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Novel Objective Tool to Assess Tremor Reveals
Unilateral Focused Ultrasound Improves Tremor
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ABSTRACT

Background: Tremor in essential tremor and in
tremor-dominant Parkinson’s disease is assessed
by subjective observations in patients undergo-
ing focused ultrasound thalamotomy, a mini-
mally invasive procedure intended to alleviate
tremor in these patients.

Objective: To develop an objective tool for
tremor analysis to be used before and after
focused ultrasound thalamotomy treatment in
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the treated hand (contralateral to ablation) and
non-treated (ipsilateral to ablation).

Methods: Using image processing and signal
processing that utilized images of a Archime-
des spiral drawing, we created a tool to analyze
tremor. First, we showed that the proposed tool
reproduces known clinical dynamics on the
treated hand, and then we used it to evaluate
the clinical dynamics on the non-treated hand.
Results: Using the tool we developed, we were
able to demonstrate a significant reduction in
tremor following focused ultrasound thala-
motomy among 132 essential tremor and 26
tremor-dominant Parkinson’s disease patients
in the treated hand using drawings of Archime-
des spirals up to 1 year following the procedure.
Thus, we reproduced known clinical data and
therefore validated the proposed tool. In addi-
tion, we were able to demonstrate a significant
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improvement in the non-treated hand as well
as a significant deterioration in the efficacy of
focused ultrasound thalamotomy over time.
Conclusion: Our objective method, which
incorporated image processing and signal
processing, provided a quantitative measure
of tremor reduction following focused ultra-
sound thalamotomy. It demonstrated signifi-
cant improvement in tremors in the treated
and non-treated hands following focused ultra-
sound thalamotomy as well as deterioration in
the efficacy of treatment over time. If replicated
in other studies, this method may complement
current subjective assessments.

Parkinson’s
thalamotomy;

Keywords: Essential tremor;
disease; Focused wultrasound
Spirals; Signal processing

We developed an objective tool for tremor
analysis in patients undergoing focused ultra-
sound thalamotomy, a minimally invasive
procedure intended to alleviate tremor

The tool was developed using image process-
ing and signal processing

Using the tool, we demonstrated a significant
reduction in tremor in essential tremor and
tremor-dominant Parkinson’s disease patients
in the treated hand up to 1 year following
the procedure

We demonstrate a significant improvement
in the non-treated hand as well as a signifi-
cant deterioration in the efficacy of focused
ultrasound thalamotomy over time

INTRODUCTION

Patients with essential tremor (ET) and tremor-
dominant Parkinson’s disease (TDPD) may have
reduced quality of life because of their tremor.
In most of these patients, when tremor is severe,

pharmacological therapy does not improve
tremor sufficiently, and, when it does, adverse
effects limit its use. For these patients, deep
brain stimulation was the treatment of choice
till the emergence of focused ultrasound (FUS)
thalamotomy as a minimally invasive alterna-
tive [1-3]. With FUS thalamotomy, ultrasound
waves penetrate through the skull to heat the
tissue. The ultrasound-transmitted energy causes
a thermal ablation of the intended target, the
ventro-intermediate thalamus (VIM) [1]. Adverse
events seen after the procedure are most com-
monly mild and include gait ataxia, paresthesia,
dysgeusia and scalp numbness, which resolve
within 3 months in most patients [2, 3]. Until
recently, treatment was performed unilaterally
with clear improvement in the treated arm.
Recently, the possibility of staged bilateral treat-
ment has emerged [4-6]. We therefore offered
our patients this choice, but some patients dis-
closed that they felt significant improvement
in the ipsilateral, non-treated hand after FUS
and therefore did not need a second procedure.
This observation of ipsilateral improvement of
tremor has previously been reported in a subset
of patients that underwent FUS [7] while others
did not find such improvement [2].

Since this change in ipsilateral tremor has not
been documented often, we hypothesized that
the change in tremor, if it exists, may be minor
in most patients and thus not detected by the
tremor scale. Hence, we chose to develop an
objective tool that will quantify tremor in the
treated and non-treated hand. We hypothesized
that by using image and signal processing of the
Archimedes spirals drawn by our patients, we
could provide an objective tremor measurement
tool.

