
held their hands in an outstretched, horizontal position beyond the edge
of the armrest while the pronated forearm was supported on the chair
armrest during posture (P), whereas they flexed and extended the hands
slowly during simple kinetic movements (K). To evaluate writing
tremor, the patients who clinically had tremor while writing were asked
to write a spiral or a sentence to elicit tremor with the affected hand.
Tremor was recorded for 1 min and repeated 3 times in each condition.
TMS procedure
EMG procedure. Participants, including patients and healthy controls, sat in a comfortable chair with their tested arms outstretched and
supinated. The tested hand was the dominant side in healthy controls,
the more affected hand in patients with ET or TAWD, and both the
affected and unaffected side in patients with DT to assess the involvement of the unaffected cortex despite unilateral symptomatic expression
in DT. Surface EMG electrodes were placed on the first dorsal interosseus (FDI) muscle in bipolar montages. The EMG signal was amplified
using a conventional EMG machine with a bandpass filter between 10
and 2000 Hz.
TMS procedure. CBI was obtained from paired-pulse TMS stimulation with conditioning stimulation (CS) delivered to the cerebellar cortex
ipsilateral to the recorded hand, followed 5 ms later by a test stimulus
(TS) delivered to the contralateral motor cortex (M1). The TS was
applied over the M1 at the FDI hotspot contralateral to the recorded side
with a figure-of-eight coil with an external loop diameter of 60 mm, connected to the Bistim2 (Magstim). The TMS procedure was performed
similarly to prior work by our group (Panyakaew et al., 2016). Briefly,
the location at the FDI hotspot was recorded and maintained throughout
the whole experiment using MRI-based neuronavigation. At this location, the input–output curve parameters were obtained to provide the
parameters of the resting motor cortex threshold (RMT) and S50. The
intensity of the TS was set at S50. S50 is the stimulation intensity that
produces a motor evoked potential (MEP) amplitude midway between
the EMG baseline and maximum MEP from input–output plots with
Boltzmann sigmoidal fitting.
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Table 1. Clinical demographics of ET, DTS, and control subjectsa
Age (yr)
Sex (% female)
Tremor onset (yr)
Tremor duration (yr)
Dystonia onset (yr)
Dystonia duration (yr)
Interval between tremor/dystonia onset (yr)
TETRAS ADL
TETRAS per
TETRAS per upper limb
FMS
TWSTR

Controls (N = 19)

ET (N = 21)

DTS (N = 22)

55.8 6 9.3
8 (42%)
—
—
—
—
—
—
—
—
—
—

56.1 6 8.9
8 (38%)
21.8 6 16.3
34.3 6 13.8
—
—
—
21.3 6 5.8
19.8 6 5.9
18.3 6 4.9
060
060

59.0 6 10.3
10 (45%)
36.6 6 17.9
22.5 6 18.3
44.5 6 14.9
14.5 6 14.6
7.9 6 15.8
15.5 6 9,5
14.9 6 7.9
14.7 6 6.7
3.1 6 2.1
5.9 6 7.2

p#

DT (N = 13)

TAWD (N = 9)

0.49
0.89
0.01p
0.03p
—
—
—
0.02p
0.03p
0.06
,0.01p
,0.01p

59.7 6 13.6
4 (31%)
40.1 6 15.9
19.5 6 18.0
39.1 6 14.4
20.2 6 15.7
1.0 6 5.9
10.3 6 6.1
9.8 6 4.9
10.2 6 4.1
3.7 6 2.1
2.4 6 5.7

55.8 6 9.3
6 (67%)
31.4 6 20.2
26.8 6 18.8
52.1 6 12.8
6.1 6 7.8
20.7 6 17.2
23.1 6 8.5
22.3 6 4.9
20.8 6 4.3
2.1 6 1.8
10.9 6 6.0

p##
0.66
0.38
0.02p (DT . ET)
0.06
0.04p
0.01p
,0.01p
,0.01p (ET = TAWD . DT)
,0.01p (ET = TAWD . DT)
,0.01p (ET = TAWD . DT)
,0.01p (DT = TAWD . ET)
,0.01p (TAWD . DT= ET)

a
DTS patients were subdivided into DT (writer’s cramp with writing tremor) and TAWD (CD with hand tremor). ADL, Activity of daily living; per, performance; FMS, Fahn-Marsden Dystonia Rating Scale; TWSTR, Toronto
Western Spasmodic Torticollis Rating Scale.
p p , 0.05.
#
p value from student t test or Mann Whitney U test for continuous variables.
##
p value from one-way ANOVA test or Kruskal–Wallis sum rank test for continuous variables.

