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Introduction: This study explores the effects of botulinum neurotoxin (BoNT)
on the relationship between dystonia and tremor, specifically focusing on
cervical dystonia (CD) and its connection to head tremor.

Methods: Fourteen CD patients were recruited; eight (57%) with clinically
observable head oscillations were included in further analysis. A high-
resolution magnetic search coil system precisely measured head
movements, addressing two questions: 1) BoNT's effects on head movement
amplitude, frequency, and regularity, and 2) BoNT's influence on the
relationship between head position and head oscillations. For the first
question, temporal head position measurements of three patients were
analyzed before and after BoNT injection. The second question examined
the effects of BoNT injections on the dependence of the oscillations on the
position of the head.

Results: Three distinct trends were observed: shifts from regular to irregular
oscillations, transitions from irregular to regular oscillations, and an absence of
change. Poincaré analysis revealed that BoNT induced changes in regularity,
aligning oscillations closer to a consistent “set point” of regularity. BONT
injections reduced head oscillation amplitude, particularly in head
orientations linked to high-intensity pre-injection oscillations. Oscillation
frequency decreased in most cases, and overall variance in the amplitude of
head position decreased post-injection.

Discussion: These findings illuminate the complexity of CD but also suggest
therapeutic potential for BoNT. They show that co-existing mechanisms
contribute to regular and irregular head oscillations in CD, which involve
proprioception and central structures like the cerebellum and basal ganglia.
These insights advocate for personalized treatment to optimize outcomes that
is based on individual head oscillation characteristics.
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Introduction

The dystonias encompass a group of conditions marked by
excessive muscle contractions leading to involuntary postures or
movements characterized by repetitive or contorted postures
[1-3]. As a collective entity, they stand as the third most
prevalent movement disorder following tremors and
Parkinson’s disease, impacting over 3 million individuals
the The

chronically without a cure, and only a limited number of

across globe. clinical manifestations persist
treatments demonstrate broad efficacy.

Tremors are identified by rhythmic oscillations of a body
region, typically featuring a sinusoidal pattern [4-6]. Among all
movement disorders, tremor reign as the most prevalent,
afflicting over 20 million individuals globally, constituting
around 3% of the general population. Tremor is a progressive
symptom, resulting in heightened disability with advanced age.
Similar to dystonias, tremors are persistent, subjecting patients to
prolonged and stigmatizing impairment.

While dystonia and tremor are distinct disorders, they have
close relationship. A particularly contentious relationship exists
between neck dystonia and head tremor. Cervical dystonia (CD),
the most prevalent form of dystonia, exhibits tremor-like
characteristics due to intermittent, repetitive, and rapid
movements of the neck. These tremor-like movements display
irregularity and jerkiness, they are not really “tremor” but a jerky
form of dystonia [7]. Dystonia may coexist with typical forms of
head tremors, which typically manifest as sinusoidal patterns
owing to movement
directions [8-16].

Treatments of CD and related head tremor are limited.
Though well-established
(BoNT) significantly reduces muscle activity and head

oscillations in up to 70% of cases, there are recognized

comparable speeds in opposing

it’s that botulinum neurotoxin

limitations [17, 18]. BoNT injections are not effective in
approximately 30% of patients. Higher doses of BoNT can
markedly impact the quality of life by triggering difficulties in
swallowing, speech, or breathing. Currently, the optimal selection
of candidates for BONT therapy hinges on trial and error, which
can span months to years and is accompanied by high financial
costs and the risk of severe side effects like dysphagia, dysarthria,
and breathing problems. On the other hand, some types of CD
are notoriously challenging to treat effectively. Some examples
are predominant anterocollis with complex and varied
movement patterns, and CD with prominent head tremor, a
condition where oscillations are more prominent than abnormal
postures [19-21] Our hypothesis centers on the idea that BONT
targets specific aspects of dystonia—abnormal turning versus
irregular oscillations featuring jerky dystonia, or regular head
tremor—with these aspects varying among patients. This inquiry
revolves around which aspect of head oscillations BoNT
modulates—whether amplitude, frequency, or irregularity.
Does BoNT has different effects on various aspects of
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dystonia, and does this form the underlying reason why
BoNT is highly effective in certain forms of dystonia, while it
is ineffective in others, especially when head tremor is prominent.
Elucidating the features of the complete dystonia phenotype and
understanding how BoNT impacts these features will guide the
selection of ideal candidates.

