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Background: Essential tremor (ET) is one of the most common movement disorders of adults, charac-
terized by postural and kinetic tremor. With drug treatment only partially efficient, new treatments are
being developed.
Objectives: The goal of this study was to demonstrate the feasibility of non-thermal focused-ultrasound
(FUS) to induce tremor-suppression in an ET rat model.
Methods: Harmaline-induced tremor rats were treated with FUS along the inferior olivary (I0) system.
EMG was recorded continuously during treatment in order to quantify FUS-induced tremor suppression.
T2-weighted MRI was performed immediately following treatment and periodically thereafter.
Results: FUS treatment at an intensity of 27.2 W/cm? (Isppa) induced significant reduction of tremor in 12
out of 13 ET rats. Tremor frequency was reduced from 6.2 +2.8 to 2+ 1Hz, p<0.0003. In 6 of the 12
responding rats, tremor was completely suppressed. Response duration was 70 + 61s, on average.
FUS induced motor response, depicted as movement of the tail and/or the limbs synchronized with the
FUS sonication, was also demonstrated both in ET rats and in naive rats when treated in the medulla
oblongata region.
Conclusions: These results demonstrate the feasibly for obtaining significant tremor reduction or tremor
suppression induced by non-thermal, non-invasive, reversible focused-ultrasound.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

other body parts during voluntary movements such as eating and
writing. The tremor is usually apparent in both arms, although as a

Essential tremor (ET) is one of the most common movement
disorders of adults, characterized by postural and kinetic tremor
[1,2]. The most recognized feature of ET is a kinetic tremor (tremor
occurring during voluntary movements) of the arms, hands or
fingers [3,4], however it can also involve the head, vocal cords or
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rule it is slightly asymmetric, with the tremor being of greater
amplitude in one arm than in the other [5]. The frequency of this
tremor varies widely (range 4—12 Hz) and has been shown to relate
to several parameters such as age [6].

Harmaline is a tremorigenic p-carbolines that upon adminis-
tration to experimental animals, induces an acute postural and
kinetic tremor of axial and trunci musculature. This drug-induced
action tremor has been proposed as a model of ET. Investigations
have shown that Harmaline induces rhythmic burst-firing activity
in the medial and dorsal accessory inferior olivary nuclei (ION) that
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is transmitted via climbing fibers to Purkinje cells and to the deep
cerebellar nuclei, and then to brainstem and spinal cord motor
neurons [7].

Recently, there is growing awareness to ultrasound as a poten-
tial therapeutic modality for ET. Since the introduction of focused
ultrasound (FUS) in recent years, better understanding of its in-
teractions with biological structures and the mechanism of action
of neuromodulation is being gained [8]. Major advances in the
design of the ultrasound applicators [9] and development of im-
aging modalities has opened a broad spectrum of potential clinical
applications for FUS. In July 2016, FUS thalamotomy was approved
by the Food and Drug Administration (FDA) for unilateral treatment
of ET. The main advantage of FUS thalamotomy is that no open
surgery of the skull is required. The most important disadvantage is
its irreversible nature. Therefore, if side effects occur, they are
permanent. However, transient FUS induces neuromodulation may
allow testing to a certain extent, of the suppression of tremor while
evaluating unwanted side effects by real time reversible inhibition
of the target region.The neuromodulatory potential of FUS was
suggested by the pioneering work of Fry and colleagues in 1958
[10], which demonstrated that FUS administered to the lateral
geniculate nuclei of the thalamus reversibly inhibited the visual
pathway in cats. Recent studies have demonstrated the excitatory
and suppressive neuromodulatory properties of FUS not only in the
central nervous system [11,12], but also in the peripheral nervous
system [13]. To achieve the desired modulation, a wide range of
ultrasound pulse schemes and frequencies have been explored
[14—16]. The neuromodulatory effects of FUS have been demon-
strated via electrophysiological recordings such as electroenceph-
alographic (EEG) [11,15,17] and electromyographic (EMG) [14,18],
and using imaging techniques such as functional MRI [19,20] and
PET-CT [21]. FUS-induced functional modulation was also shown by
direct measurement of extracellular levels of neurotransmitters
and metabolic changes and by direct recording of microelectrodes
[22].