For the cerebellar CS, a double-cone coil (110 mm diameter) was
positioned over the ipsilateral cerebellum to the recorded hand. The center of the coil was placed 3 cm lateral and 1 cm inferior to the inion to
stimulate the cerebellar hand representations in lobule VIII of the
cerebellum that was confirmed with MRI-based neuronavigation
(Daskalakis et al., 2004; Kassavetis et al., 2011). CS intensity was set at
the closest 5% of the stimulator output below the active pyramidal
threshold to avoid antidromic corticospinal tract activation that is able
to suppress the contralateral motor cortex (Fisher et al., 2009; Ugawa,
2009). The active motor threshold for the pyramidal tract was determined with the double cone coil centered at the inion while subjects
made a phasic movement of the FDI (Ugawa et al., 1995; Daskalakis et
al., 2004). The coil current direction was downward to induce upward
current in the cerebellar cortex. For the best suppression effect, the interstimulus interval between the test and condition stimulus was 5 ms to
explore the function of the CTC pathway in DTS and ET compared with
controls (Ugawa et al., 1995; Pinto et al., 2003; Daskalakis et al., 2004);
10 trials were done for TS at M1 alone and 10 trials for the paired-pulse
paradigm.
Data analysis
Tremor analysis: accelerometer and EMG data. The tremor parameters were Fp, half-width power (HWP), FWHM, TSI, intermuscular coherence magnitude (CohM), and intermuscular coherence phase
(CohPh). HWP is the area under the curve between two vertical straight
lines at the rising and falling edge of the peak at half peak power
(FWHM) (Schwingenschuh et al., 2011). HWP is a measure of tremor
power (TPtr), whereas FWHM is a measure of the range of tremor frequency or frequency variability. TSI is calculated as the interquartile
range of change in frequency, computed from the relationship between
instantaneous variation in frequency and instantaneous frequency (di
Biase et al., 2017), which was suggested as a neurophysiological parameter that is capable of differentiating ET from PD tremor. The mean of
three trials of each parameter was calculated from the dominant hand.
To evaluate the common neural input to the FCR and the ECR
muscles (antagonistic pair of hand tremor), the intermuscular coherence
values were computed from surface EMG data. The coherence values
were estimated from concatenated data (per condition/block) using nonoverlapping segments with a frequency resolution of 1 Hz. Only the coherence values .95% confidence limit, determined by the segment
length (Halliday et al., 1995), were then z-transformed. The integral of ztransformed coherence between 8 and 55 Hz was estimated, which
includes the three frequency bands of interest: a (8–12 Hz), b (13–
35 Hz), and g (36–55 Hz), each of which represents common neural
input to the muscles via different pathways (spinal, corticospinal, and
subcortical, respectively) (Farmer et al., 1993; Norton et al., 2003;
Nishimura et al., 2009). For each condition/group, the CohM and
CohPh values were computed.