Methods
Participants

The study was approved by the Johns Hopkins University
and Louis Stokes Cleveland VA Institutional Review Boards, and
all participants gave informed consent before their involvement.
Our goal was to examine effects of botulinum toxin injections on
head tremor in CD. The head tremor is not always evident on
clinical examination, often warranting objective measures
[22-25]. Therefore we recruited 14 CD participants, whether
or not they had head tremor during clinical examination. Head
tremor was identified in 57% (n = 8 out of 14) of our cohort of CD
patients when measured with search coils. These eight patients
were further included the analysis reported in this current study.
CD patients were excluded if they had known or presumed
causes, broader involvement indicating segmental or
generalized dystonia, and those who showed additional
features suggestive of a more extensive neurodegenerative

disorder. All participants had normal eye movements and

FIGURE 1

Schematic example of experiment setup (Images courtesy of
The Cleveland FES Center). (1). search coil frame (2) head-fixed
laser pointer (3) search coil affixed to the bitebar (4) body
restraint system.
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visual acuity, corrected with lenses if required. Head movements
were evaluated when their CD was at its peak, within a week
before the scheduled botulinum toxin injection. We also
evaluated head movements about 4 weeks after the BoNT
injection, at its therapeutic peak. None of the patients were
taking other medications for CD at the time of testing.

Experiment setup

The evaluation involved recording horizontal, torsional, and
vertical head movements through a dual (three-axis) search coil
(Skalar, Delft, Netherlands) fixed onto a bite bar (Figure 1).
Participants were positioned within the magnetic coil frame so
that the midpoint between the angles of the mouth coincided
with the frame’s center (Figure 1). The trunk was stabilized by
firm cushion mounted on a metal bar (Figure 1). Horizontal head
movements were rotations around a vertical earth axis through
the coil frame’s center (i.e., turning the head to the right or left,
also referred to as torticollis). Vertical head movements
constituted rotations around a horizontal axis parallel to the
inter-aural line and passing through the coil frame’s center
(i.e., head flexion and extension, also known as anterocollis or
retrocollis). Torsional head movements occurred around a
horizontal axis parallel to the naso-occipital axis of the head
and through the coil frame’s center (i.e., tilting the head so that
one ear moves towards a shoulder, also termed laterocollis). The
search coil’s angular position with respect to magnetic fields was
digitized at a rate of 1,000 Hz, and the data was processed to
determine the head’s three-dimensional position [26]. The
recordings were conducted in a dimly lit room, with
participants wearing a headband containing a laser pointer
(Figure 1). They were instructed to turn their heads toward a
light-emitting diode (LED) targets placed at 0°, and either 10°, 20°,
or 30° to the right or left. After repositioning their heads, they
were asked to align the head-fixed laser with each LED target for
about 40 s. MATLAB® software (The Mathworks™, Natick, MA)
was used to analyze the three-dimensional head positions.
Angular head velocity was derived from mathematical
calculations of angular head position. Signal noise inherent to
mathematical differentiation was removed using low-pass
filtering and three-point averaging. Statistical analysis was
carried out using the MATLAB® statistics toolbox.

Analysis

Oscillatory head movements were analyzed after detrending
the raw signal to remove the linear trend. Raw signal noise was
eliminated through digital filtering, employing three-point
averaging. Data from each axis underwent individual
processing via a cycle-by-cycle analysis. A cycle was defined

by initially eliminating bias from the detrended data (normalized
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amplitude = actual amplitude - mean amplitude). This rendered
the cycle’s peaks positive and troughs negative. The intersection
of the data trace with the abscissa (positive zero-crossing)
marked the X-coordinate at which this happened, denoting
the start and end of the cycle. Cycle frequency was derived
from the inverse of the period of the cycle while the difference
between the peak and trough indicated the peak-to-peak
amplitude of the cycle.