To the best of our knowledge, the potential of neuromodulatory
non-thermal FUS for tremor suppression has not been explored yet.
The goal of this study was to study the neuromodulatory effects of
non-thermal FUS and to demonstrate the feasibility of non-
invasive, non-thermal, FUS-based reversible suppression of
tremor in Harmaline treated Rats.

2. Materials and methods

Thirteen lightly anesthetized rats with visible Harmaline-
induced tremor were treated with FUS along the inferior olivary
(I0) system. EMG was recorded continuously during treatment in
order to quantify FUS-induced tremor suppression. In order to
assess possible brain toxicity, the rats were scanned by T1- and T2-
weighted MRI immediately following treatment and periodically
thereafter.

2.1. Magnetic Resonance (MR) guided FUS system (MRgFUS)

Rats were treated using a A hemispheric transducer intended for
brain treatments (ExAblate 4000, 230 kHz; Insightec Ltd, Haifa,
Israel). The transducer is a phased array with 1024 elements that
are located on flat tiles placed on a hemisphere with a radius of
150 mm. Each tile contains nine elements, sized 10.7 x 10.7 mm.
The phase and amplitude of each element are individually
controlled, with all elements transmitting at a frequency of
230 kHz. Out of the 1024 elements 916 elements were active during
the treatments. The system was embedded within a clinical 1.5T
MRI scanner (Signa HDxt, GE Healthcare, Chicago, Illinois, USA)
with a custon integrated 2-channel head coil (InSightec, Tirat

Carmel, Israel). Rats were scanned with conventional T2-weighted
MRI prior to treatment for localization of the focus.

2.2. Animals

The study was performed using 21 Sprague-Dawley, male rats
weighing 250—350 gr at the day of the treatment. Thirteen rats
were in the treatment group (ET rats) and 8 were used as controls: 5
naive rats that were treated by FUS without Harmaline adminis-
tration and 3 ET rats that underwent a sham procedure. The study
was approved by Sheba Medical Center's institutional ethics com-
mittee for animal experiments.

2.3. Animals preparation

Harmaline, which was freshly dissolved in saline at the morning
of the experiment, was injected IP at a dose of 20 mg/kg. Once
Tremor was clearly visible (within minutes post injection), the rats
were deeply anesthetized (600 puL of 0.75 mL/kg ketamine and
1.3 mL/kg xylazine, intra muscular). Once anesthetized, the tremor
stopped and their heads were shaved in order to prevent air bub-
bles during FUS treatment. The anesthetized rats were strapped
onto a holder in the supine position. The holder was designed to
ensure that the rats heads will not move during treatment despite
the tremor and that the shaved skull will be exposed to as many
elements as possible (Fig. 1).

The holder was placed in the FUS/MR system so that the rats'
skull was placed in the center of the transducer and fully sub-
merged in degassed water (lower than 1 ppm).

Once the rat was placed in the brain system, T2-weighted MRI
was performed for depicting the brain anatomy, and the locations
of the sonications were planned using the images. While the ani-
mals remained strapped to the holder, the MR table was detached
from the scanner and was pulled out to a position where the rat was
easily visible and the electrical noise from the MRI scanner was not
affecting the EMG readings. Once the tremor was observed again,
upon awakening, the EMG electrodes (MP150 system with
EMG100cMRI with EL452 12 mm unipolar needle electrodes, BIO-
PAC systems Inc, Goleta, California, USA) were placed. Two
recording electrodes were placed in the muscles which showed the
most intense tremor in the limbs or tail (The biceps femoris or the
sacrocaudalis ventralis medialis). The ground electrode was placed
under the chest skin.

Gain was set to 500. a band-pass filter from 10- 500 Hz was
applied.

Next, differential EMG was recorded continuously, consisting of
a baseline reading of the pre-treatment tremor/muscle activity, and
reading during and after treatment. The treatment was performed
only after verification that the tremor was clearly recorded by the
EMG.

2.4. FUS treatment

ET rats were treated in the region of the olivo-cerebellar system
(Fig. 2) at 27.2 W/cm2 (Isppa). Treatment duration was 52s, con-
sisting of 100 mSec on and 2900 mSec off. The pulse duration was
chosen since it was found previously to effectively induce neuro-
stimulation [23].