Time frequency characteristics of the simple kinetic movements were
analyzed to examine the effects of voluntary movement on tremor. First,
the time-frequency analysis was performed on the accelerometer data by
applying a moving window of 1 s duration with 0.5 s overlapping to
compute the power spectrum over time. Then, at each time point, the
TPtr was computed as the peak power (in decibels) between 4 and 10 Hz,
and the movement power (TPmov) as the peak power between 0 and
4 Hz. TPtr and TPmov quantify the degree of fluctuation in the tremor
and that of the voluntary movement over time, respectively. Temporal
synchronization of fluctuation in TPtr and that in TPmov was then
assessed by computing the coherence between the TPtr and the TPmov
at the frequency of the power fluctuation for each subject (typically
observed between 0.1 and 0.3 Hz). The confidence limit of the coherence
values between the TPmov and TPtr were computed from the segment
length used to estimate the coherence values (Halliday et al., 1995), and
only the coherence values (at the power fluctuation frequency) greater
than the confidence limit was considered in the analysis. The magnitude
of the coherence values indicates the degree of synchronization of the
temporal fluctuation of the tremor intensity/power and that of the voluntary movement, while the coherence phase quantifies the temporal
delay between the TPmov and TPtr fluctuations.
TMS data analysis. MEP amplitudes of the recorded FDI muscle
were measured peak-to-peak in each trial in millivolts. The mean MEPs
of 10 trials of test alone and paired-pulse stimulation were calculated.
CBI is a ratio of mean conditioned MEP and unconditioned MEP. CBI
changes were compared between groups and subgroups.
Statistical analysis
Baseline characteristics, tremor parameters, and TMS parameters were
summarized using either means and SDs, or frequencies and percentages
as appropriate. The Shapiro–Wilk test was performed to evaluate the
normality of demographics and parameters in each group. Differences in
demographics and TMS parameters, including CBI ratio among ET,
DTS, and controls, were evaluated using the one-way ANOVA with
two-sample t tests or Kruskal–Wallis rank sum test with Mann–Whitney
test for post hoc pairwise tests for continuous variables. Bonferroni’s
adjustment was used for multiple comparisons between groups. To compare between subgroups (DT, TAWD, ET, and controls), one-way
ANOVA with two-sample t tests or Kruskal–Wallis rank sum test with
Mann–Whitney test for post hoc pairwise tests was also performed.
Correlation between CBI ratio and tremor severity scale was evaluated
with Pearson’s correlation test. The mixed model repeated ANOVA was
used to test the differences in tremor characteristics in different conditions among patient groups. Log transformation was applied for HWP
and FWMH before performing the mixed model repeated ANOVA
because these two parameters were not normally distributed. The experiment in the tremor section had three within-subject factors (conditions;
posture, kinetic, and writing) and three between-subject factors (groups;
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Figure 1. Tremor characteristics. Box-and-whisker plots represent median with interquartile range of postural, kinetic, and writing conditions across ET, DT, and TAWD. A, Fp (Hz). B, HWP
(g). C, FWHM (Hz). D, TSI. E, Intermuscular CohM. F, CohPh.
ET, DT, and TAWD). Condition, group, and the interaction between
condition and group were fixed effects. Simple t test was used for post
hoc pairwise tests with Bonferroni’s adjustment for multiple comparisons. Statistical analysis was performed using SPSS version 23.0 software
(IBM). Cohen’s d was computed to report effect sizes when the pairwise
comparisons showed significant differences.
Classification of patient groups using tremor characteristics
The tremor parameters that were found to be significantly different
between groups were used to build different classifiers with linear discriminant analysis (LDA) to distinguish among three patient groups.
LDA projects the features to a space that minimizes within-group variability and maximizes between-group variability by finding eigenvalues
of the between-class variance matrix (normalized by the within-class
variance).
Two types of validation for the LDA classifier were performed. For
the interpolation, data points from all subjects were used to build the
model; then the performance of the model was validated against the
same dataset. For the extrapolation, the classifier was built, excluding
data from one subject, which was then implemented to identify the
group of the excluded subject.
Additionally, we performed leave-one-out cross validation of the
tremor parameters to evaluate their contribution to the classification accuracy. Namely, for each tremor parameter identified with a significant
between-group difference, an LDA classifier was built without including
the parameter and its classification accuracy was estimated. The lower
the classification accuracy, the more significant is the contribution of the
parameter to the between-group separation.

Results
Patient characteristics
In our study, patients with DTS were significantly older at onset
of tremor (36.6 6 17.9 vs 21.8 6 16.3, p = 0.01; effect size d =