Variance

We assessed the irregularity of tremor by quantifying
variance. Variance of a time series signifies the dispersion of
time series values around their average. Variance measurements
from instances of regular and irregular head position time series
are illustrated (Figures 2A-C). Irregular oscillatory head
movements exhibited higher variance. As shown in Figure 2C,
variance was greater in irregular head position compared to
regular ones.

Poincaré analysis

Poincaré analysis was applied to the time series data by
capturing its non-linear features [27]. The core principle
involves identifying the likeness between an oscillatory cycle
and the subsequent cycle that follows it, then the cycle
following that, and so forth. The conjecture is that close by
cycles will resemble each other more, and this feature gives rise to
Poincaré parameters. Regular and rhythmic waveforms tend to
display more resemblance in contrast to irregular and arrhythmic
signals. To measure resemblance, the Poincaré algorithm
produces maps of data points in the time series in relation to
their subsequent data points (Figure 2D). These maps illustrate
the evolution of the time series data concerning its variability. An
ellipse is fitted to the plot, and standard deviations along the
minor and major semi-axes of the fitted ellipse are calculated.
These parameters define short-term and long-term variability in
the time series, and their ratio signifies the randomness within
the time series. Examples of Poincaré plots, illustrating repetitive
movements in regular and irregular head position time series, are
shown in Figure 2D. In each case, a black ellipse is fitted, and
SD1 represents the standard deviation of data points along the
major semi-axis (green axis 1), indicating short-term variability.
SD2 is the standard deviation of data points along the minor
semi-axis (light blue axis 2), reflecting long-term variability. In a
regular time series, most data points fall within the fitted ellipse,
leading to a relatively small SD1 value and a relatively large
SD2 value. The SD1/SD2 ratio denotes the randomness in the
time series. A more regular time series is associated with a smaller
ratio value. Poincaré ratio values that evolve over the cycles’
proximity are depicted in Figure 2E, showing larger values for
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(A) Comparison of irregular movement, and (B) regular movement. (C) The boxplots of variance values show significantly larger values for
irregular movement, red color, compared to regular movement, blue color. (D) Poincare maps depicting repetitive irregular, red color, and regular
movements, blue color. A black ellipse is fitted and SD1, the standard deviations of the data points along the major semi-axis, green axis 1, and SD2,
the standard deviations of the data points along the minor semi-axis, light blue axis 2, are calculated and compared. (E) The SD1/SD2 ratio
represents the randomness in the time series. Lower values represent a more regular signal. (F) The Pearson Correlation Coefficient defines the linear
correlation between a time series and its delayed version which means that regular time series data, has higher values compared to irregular time

series data.

irregular time series (blue) and smaller values for regular time
series (red). Another parameter examined in Poincaré analysis is
the Pearson Correlation Coefficient, p. This value signifies the
linear correlation between a time series and its delayed version,
indicating that regular time series data exhibit higher p values
compared to irregular time series data. Examples of p are shown
in Figure 2F.

Results

This study aimed to investigate how BoNT affects oscillatory
head movements in individuals with CD. Fourteen patients with
CD were screened to find head tremor with dystonia; eight
(57%)  exhibited
movements when assessed with instrumented measures using

patients observable oscillatory head

search coils. These eight patients were subsequently included in
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the experiment. The study’s focus centered around addressing
two specific questions:

1) To examine the effects of BONT on amplitude, frequency, and
regularity of oscillatory head movements in CD.

2) To examine the effects of BONT on head-on-trunk position
dependence of oscillatory head movements.

Question 1. To examine the effects of BONT on amplitude,
frequency, and regularity of oscillatory head movements.