EMG was measured up to 5 min after the treatment or in case of
tremor suppression, until after the tremor recovered. If no change
in tremor was visible, the same treatment was repeated with a
1 mm shift in the focus location. If there was no change in tremor
after 3 such treatments — the rat was considered non-responding to
treatment.
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Rat skull

Fig. 1. Rat positioning in the transducer: (A) Rat is laying supine on the holder. (B) The skull is exposed outside of the holder (C) The holder is located in the FUS/MR system and the

skull is fully submerged in degassed water. (D) location of sonication.

Fig. 2. MR image used for sonication localization. The dot represents treatment
location.

Six control rats underwent the same treatment without
receiving Harmaline, and 3 control rats received only Harmaline
and underwent a sham protocol identical to the treated rats.

2.5. MRI follow-up

All rats were scanned by MRI 3 days and 1 month post FUS
treatment. The rats were scanned under full anesthesia, using a
clinical GE 1.5T MRI system (Optima MR450w, GE Healthcare,
Chicago, Illinois, USA) with a clinical phased array knee coil. The
scan consisted of T2-weighted MRI (in plain 0.23 mm x 0.23 mm
and 1 mm slice thickness) for assessing possible permanent brain
tissue damage and Gradient Eco (GE) for assessing hemorrhages
(pixel size 1 x 1 mm).

2.6. Neurological assessment

Routine weekly assessments of the well-being and neurological
condition of the rats were conducted based on a score sheet for
evaluating the severity of symptoms for traumatic brain injury and
subarachnoid hemorrhage [24]. The parameters examined was
weight loss, physical appearance (grooming, shiny eyes, clean fur),
breathing, changes in behaviour (reduced mobility, abnormal
movements/gait, apathy, lack of social contact), reaction to
handling and basic neurological evaluation (limb flexion, decreased
resistance to lateral push and seizures). Neurological damage was
determined as a change in at least one of the parameters evaluated.

2.7. EMG data analysis
The EMG signal of ET rats typically consisted of multiple peaks,

representing both Harmaline-induced tremor and background
noise (including rat motion).

The aim of the analysis was to separate the tremor peaks from
the background noise and then count the number of peaks per
second (tremor frequency) as a function of time, in order to
quantify the extent and duration of tremor suppression. A dedi-
cated algorithm was developed using the Matlab software package
(Version R2010a; MathWorks, Natick, Massachusetts, USA). Results
of the different steps of the algorithm in a 4s period of representing
data are shown in Fig. 3.

First, the median value of the signal was subtracted from the
signal data so that the median signal value was set to zero (Fig. 3A).
Then, a threshold for separating the noise was calculated using a
moving median filter (red lines). This enabled the threshold to
adapt in cases in which signal became noisier during the mea-
surement. Next, the signal was divided by the threshold value so
that within the noise area, the signal values ranged between 0-1.
After this division, the signal to the power of 4 was calculated: this
way the noise was almost eliminated and the peaks were amplified
(Fig. 3B). Finally, convolution of the resulting noise-reduced data
with a time kernel corresponding to 100 Hz allowed us to merge
adjacent peaks in order to ensure that in cases that a single tremor
produced a few peaks, they would be counted once (Fig. 3C).

The effects of the FUS treatment on the tremor were studied by
calculating, for each animal, the tremor frequency before, during
and following the FUS treatment. Therefore, the average tremor
frequencies before, during and after the FUS treatments were
calculated and compared using paired t-test. Significance level was
set to 0.05. Duration of tremor suppression was also calculated
from EMGs. Definition of tremor suppression was reduction in
tremor frequency lasting at least 15s.

3. Results

All 16 baseline EMG signals of the ET rats recorded pre-
treatment demonstrated distinct tremor. The average frequency
of this tremor was 6.2 + 2.8 Hz. The baseline tremor frequency of
the sham rats was 5.7 + 2 Hz. Results are summarized in Table 1.