0.87) and had less tremor severity (TETRAS performance scale;
14.9 6 7.9 vs 19.8 6 5.9, p = 0.03; effect size d = 0.73) than
patients with ET (Table 1). When DTS was subdivided into DT
and TAWD, tremor onset and tremor severity were different
between DT and ET but not between TAWD and ET. Tremor
started at or after dystonia onset in DT, while tremor started
before dystonia onset in TAWD (interval between tremor and
dystonia onset; 1.0 6 5.9 vs 20.7 6 17.2, p , 0.001; effect size
d = 1.84).
Tremor characteristics: accelerometry and EMG data
Data from all patients were used in the tremor analysis, except 1
subject in the DT group, who was excluded because of intermittent tremor during tremor recording. Writing tremor was
recorded only in 7 ET, 12 DT, and 6 TAWD patients who clinically had tremor during writing. The tremor characteristics
across three groups in each condition (posture, kinetic, writing)
are shown in Figure 1. Fp was found significantly different across
conditions (F(2,62.8) = 6.99, p = 0.002) (Fig. 1A). There was no
significant effect of group (F(2,40.2) = 2.28, p = 0.11), but the interaction between condition and group was found significant
(F(4,62.7) = 3.14, p = 0.02). Post hoc pairwise comparisons showed
that, while the Fp of kinetic tremor was the highest for all groups,
significant differences were found between kinetic and postural
tremor in ET (p , 0.001; effect size d = 1.00) and between kinetic
and writing tremor in DT (p = 0.006; effect size d = 0.94). When
the Fp of writing tremor was compared among patient groups,
the Fp value was significant higher in ET than DT (p = 0.02;
effect size d = 1.15).
Additionally, Fp of posture with 1 pound weighting condition
was compared with that of the posture (P) condition for each
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group to determine the nature of oscillator whether its origin is
central or peripheral (Deuschl et al., 2001). The difference of Fp
between Wt and P was ,1 Hz in all groups (ET; Fp P =
5.65 6 0.89 vs Fp Wt = 5.59 6 1.0, TAWD; Fp P = 5.25 6 0.84 vs
Fp Wt = 5.13 6 0.97, DT; Fp P = 5.86 6 0.96 vs Fp Wt = 4.89 6
0.48), indicating central tremor.
When tremor magnitude (HWP) was compared among conditions and groups, there were significant effects of condition
(F(2,60.7) = 15.9, p , 0.001) and the interaction between condition
and group (F(4,60.7) = 12.79, p , 0.001), but the effect of group
(F(2,39.1) = 2.03, p = 0.15) was not found significant (Fig. 1B). Post
hoc pairwise comparison showed that HWP of postural tremor
was significantly lower in DT compared with ET (p = 0.006; effect
size d = 0.88) and TAWD (p = 0.03; effect size d = 0.81). Nevertheless, HWP of writing tremor was not different among groups.
For ET, HWP of postural and kinetic tremor was higher than writing tremor (p = 0.006; effect size d = 0.72, p = 0.03; effect size
d = 0.81, respectively); whereas for DT, HWP of postural tremor
was lower than kinetic and writing tremor (p = 0.006; effect size
d = 0.71, p = 0.006; effect size d = 0.76, respectively).
FWHM was analyzed to determine tremor variability in each
condition and group (Fig. 1C). The main effects for group
(F(2,40.2) = 9.11, p = 0.001) and condition (F(2,66.6) = 16.2,
p , 0.001) were significantly different, while the interaction
between condition and group was not significantly different
(F(4,66.5) = 0.74, p = 0.57). Post hoc pairwise comparison revealed
that FWHM was significantly greater in DT than ET (p , 0.001;
effect size d = 0.93) and TAWD (p = 0.01; effect size d = 0.67).
The FWHM of kinetic tremor was the highest compared with
postural (p , 0.001; effect size d = 0.82) and writing tremor
(p = 0.01; effect size d = 0.48) in all groups.
The TSI, a measure of stability of tremor frequency over time,
was analyzed and compared among patient groups (Fig. 1D).
Interestingly, both main effects for group (F(2,38.7) = 20.26,
p , 0.001), condition (F(2,64.3) = 21.48, p , 0.001), and the interaction between condition and group (F(4,64.2) = 4.56, p = 0.003)
were significantly different. Post hoc pairwise comparison demonstrated that TSI of postural and kinetic tremor was significantly greater in DT compared with ET (p , 0.001; effect size
d = 2.30) and TAWD (p , 0.001; effect size d = 1.34). The pattern
of TSI of three different conditions was not similar to that of
FWHM. We observed that the highest TSI was during writing in
ET, whereas TSI during writing was not higher than kinetic in
both TAWD and DT. However, TSI of writing tremor was not
significantly different among three groups.
To evaluate the intermuscular coherence between of the FCR
and the ECR muscle as the antagonist pair of hand tremor, the
CohM and CohPh were extracted from surface EMG data in
each condition (Fig. 1E,F). For CohM, there were significant
effects for group (F(2,36.5) = 7.53, p = 0.002), condition (F(2,61.6) =