In the upper panel of Figure 3, the measures of head positions
in three exemplary patients are displayed as they look at targets
positioned on their left (P7), right (P6), and center (P8). The
measurements are presented in degrees, where positive values
indicate rightward direction, negative values indicate leftward
direction, and zero signifies the central direction. Within this
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(A1,B1,C1) Raw data depicting the head position over time for three CD patients. The x-axis shows the time in seconds and the y-axis shows the
head position in degrees. (A2,B2,C2) The effect of Botox injection on amplitude and (A3,B3,C3) frequency of oscillations for the patients. The blue
color represents the head position measurements taken before Botox injection and red color represents the head position measurements taken after
the Botox injection. The vertical axis shows the boxplots of the amplitude and frequency values. The horizontal black line in the middle of each
box is the median of the data and the whiskers indicate the 25th and 75th percentiles. The horizontal axis provides the comparison between pre-

injection (blue color) and post-injection (red color) values.

panel, the head position measurements before and after BONT
injection are shown for each patient with blue and red lines,
respectively.

Three distinct trends in regularity change can be observed
among these patients: prior to BoNT injection, patient P6&’s head
oscillations in Figure 3A1 exhibited regular sinusoidal patterns with
comparable frequencies and varying amplitudes. However, after the
injection, these oscillations became irregular, featuring fluctuating
frequencies and reduced amplitudes. Conversely, the oscillations of
patient P7 in Figure 3B1 displayed minimal alterations in terms of
regularity, with their amplitudes decreasing to some extent while
higher frequencies were attenuated. Finally, patient P8’s irregular
oscillations in Figure 3Cl1 prior to BoNT injection became more
regular with diminished amplitudes and consistent frequencies after
the injection.

We assessed the amplitude and frequency of individual
oscillations to look more closely into the effects of BoNT on the
amplitude and frequency of head movements. The amplitude and
frequency box plots for these single oscillations are provided in the
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middle and lower panels of Figure 3, respectively. Similarly, blue
color signifies measurements taken before BONT injection, while the
red color represents the measurements taken after injection.
Upon close examination, three different post-injection effects
were evident. The Patient P6 (Figure 3A2) had reduction in the
amplitude of sinusoidal head oscillations, but there was no
change in frequency (Figure 3A3; Supplementary Table S1).
Prior to BoNT injection, P6’s had regular and sinusoidal
oscillations, which became less regular with varying amplitude
and inconsistent frequency after injections (Figure 3A2). An
example of patient P7 (Figure 3B1) had elimination of higher
frequency oscillations following BoNT injection (Figure 3B3),
3B2;
Supplementary Table S1). The irregular nature of oscillations

while amplitudes remained unaffected (Figure
persisted (Figure 3B1). Similarly, BONT diminished head tremor
amplitude in patient P8 (Figures 3C1, C2) but there was an
increase in the frequency (Figure 3C3; Supplementary Table S1).
There was improved regularity and less frequency variability in

P8’s head oscillations after BONT injections.
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FIGURE 4

Graph of Pearson correlation coefficient of Poincare plot parameter for CD patients before and after the Botox injection. Blue circles represent
pre-injection, and red circles represent post-injection. The vertical axis shows the Pearson correlation coefficient value, and the horizontal axis
shows the steps. The vertical lines on the graphs represent 95% confidence interval at each step.

In summary, three trends emerge concerning the regularity
of head tremor post BoNT injection: 1) a transition from
irregular to regular, exemplified by P8 in Figure 3C; 2) a shift
from regular to irregular, as observed in the case of P6 in
Figure 3A; and 3) an absence of change, similar to what’s
seen in P7 in Figure 3B. To quantify these shifts, we used
Poincaré analysis on the head position measurements and
juxtapose Poincaré parameters before and after the BoNT
injection. This involves segmenting the time series of head
position measurements into distinct oscillations, followed by
Poincaré analysis of these individual oscillations. Figure 4
displays the Pearson’s correlation coefficient values for all
patients based on the Poincaré steps. The horizontal axis
signifies Poincaré steps denoted as “k,” while the vertical axis
depicts Pearson’s correlation coefficient values before and after
BoNT injection in blue and red colors, respectively. Each “k”
represents the interval between single oscillations. For instance,
at “k = 5,” the first oscillation “x;” is contrasted with the 6th
‘ and the corresponding correlation coefficient

»

oscillation “xg,
value is computed. The filled circles denote mean values, and the
whiskers represent error bars indicating a 95% confidence
interval at each step.