3.1. Tremor suppression

Response to FUS was defined as reduction in tremor frequency
that lasted for at least 20s. There was large variability in the
response to the 27.2 W/cm? FUS-treatments, with respect to both
the decrease in tremor frequency and the duration of this sup-
pression: 12 of the 13 treated animals exhibited significant
decrease in tremor frequency during or after the FUS-treatment.
Complete tremor suppression was measured in 6 of the respond-
ing rats. The Average tremor frequency of the responding rats was
significantly lower than the tremor frequency before treatment
(2+1Hz vs 6+1Hz, p<0.0003). No significant difference was
found between the tremor frequency of the sham rats prior and
after the sham protocol (5.7 + 2 Hz and 5.4 + 2.3 Hz for before and
after sham treatment respectively. Paired test p <0.3).
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Fig. 3. EMG analysis: (A) Raw EMG data and moving median filter (red lines). (B) EMG signal after noise- reduction (C) Number of peaks counted. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Frequency of tremor prior to treatment, during response time, duration of response and time of response from the start of the sonications.

Rat # of treatments Baseline tremor (Hz) Response tremor (Hz) Duration of response (s) Time to response (s)
1 2 23+19 0.5+0.8 25 52

2 3 59+55 34+23 52 67

3 3 55+42 3.6+2.2 30 44

4 3 39+25 03+0.7 130 86

5 1 76+24 29+1.6 15 47

6 1 105+1.7 0.1+0.5 33 60

7 1 32+17 0.7+1.5 34 50

8 3 72427 53+25 26 52

9 3 33+31 04+0.38 110 58

10 2 11.7+24 28+2 40 40

11 1 57+29 19+1.7 80 97

12 1 59+29 04+0.7 215 41

13 3 75+23 75+2.2 0 NO RESPONSE
14 sham 35+24 34+26

15 sham 59+29 48+34

16 sham 76+24 79+28

In 6 cases (3 in which the tremor was completely suppressed

and 3 in which the tremor frequency was decreased) the sup-
pression of the tremor occurred during the treatment, 20+7s on
average from treatment initiation, and in the other 6 cases, the
suppression occurred after the treatment has ended, 40+7s on
average from the end of the treatment.

Representative examples of EMG recordings and signal analysis
before, during and after FUS treatments in which there was either:
(a) no response (b) a decrease in tremor frequency and (c) complete
suppression of tremor, are shown in Fig. 4.

Duration of tremor suppression: in the 12 responding rats,
response duration was 70 + 61s, on average. The average response
duration for rats showing complete suppression was significantly

higher than the response duration for rats showing partial tremor
suppression (104 + 34 s vs 40 + 95, p < 0.04).

3.2. FUS-induced motor response

Muscle contraction reflected by movement of the tail and/or the
limbs, which was synchronized with the FUS sonication, was
observed in 6 of the 13 treated rats (including the non-responsive
rat). The movement, clearly observed every 3s during the FUS
treatment, was observed in at least one of the 3 tested locations, not
always in the location in which tremor suppression occurred. An
example of an EMG of a rat showing tremor and motor response
can be seen in Fig. 5. Additional 6 naive rats (no Harmaline) were
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Fig. 5. Example of motor response (seen every 3 s) corresponding to treatment timing and the trigger from the FUS system corresponding to sonication timing.

treated with FUS using the same protocol at the same location. A
trigger from the FUS system was connected to the EMG so the
synchronization could be recorded. A motor response identical to
the response observed in the ET rats was observed and recorded by

EMG in all 6 rats (Fig. 6). The location of the motor response (tail/
limbs) as well its duration varied between the rats. The average
duration of the response was 316.9 +45.8 ms with latency of
73.2 + 6.8 from the beginning of the sonication.
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3.3. Damage/toxicity

All the rats survived the treatment. Twelve hours post Harma-
line administration tremor subsided and was no longer visible in
both treated and untreated rats. None of the treated rats, nor the
control rats, showed any signs of neurological damage or reduced
well-being based on the score sheet.

The MR images of all scanned rats showed no abnormalities, or
signs of treatment-induced toxicity (Fig. 7), although since reso-
lution of the images was not high enough to establish whether
small damage occurred.

4. Discussion

Non-thermal FUS is emerging as a promising approach for
noninvasive modulation of brain activity and presents numerous
potential applications in the treatment of neurologic and psychi-
atric diseases.