8.57, p = 0.001), and the interaction between condition and group
(F(4,61.5) = 7.05, p , 0.001). Post hoc pairwise comparison showed
that CohM of postural tremor was significantly different between
DT and ET (p , 0.001; effect size d = 2.09) and between DT and
TAWD (p = 0.006; effect size d = 2.23). CohM of postural tremor
was significantly higher than kinetic (p , 0.001; effect size
d = 1.55) and writing (p , 0.001; effect size d = 1.41) in ET while
CohM of writing tremor was significantly higher than postural
(p = 0.04; effect size d = 1.12) and kinetic tremor (p = 0.006; effect
size d = 1.49) in DT. For TAWD, a similar pattern with ET was
observed but did not reach statistical significance (P vs K;
p = 0.10, P vs W; p = 0.05). In contrast to CohM, the main effects
for group (F(2,38.3) = 0.27, p = 0.77) and condition (F(2,62.8) = 2.05,
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p = 0.14) and interaction between condition and group were not
significantly different (F(4,62.7) = 1.62, p = 0.18) in CohPh. We did
not observe any consistent patterns of synchronous or cocontraction of the antagonist pair in any group of patients.
Effect of voluntary movement on tremor
Temporal fluctuation in TPtr (Ftr) was evaluated in each condition and compared among groups. There were significant effects
for condition (F(2,61.4) = 4.61, p = 0.01) and the interaction
between condition and group (F(4,61.4) = 2.96 p = 0.03), but there
was no significant effect of group (F(2,39.0) = 0.7, p = 0.50). Post
hoc pairwise comparison demonstrated a significant difference in
Ftr between postural and kinetic tremor in ET (p = 0.001; effect
size d = 0.83).
We further explored the effect of voluntary movement on
tremor during simple kinetic movement in patients with ET,
TAWD, and DT because only simple cyclic movement (kinetic
condition) affected temporal fluctuation of tremor but not writing. When a voluntary movement was made, it affected tremor
of the patient groups differently (Fig. 2A–C). The interaction
between voluntary movements and tremors in the kinetic condition was significantly different among groups (one-way ANOVA;
F(2,3.92) = 7.53, p = 0.03). Ftr was more synchronized with that of
TPmov in TAWD, indicated by significant smaller phase delay in
coherence between TPtr and TPmov (phase delay = 57.1 6 15.6°),
compared with the phase delay in ET patients (phase delay =
109.6 6 9.6°; post hoc pairwise tests with Bonferroni’s adjustment, p = 0.025; effect size d = 1.21) (Fig. 3).
Cluster analysis of tremor characteristics to distinguish
among groups
The following tremor characteristics from the dataset were found
to be significantly different across groups and, thus, were used to
build different classifiers: (1) Fp in power spectrum, (2) FWHM,
(3) TSI, (4) phase delay between temporal fluctuation of TPmov
(0–4 Hz) and TPtr (4–10 Hz), and (5) intermuscular CohM
between the ECR and FCR muscle.
The LDA classifier based on these features was able to distinguish among ET, DT, and TAWD with a high accuracy. The accuracy of LDA classification was 95.1% for the interpolation and
85.4% for the extrapolation (Fig. 4).
Additionally, results from the leave-one-out cross validation
of the tremor parameters showed that the CohM contributed the
most to the between-group separation (41.5% classification accuracy by the LDA classifier built without CohM), and the Fp the
least (90.2% accuracy by the classifier without Fp).
CBI reduction in DTS compared with controls
A total of 18 ET, 20 DTS, and 19 controls completed the TMS
experiment. Three ET and 2 TAWD patients were excluded
because of inability to tolerate cerebellar stimulation (1 patient)
and taking medications that might affect TMS results (4
patients). The TMS parameters and CBI results are shown in
Table 2. The mean RMT at the motor cortex and TS were not
significantly different among patients and controls (p = 0.37,
p = 0.77, respectively), while the pyramidal threshold and CS
were significantly lower in DTS than controls (DTS vs controls;
p = 0.03; effect size d = 0.85, p = 0.02; effect size d = 0.97, respectively). There is no clear explanation for the lower pyramidal
threshold in DTS compared with controls, and an earlier study
did not find any difference (Brighina et al., 2009). However, the
MEP sizes with TS alone that might influence the CBI result
were similar across groups (p = 0.13).
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Figure 2. Representative cases of the time-frequency analysis for postural and kinetic tremor in (A) ET, (B) TAWD, and (C) DT. There was a large degree of temporal (phase) delay between
the fluctuation of the tremor (4–10 Hz) and movement (0–4 Hz) peak powers in the kinetic condition in ET and DT (out-of-phase), whereas there was less phase delay (more synchronous)
between tremor and movement in TAWD (in-phase).