The correlation coefficient serves as a marker for regularity
within the time series, with higher values signifying a greater level

of regularity. Several patterns appeared: 1) heightened regularity
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after botulinum toxin injection for P3, P4, P5, and P8; 2)
diminished regularity post-injection for P2 and P6; and 3)
sustained regularity for P1 and P7. Furthermore, it is evident
that post-injection correlation coefficient values cluster around
0.4 for all patients, excluding P1, whereas these values showed a
range of levels before BoNT injection. After excluding the outlier
(P1), mean and standard deviation of offset values before
injection was 0.41 * 0.19. After injection the mean value of
offset remained about the same, but the standard deviation
significantly reduced (0.45 £ 0.04).

The SD1/SD2 ratio reflects the randomness of the head
position measurements, with lower ratios indicating more
regular head tremors. Figure 5 compares the ratios for all
patients before and after injection. Like the correlation
coefficient, post-injection values cluster around 0.6, whereas
dispersed prior to BoNT
Randomness in head tremor oscillations is diminished for P3,
P4, P5, and P8, augmented for P2 and P6, and did not change for
P1 and P7. This corroborates the findings derived from the
correlation coefficient in Figure 4. As noted in Figure 4, for

they were more injection.

correlation coefficients, pre-injection values of offset had a higher
spread (before: 0.83 + 0.35); but the spread of the offset was
significantly reduced after BONT injection (after: 0.6830 + 0.036).

Regarding the first question—the effect of BONT injection
on the regularity of the head oscillations -- the Poincaré
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FIGURE 5

Graph of SD1/SD2 ratio of Poincare plot parameter for CD patients before and after the Botox injection. Blue circles represent pre-injection, and
red circles represent post-injection. The vertical axis shows the Pearson correlation coefficient value, and the horizontal axis shows the steps. The

vertical lines on the graphs represent 95% confidence interval at each step.

analysis indicates that BoNT injection did impact their
regularity in some patients. The toxin imbues a certain
regularity referred to as a “set point,” which remains
all
oscillations are more irregular than this “set point,” they

consistent across patients. If pre-injection head
tend to become more regular. Conversely, if pre-injection
oscillations are more regular than the “set point,” they shift
towards increased irregularity.

The Poincaré analysis leads to an important insight into the
nature of head oscillations in CD. It shows that these oscillations
exhibit varying, random shapes, and the degree of randomness
does not change although the time gap between two compared
oscillations increases. In other words, the difference in shapes
between the first (x;) and sixth (x4) oscillations is no different
from the difference between the first (x;) and twentieth (x,,)
oscillation cycles. This observation was quantitatively assessed by
analyzing the slope of a linear trend within the scatter plots in
Figures 4, 5. This scatter plot compared the Pearson correlation
coefficient and Poincaré steps, as well as the SD1/SD2 ratio and
Poincaré steps. The slope of this trend would be greater if the
disparity in shape between cycles increased with a greater time
gap between them, but it would be zero if the randomness of the
shapes remained constant. Specifically, before the administration
of BoNT injections, the slopes comparing Pearson correlation
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coefficients and Poincaré steps were measured at 0.002 + 0.0006,
and after BoNT injections, they remained quite similar at 0.002 +
0.0009. Likewise, the slopes comparing SD1/SD2 ratio and
Poincaré steps were 0.002 + 0.0009 before BoNT injection and
about the same (0.003 + 0.002) after BoNT injection.
Furthermore, the variations between patients underscore an
important observation—the effects of injection might hinge on
the the
phenomenology. The section

disease
the
influence of these changes based on the head-on-trunk

injection site and possibly baseline

subsequent explores
orientation.

To summarize, we find three distinct trends in the changes in
the regularity of the head oscillations induced by BoNT among
CD patients—head oscillations become irregular post-injection,
oscillations remained relatively consistent in regularity, and the
irregular oscillations transform into a more regular pattern.
shifts
highlighting that BoNT brings regularity to a “set point.”