In the presented results we demonstrate the feasibility for non-
invasive, non-thermal, FUS-based, reversible suppression of tremor
in an ET model in rats. Twelve of the 13 treated animals exhibited
significant decrease in tremor frequency induced by the FUS-
treatment, out of which complete suppression of tremor was
recorded in 6 rats. Tremor suppression occurred either during
treatment, or after the treatment has ended, and lasted 70 + 61s on
average. None of the treated rats exhibited any signs of neurological
damage and no damage was found in follow up MRIs. This is in
accordance with other studies, conducted by us and others that
found no damage following similar treatment parameters
[20,21,25], although due to relatively low resolution of the images,
additional histological analysis should be considered in the future
to rule out small damage not depicted by the MRI.

Harmaline-induced tremor has been the most studied ET model
in mice and rats. The Harmaline acts on the olive-cerebellar system
resulting transient tremor [7]. Although it is still the most common

ET model, there are some limitations to the model. First, this is an
artificial, toxin-induced animal model of tremor and not the
naturally occurring chronic human disease ET. Second, Although
The traditional model of ET, proposed in the early 1970s, suggested
that the ION was the prime generator of tremor, more recent
studies found alterations in the components of the cortico-bulbo-
cerebello-thalamo-cortical network as abnormal activation in the
bilateral cerebellum, red nucleus, and thalamus in patients with ET
[26—28]. Despite the limitations, we chose to use this model for the
simplicity of it and the short duration of the tremor, reducing the
suffering of the rats. Nevertheless, the effect of FUS on ET in human
could differ from the rat model and other models should be
considered in the future.

The Harmaline-induced tremor frequency in rats was previously
reported to be in the range of 8—12 HZ [7], which is in accordance
with most of the rats treated in this study. Thus some of the rats
exhibited lower tremor frequency, resulting in a lower average
tremor frequency (6.2 + 2.8 Hz). A possible explanation may be the
effect of anesthesia. Harmaline-induced tremor, similar to ET, is an
action-induced tremor [29], and therefore, even though anesthesia
was light at the time of the treatment, it still may have reduced
spontaneous movements.

Hermaline was suggested to involve modulation of rhythm-
generating ionic currents and facilitating rhythm generation in
the ION [7,30], resulting in activation of glutamatergic climbing
fibers and generalized tremor. Our hypothesis is that FUS may be
suppressing this activation.

Our results and hypothesis are in accordance with the results of
Min et al. [17]. They found that pulsed FUS sonications suppressed
the number of epileptic signal bursts caused by chemical induced
abnormally excessive or synchronous neural activity in rats. Further
support for the suppressive effects of FUS was demonstrated by Yoo
et al. [20], which showed suppression of visual evoked potentials in
rabbits. Although tone burst pulses were used, with much shorter
duration which might evoke a different mechanism of action.
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Fig. 7. MRI of ET rat, 30 days post FUS treatment. (A) T2-weighted MRI for assessment of damage (B) T1-weighted MRI with contrast agent for assessment of blood brain barrier
disruption (C) Gradiant-eco MRI for assessment of bleeding. No signs of damage, blood brain barrier disruption or bleedings are observed.

Although continuous wave sonication was found to be associ-
ated with higher success rate in inducing neuromodulation than
pulsed ultrasound, especially with intensities over 10 W/cm2 [14],
there is increasing interest in pulsed-burst sonication as it may
decrease the risk of temperature buildup in the tissue [11,15]. Here
we chose a pulsed pattern with relatively long pulses (100 ms) but
at a low duty cycle (3%). Kim et al. [31] found that changing the duty
cycle from 5% to 8.3% yielded a significant change in response using
the same pulse intensity - from suppression of the signal during
treatment to elevated signal immediately post treatment. This
finding may support our hypothesis that the treatment induces
suppression of activation of glutamatergic climbing fibers.

Yoo et al. [20] suggested that long exposure of neural tissue to
FUS (on the order of a few seconds or minutes), divided into shorter
pulses, can cause neurons to be less excitable. Decreased neurons
excitability can be a possible explanation for the tremor suppres-
sion observed in our study. Alternatively, a different hypothesis can
be alteration in extracellular transmitters level. Such alterations
have been demonstrated by Min et al. [17] who found significantly
increased extracellular concentrations of cortical Dopamin and
serotonin and reduced levels of gamma-Aminobutyric acid (GABA)
[22] after non-thermal FUS treatments in the thalamus. None of the
hypotheses suggested here were tested and the accurate mecha-
nism of action remains unclear, thus other studies needs to be
conducted in order to determine the exact mechanisms involved in
the tremor suppression.