CBI was calculated as a ratio of mean conditioned MEPs and
unconditioned MEPs. There was a significant difference in CBI
ratio among groups (F(2,54) = 4.38, p = 0.02) as shown in Figure
5A. Post hoc pairwise comparison showed that CBI was significantly reduced (less inhibition) in patients with DTS compared
with controls (p = 0.03; effect size d = 0.73) but not ET compared
with controls (p = 0.94).

CBI reduction in DT compared with controls and ET but not
TAWD
Twenty patients with DTS were subdivided into 13 DT and 7
TAWD and compared with ET and control. There were no significant differences in the mean RMT at the motor cortex, TS,
pyramidal threshold, CS, and the MEP sizes with TS alone
among patient groups and controls. Subgroup analysis revealed a
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Figure 3. The phase delay (box-and-whisker plots; median with interquartile range) in coherence between TPtr and TPmov in ET, TAWD, and DT.

Figure 4. Cluster analysis of tremor characteristics to distinguish among ET, DT, and
TAWD. The accuracy of LDA classification was .95% (interpolation method) and .85%
(leave-one-out method).

significant difference in CBI across groups (F(3,53) = 4.05,
p = 0.01) as shown in Figure 5B. Post hoc pairwise comparison
demonstrated a significant CBI reduction in DT, but not
TAWD, compared with controls (DT vs controls; p = 0.01; effect
size d = 1.20) and ET (DT vs ET; p = 0.04; effect size d = 1.16).
When CBI on the unaffected side in patients with DT was added
to the post hoc pairwise comparison, it was not significantly different from the affected side (p = 0.84).
Correlation between CBI and tremor severity scale
Exploratory correlation analysis was performed to evaluate the
contribution of the cerebellum in tremor genesis. There was a
negative correlation between CBI and TETRAS performance
scale only in the patients with ET (r = 0.57, p = 0.01) but not
DTS (r = 0.06, p = 0.78) (Fig. 5C). CBI was not significant correlated with TETRAS scale either in DT (r = 0.004, p = 0.99) or
TAWD (r = 0.34, p = 0.45) subgroup.

Discussion
Our study examined the neurophysiological characteristics of
dystonic tremor and its subtypes. Tremor in DT revealed higher
variability and increased instability than ET and TAWD regardless of conditions. TAWD shared more tremor characteristics
with ET compared with DT. However, ET and TAWD had a different degree of interaction between voluntary movements and
tremor oscillators during the simple kinetic condition. DT had
less inhibition in the CTC pathway than ET or TAWD. A correlation was found between CBI and tremor severity scale only in
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ET. These results fit our hypothesis that DTS is comprised of two
distinct subtypes with different physiologies, with DT having
more reduced CTC function.
The relationship between dystonia and tremor onset was different between DT and TAWD. We found that tremor started at
or after dystonia onset in DT, while tremor started before dystonia onset in TAWD. This result differs from a previous DTS
cohort in which tremor started at or after onset of dystonia in
both DT and TAWD (Defazio et al., 2013). However, Schiebler
et al. (2011) showed similar findings to ours that one subgroup
of patients with CD and hand tremor had tremor starting before
onset of CD. This group of patients had higher severity of tremor
compared with typical DT, like ET. This supports the idea that
baseline characteristics of TAWD are more like ET or an ET syndrome tainted with dystonia. However, a larger cohort should be
done to prove this concept.
Tremor in DT had higher FWHM and TSI values compared
with ET and TAWD, indicating increased variability in tremor
frequency and instability of tremor in all conditions. The interpretation of FWHM is different from TSI. TSI measures the
range of cycle to cycle changes over time, which can precisely
capture the short-term stability or temporal aspect of tremor.
Conversely, FWHM detects the range of different frequencies
within the signal, as it is derived from examining the power spectrum of the entire signal (not from cycle-to-cycle variations).
The TSI can capture the time-varying behavior of a single oscillator, whereas FWHM might better characterize the shifting
between multiple oscillators as has been previously proposed
(Shaikh et al., 2008; Brittain et al., 2015; di Biase et al., 2017). In
DT, there could be a number of oscillators with irregularity in
both amplitude and frequency (Deuschl et al., 2001), or a superimposed dystonic contraction might disrupt tremor rhythmicity,
leading to increases both in FWHM and TSI (Bove et al., 2018).
An alternative hypothesis for increased tremor instability in DT
might be that the results depend on tremor amplitude since there
were differences in tremor amplitude among groups. Stronger
tremor possibly comes from greater entrainment of central oscillators, leading to more stability. Also, a significant negative correlation between tremor amplitude and TSI (r = 0.46, p , 0.01)
was found in our study. An analysis adding tremor amplitude as
a covariate was performed to address this hypothesis. The results
were similar (data not shown), suggesting that higher tremor
instability in DT compared with TAWD and ET is because of its
underlying pathophysiology. Our data showed that TSI was dependent on conditions, contrary to a previous report (di Biase et
al., 2017). Tremor possibly becomes more unstable when motor
commands interact with oscillators while performing a complex
task. TSI of writing tremor was the highest in ET compared with
kinetic and postural condition, which points to more involvement of cerebellum as a part of feedforward loop while performing complex motor task in ET (Alahmadi et al., 2016). This
hypothesis was supported by the delayed onset of the second
agonist during triphasic pattern of ballistic movement in ET
resembling cerebellar disorders (Munchau et al., 2001). Moreover,
tremor in ET is more unstable under conditions that require
increased visual feedback such as writing (Archer et al., 2018).
Intermuscular CohM of writing was increased in DT compared with other conditions. Indeed, this finding supports
dystonic cocontraction and relates to the loss of reciprocal inhibition that has been widely described in dystonia (Hallett, 2011;
Gallea et al., 2018; Quartarone and Ruge, 2018), suggesting that
there is some degree of pathophysiological overlap between DT
and dystonia without tremor. TAWD was shown to share some
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Table 2. TMS Parameters and CBI results of ET patients, DTS patients, and control subjects (C)a
RMT
TS intensity
Pyramidal threshold
CS intensity
MEP sizes of the FDI
CBI of the FDI