Poincaré analysis quantified these in regularity,
Moreover, the analysis reveals that head oscillations exhibit
random shapes that remain consistent regardless of the time

interval between cycles.

Question 2. To examine the effects of botulinum toxin on head-
on-trunk position dependence of oscillatory head movements:
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FIGURE 6
(A) The effect of BoNT injection on the amplitude of
oscillations for all CD patients where multiple head on trunk
orientations were measured. The vertical axis shows the oscillation
amplitude value in degrees, and the horizontal axis shows the
head orientation in degrees. Blue circles represent mean values for
pre-injection, and red circles represent mean values for post-
injection. The vertical lines on the graphs are 95% confidence
interval at each head orientation. (B) The effect of BONT injection
on the frequency of oscillations for CD patients where head on
trunk orientation dependence was measured. The vertical axis
shows the oscillation frequency value in Hz, and the horizontal axis
shows the head orientation in degrees. Blue circles represent
mean values for pre-injection, and red circles represent mean
values for post-injection. The vertical lines on the graphs are 95%
confidence interval at each head orientation. (C) The effect of
BoNT injection on the variance of oscillations amplitude for CD
patients where head on trunk orientation dependence was
measured. The vertical axis shows the variance, and the horizontal
(Continued)
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FIGURE 6 (Continued)

axis shows the head orientation in degrees. Blue circles
represent mean values for pre-injection, and red circles represent
mean values for post-injection. The vertical lines on the graphs are
95% confidence interval at each head orientation.

The primary characteristic of CD is its dependence on the
head’s position relative to the trunk, particularly evident in head
oscillations. Usually, the head oscillations are minimal in one
specific head orientation, known as the null position, but increase
in intensity as the head deviates further from this null
orientation. In this section, we investigate how BoNT
injections affect the relationship between head-on-trunk
position and head oscillations. We begin by examining the
amplitude and frequency of individual oscillations across
various head orientations, as illustrated in Figures 6A, B,
respectively. These figures display the mean values along with
a 95% confidence interval for both amplitude and frequency at
each head orientation. Figure 6A reveals a notable decrease in the
amplitude of oscillations following BoNT injections for patients
P1, P5, P6, and P8, across all measured head orientations. This
reduction is most pronounced for head orientations previously
associated with high-intensity pre-injection oscillations. This
effect is most striking in the cases of P3, P4, and P7, where
changes in head oscillations were only observed in head
orientations that initially had high intensity oscillations pre-
injection. Conversely, the effects were minimal in the cases of
P2 and P7, where the intensity of head oscillations pre-injection
was modest. Regarding the frequency of oscillations (Figure 6B),
there was a decrease across all head orientations for all patients
except for P1 and P5.

To further investigate the relationship between head-on-
trunk position and BoNT injection effects, we analyzed the
variance in head position amplitude, as shown in Figure 6C.
There is a reduction in variance except in the case of P2, who
consistently showed low-intensity head oscillations at baseline.
In summary, the impact of BoNT on head oscillations is most
pronounced in head orientations in which high intensity head
oscillations were triggered before treatment.

To summarize, the results show a considerable reduction in
head oscillation amplitude after BoONT injections, especially in
intense

head orientations associated with

oscillations. The frequency of oscillation decreased in all

pre-injection
patients except two. The variance in head position amplitude

decreased overall, except for one patient who had low-intensity
head oscillations at baseline.