In ~46% of the cases the treatment also induced motor response
of the tail and limbs that was synchronized with the FUS sonica-
tions. This effect was also reproduced in the naive rats experiments
and has been previously reported [14,32]. The ultrasound focus in
those studies was targeted to the motor cortex and not to the
medulla oblongata as in the current study. King et al. [14] used
similar pulse parameters (continuous single 20—480 ms pulses at
up to 79.02 W/cm?) targeted to the basal ganglia and the motor
cortex of the mouse brain. The latencies of the motor response in
their study were in accordance with our findings.

It is somewhat puzzling that the same pulse parameters yielded
two different effects often in the same treatment: suppression of
tremor on one hand and activation of motor response on the other.
One possible explanation may be found in the neurotransmitters

hypothesis. While some neurotransmitters, such as Dopamine and
serotonin [33], were found elevated post treatment, others, such as
GABA, were reduced [21]. Thus, the same pulse parameters yielded
opposite effects in different brain systems which are both within
the focus of the ultrasound in rats. Another possible explanation
may be activation of inhibitory neurons in the 10 system along with
activation of excitatory neurons in the pyramidal system in the
close vicinity of the 10. Again, additional studies should be con-
ducted in order to determine the cause.

The use of relatively low US frequency is both an advantage and
a limitation. Low frequency was found to induce larger affected area
compared to high frequency [34], especially when sonicating small
brain as rats. Since the head of the rat is relatively small compared
to the focus size (3.8 mm x 3.8 mm x 8.6 mm) it is possible that
eventhough the focus was aimed to the ION olivocerebellar fibers or
other structures located in close proximity are effected > It is also
possible that multiple areas are affected. For this reason we used
the term region of the olivo-cerebellar system rather than the ION
as our target. Nevertheless, our results showed high spatial reso-
lution, often a 1 mm shift in focus resulted in reduced or no effect,
evoking the need to shift the focus location. These results are in
accordance with Yunan et al. [16] who found that when applying
low frequency FUS to small brain, stimulation of very specific
structures such as the oculomotor system or a single whisker was
observed. The choice in low frequency also reduces attenuation in
tissues and the skull and reduce heating. Excessive attenuation can
lead to harmful heating effects [35], reduce the ability to reach
deeper structures [18] and reduce success rate [18,36]. Constans
et al. [35] concluded that thermal effects can be neglected in the rat
brain when using similar treatment parameters.

Since Hermaline effects the ION, we chose to target the olive-
cerebellar system. Although the focus was aimed to the ION it is
possible that olivocerebellar fibers or other structures located in
close proximity are effected since the head of the rat is relatively
small compared to the focus size (3.8 x 8.6 mm).

During the time in which treated rats were monitored, there was
no visible brain damage on follow-up T2-weighted MRIs, no BBB
disruption was visible on T1-weighted MRI with Gadolinium-DOTA
obtained 24 h post treatment and no hemorrhages were visible on
GE. Despite the lack of histological analysis that might depict small
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damage not visible by the MR, this is also in accordance with other
neuromodulatory studies conducted by as and others that found no
damage to the treated brains either via MRI or histological analysis
[20,22].

5. Conclusion

Essential tremor (ET) is one of the most common movement
disorders of adults, where systemic treatments are only partially
efficient, and therefore new treatment approaches are required.
Our results demonstrate the feasibly and safety of applying non-
invasive, non-thermal, reversible FUS for obtaining tremor sup-
pression in ET rats. Although further research is needed in order to
understand the mechanism of action underlining this effect, the
results of the presented study provide evidence that non-thermal
FUS holds promise as a noninvasive tool to obtain reversible
tremor suppression. Such transient suppression may be applied for
improved targeting (by screening specific brain regions) of ablative
treatments and reduce side-effects for motion disorders such as ET
and Parkinson's disease.
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