Controls (N = 19)

ET (N = 18)

DTS (N = 20)

p#

DT (N = 13)

TAWD (N = 7)

p#

47.3 6 9.9
59.2 6 11.8
64.1 6 10.9
61.3 6 12.3
2.0 6 1.2
0.75 6 0.17

46.5 6 9.8
58.3 6 12.0
58.8 6 10.5
53.8 6 10.5
3.3 6 2.5
0.77 6 0.15

44.3 6 12.1
56.4 6 12.1
54.5 6 11.7
49.7 6 11.7
3.2 6 2.2
0.86 6 0.13

0.37
0.77
0.04p (C . DTS)
0.02p (C . DTS)
0.13
0.02p (DTS . C)

44.1 6 12.7
56.6 6 12.8
55 6 11.2
50.4 6 11.3
3.5 6 2.6
0.91 6 0.08

44.7 6 11.9
56.1 6 11.8
56.1 6 11.8
48.6 6 13.5
2.5 6 1.1
0.77 6 0.15

0.58
0.91
0.09
0.05
0.22
0.01p (DT . ET) (DT . C)

a

DTS patients were subdivided into DT (writer’s cramp with writing tremor) and TAWD (CD with hand tremor). MSO, Maximum stimulus output.
p p , 0.05.
p value from one-way ANOVA test or Kruskal–Wallis sum rank test for continuous variables.

#

Figure 5. Summary of CBI (box-and-whisker plots; median with interquartile range) in ET, DTS, and controls (A) and in subgroups of DTS, DT and TAWD, and the unaffected side of DT (B).
Correlation analysis between CBI and TETRAS performance scale (C) in ET, DTS, and subgroups of DTS (D).

tremor characteristics, including tremor variability, instability,
and CohM with ET rather than DT, perhaps the characteristics
of TAWD could be considered as ET tainted with a bit dystonia.
However, the effect of voluntary movements on tremor was different between ET and TAWD. Ftr was close to synchronized
with that of TPmov in TAWD, whereas it was close to alternating or out of phase in ET. For TAWD, a similar pathway might
be used for movement and tremor production because of loss of
inhibition and abnormal sensorimotor integration (Tinazzi et al.,
2013). In contrast, for ET, competing pathways or oscillators
might be used instead. This could imply that TAWD still has
some overlap with the physiology of dystonia. Increased FWHM,
TSI, and CohM in DT compared with TAWD and ET could be
because of a number of final output oscillators with irregular
properties, loss of reciprocal inhibition, and dystonic cocontraction. The differences in these parameters strongly suggest that
the phenotype of DT and TAWD differs significantly. In summary, the combination of Fp, FWHM, TSI, CohM, and phase
delay between temporal fluctuation of TPmov and TPtr is capable of separating the different tremor groups, pointing to a possible role of these tremor parameters in differential diagnosis.
Intermuscular coherence contributes the most to distinguish
between tremor types, indicating that CohM might have a promising diagnostic value.
CBI was significantly reduced in DT, but not in TAWD,
compared with ET and controls, indicating that DT had less