Discussion

The results of this study provide valuable insights into the
effects of BoNT on oscillatory head movements in individuals
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with CD. BoNT injections led to three types of changes: a
transition from irregular to more regular oscillations, a shift
from regular to more irregular oscillations, or unchanged
regularity. The Poincaré analysis further supported these
findings by quantifying regularity using correlation coefficient
values. It indicated that BoNT injection affects head oscillations
by altering their regularity. A “set point” of regularity is
established by BoNT that tends to regularize irregular
tremors, but it may also make regular tremors more irregular.
The intriguing finding in this study is that across all patients,
prior to BoNT treatment, head oscillations displayed a variable
irregularity. In other words, one cycle of the oscillation could not
predict the shape of subsequent cycles, suggesting that the
oscillations were random in shape. Furthermore, the BoNT
did not alter this trend of randomness. These results highlight
that neck oscillations studied here do not satisfy the definition of
tremor (although traditionally called dystonic “tremor”) [3, 5-7].
The tremor by definition is regular, rhythmic, and back-and-
forth oscillatory cycles that allow for predicting the shape of
subsequent cycles based on the shape of one cycle [5, 6].
Another important observation was that BoNT affected
the overall regularity of the oscillations. However, the effect of
BoNT on the oscillations was variable among patients and it
was independent of the baseline irregularity. In essence, if the
oscillatory cycle was highly irregular before treatment, its
irregularity decreased after BoNT administration, whereas
if it was highly regular, its regularity decreased after BONT

injection. These results were measured using Poincaré
analysis, which involved comparing the correlation
Poincaré estimations of the oscillation shapes before and

after BONT treatment.

We speculate two co-existing phenomenology to explain
these findings. One, there is a central oscillator that may be
inherently similar in all CD patients but receives varied input
from other feedback sources. These feedback sources can alter the
oscillatory characteristics and introduce irregularity. The nature
of the feedback influence could be determined by the type of
connectivity pattern with the oscillator; some making it regular
some making it irregular. In other words, CD in some patients
involves neck muscles that influence oscillator to make it more
regular while in other instances the oscillator may become
irregular. Treatment of CD with BoNT may revert the
oscillator at the “set point,” returning the oscillations to an
identical regularity. In addition, the neck oscillations in CD

neck
affects
proprioceptive modulation but it may not directly affect the

may be under cerebellar, basal ganglia, and

proprioceptive  influence. BoNT may directly
cerebellum. Nevertheless, the cerebellum may still contribute to
the oscillatory instability independent of the instability caused by
proprioceptive feedback.

Our results are supports the idea of two separate
pathophysiology contributing to head oscillations in CD, one

originating from the cerebellum and basal ganglia and the other
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from proprioception. This concept is consistent with the notion
that dystonia is a network disorder [28-30]. The results also
support the idea that although dystonia and tremor often coexist,
they may still represent distinct entities with different underlying
pathophysiological mechanisms [31]. Recent physiological
studies measuring single-neuron activity in CD participants
have further emphasized these distinctions. For instance,
individuals with irregular head oscillations combined with
dystonia displayed distinct pallidal physiology compared to
those with pure dystonia or jerky head oscillations [31].

Contemporary literature over the last one decade has
increasingly supported the role of mesencephalic neural
integrator for the control of the head position in CD [23,
25, 32-36]. According to the network model in CD, the
impairment anywhere in the network, even outside of the
integrator, may lead to deficits in the feedback dependent
neural integration. There is increasing evidence for the
involvement of cerebellum, proprioception, and basal
ganglia, as three separate sources of the feedback in the
network model for CD [28-32, 37-39]. The cerebellar role
in dystonia is supported when the oscillations coexisting with
dystonia have sinusoidal features as seen in tremor that is also
thought to be related to cerebellar deficits. Our results support
the role of proprioception as an independent source of
feedback to the integrator, and effect of BoNT on the
integrator function.

These findings also support the notion that head oscillations
and CD may not effectively respond to a single treatment
modality, and a combination of approaches may be necessary.
Some types of head oscillations, particularly those more
influenced by proprioception, could benefit from BoNT
treatment, while others may require pharmacotherapy for
tremor or even deep brain stimulation. The combination of
deep brain stimulation and BoNT for the treatment of tremor
and dystonia is a practice that aligns with these results and
previous physiological experiments.

In conclusion, this study provides insights into the
complex relationship between BoNT and head tremors in
CD patients.
treatment approaches, considering individual variations in

It highlights the need for personalized

tremor characteristics and head orientations. Understanding
how BoNT influences the regularity and amplitude of head
oscillations is a crucial step in optimizing its therapeutic
benefits for CD patients.
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