inhibition in the CTC pathway. Impaired CBI has been described
in focal hand dystonia without tremor (Brighina et al., 2009),
which suggests an involvement of the cerebellum in pathophysiology of dystonia (Shakkottai et al., 2017). The possible explanation for reduced CBI in DT might be because of dystonia, not the
“tremor part.” This possibility suggests that cerebellar dysfunction previously described in DT (Batla et al., 2015; Antelmi et al.,
2016; Kirke et al., 2017; Merola et al., 2019) might be the part of
cerebellar involvement in dystonia. As virtually all tremors
involve the cortico-cerebello-thalamo-cortical loop, a difference
in the CTC pathway in DT may well influence its production. A
recent functional neuroimaging study showed that there was
widespread cerebello-basal ganglia-cortical activity associated
with tremor in DT compared with ET (DeSimone et al., 2019).
Reduced CBI in both affected and unaffected sides in DT supports this widespread network hypothesis.
TAWD has normal CBI, similarly to ET and controls. Both
normal and reduced CBI have been described in ET (Pinto et al.,
2003; Hanajima et al., 2016). The difference might be the location of cerebellar stimulation and different subgroups of ET in
two studies. However, in our method, the MEP sizes of TS and
CBI results are more consistent with Pinto et al. (2003), pointing
to disturbances of the olivocerebellar pathway in ET (Iwata and
Ugawa, 2005; Grimaldi et al., 2014). The negative correlation
between CBI and the tremor severity scale may indicate that
there is more influence of the cerebellum when tremor is worse
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in ET but not TAWD. However, generalization of this correlation might be limited because of a small number of patients with
various tremor severity in each group. The different CBI results
between DT and TAWD might not be simply because of different types of focal dystonia. CBI was reduced in focal hand dystonia without tremor, whereas it was either reduced or normal in
CD without hand tremor (Brighina et al., 2009; Koch et al., 2014;
Porcacchia et al., 2019). Recent evidence suggests that the pathophysiological role of the cerebellum is not identical in all types of
dystonia (Bologna et al., 2016). Thus, reduced CBI in DT
opposed to that in TAWD could be because of different integrity
of the CTC pathway in a dystonia network or its different function in the tremor circuit between DT and TAWD. The corticocerebello-thalamo-cortical loop seems to be involved in every
type of tremor (Nieuwhof et al., 2018). The network for tremor
genesis might be similar in DT, TAWD, and ET, but the differences would be because of the different integrity of the CTC segment as a part of the circuits among groups. The CTC functional
connection might be weaker in DT contributing to its instability.
There might also be some basal ganglia influence on the network
and that might be more in dystonic tremor than ET. Basal ganglia can be linked to the cortico-cerebello-thalamo-cortical loop
in a similar way to that of PD tremor (Helmich et al., 2012;
Dirkx et al., 2016). Reduced CBI in DT similar to PD tremor also
supports the idea that the basal ganglia could interact with the
CTC pathway contributing to tremor in DT. Tremor can differ
in their phenotype or their pathophysiology. The findings in our
study highlight the distinct phenotypes of DT and TAWD in
detail with good separation of tremor types. Multiple different
underlying pathophysiologies between DT and TAWD, including the different properties of oscillators, the different CTC
involvement, or even a dystonic cocontraction of the antagonist
pairs at the body part where tremor is manifested, might contribute to the different phenotypes of the tremors. Thus, our findings
add some new information about the fundamental pathophysiology and lead to therapeutic implications.
A strength of our study is the careful selection of patients to
be homogeneous in each group. In contrast to the prior studies
that combined patients with DTS, we intentionally selected and
subdivided DTS into DT and TAWD to explore the differences
of physiology between subgroup. The number of patients in each
group is small; however, we can still demonstrate differences in
physiologic characteristics among groups. A future study with
larger sample size should be done to replicate the result. Our
study had a limitation of using only 5 ms interstimulus intervals
for CBI experiment. Possible different effects of CBI at other
interstimulus intervals among patient groups and controls could
not be detected.
In conclusion, our study provides novel evidence that DT and
TAWD are distinct entities in the spectrum of DTS with different
tremor characteristics. DT might have a number of oscillators
with irregular properties with increased instability and/or the
superimposition of dystonic contraction with increased coherence because of loss of reciprocal inhibition, indicating that DT
shares some dystonia physiology. DT also has less inhibition in
the CTC pathway than ET and TAWD reflecting the dystonia,
not necessarily the tremor. The involvement of the CTC pathway
may well be an important difference between DT and TAWD/
ET. This suggests that CTC integrity as a part of the tremor circuit would be weaker in DT allowing the basal ganglia to have a
more important influence on these networks while the CTC
functional connection is stronger in TAWD similar to ET. The
characteristics of tremor in TAWD are in between ET and DT
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and lead to different therapeutic implications in each subtype of
DTS. Treatment of dystonia could be applied for DT while antitremor medications that are commonly used in ET would be
suitable for TAWD.
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