We compared the tremor seen in these draw-
ings before and after treatment using the tool we
developed, employing automated image process-
ing and signal processing. We assessed whether
improvement in tremor could be detected objec-
tively using this tool and whether this change
would be seen only on the contralateral side or
on the ipsilateral side as well.
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METHODS

Patients

One hundred thirty-two patients with ET and 26
patients with TDPD were included in the study.
All patients had medication-refractory tremor
that underwent FUS thalamotomy at Rambam
Health Care campus, Haifa, Israel.

FUS Treatments

FUS thalamotomy was performed in a 3-T mag-
netic resonance imaging system (GE Medical
Systems, Milwaukee, WI, USA) using an ExAb-
late Neuro 4000 device and a silicon membrane
(InSightec, Tirat Hacarmel, Israel). A magnetic
resonance-compatible stereotactic frame (Integra
Radionics, Burlington, MA, USA) immobilized
the patient’s head. Target tissue temperature
was measured using magnetic resonance ther-
mometry. The treatment was done in a stepwise
manner. The first step involved calculation of
the initial target based on the brain atlas and
the MRI images of the patient. The second step
was sonication at low energy. This heated the
tissue slightly to verify the effect and absence of
side effects. At this stage, the temperature at the
target was gradually increased to reach 45-50 °C.
The temperature at the target was slowly
increased with the treatment team examining
the patient repeatedly to verify improvement,
usually showing total disappearance of tremor
contralateral to the treated side. When the target
was verified with no adverse effects, the energy
was increased to reach a tissue temperature of
54-60 °C with a sonication duration of 10-39
s to create a permanent lesion. Throughout
the procedure, the patient was awake, giving
the treatment team real-time feedback. If the
decrease in tremor was not adequate or adverse
effects were noted at low temperatures, the tar-
get was adjusted until improvement was seen
without unwanted side effects.

This study was performed in accordance with
the Helsinki Declaration of 1964 and its later
amendments. This study was approved by the
local Institutional Review Board at Rambam

Health Care Campus (IRB 4040-17). Data were
gathered retrospectively, and all data were pseu-
donymized, so participants’ written informed
consent was not required. The board approved
publication of the study. All authors review the
manuscript and confirmed its publication.

Spiral Drawings Dataset

According to the Clinical Rating Scale for Tremor
(CRST) [8], the patients were given a paper tem-
plate containing two Archimedean spirals and
three straight lines. Spirals were denoted as spi-
rals A and B, in which spiral B was narrower than
spiral A. Patients were requested to draw a line
between the lines seen in the template, as shown
in Fig. 1. The scan depicted in Fig. 1, which is
not of good quality, was intentionally chosen
to illustrate the challenges inherent to the
preprocessing stage of our analytical method.
This highlights the complexities of handling
real-world medical data, which often arrive in
various imperfect forms. These include misalign-
ments, handwritten annotations and other dis-
tortions that require rigorous preprocessing to
ensure accurate data extraction and analysis [9].
Prior to the treatment, and in multiple follow-
up sessions after treatment, patients performed
the Archimedes spiral drawing test. Patients
were requested to draw a line between the lines
seen in template A and B with the right and
left hand at each follow-up visit. Patients with
an Archimedes spiral test drawing using both
hands before treatment and at least three follow-
up drawings after treatment were included in
the study.

On each template, the administrating person-
nel marked the hand used for drawing—Ileft or
right—and the dominant hand. The templates
were scanned in 300 DPI resolution and saved
using a pseudonymized identification code for
the patient and the session latency, in days,
from the treatment date. The scanned dataset
was accompanied by a spreadsheet contain-
ing information for each scan regarding draw-
ing date, treated hand and treatment date. The
scans underwent computerized pre-processing to
isolate the spirals in the scans and to eliminate
human-induced errors, such as patient and/or
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physician marking on the page and scanning spiral A and spiral B were cropped uniformly
artifacts such as rotation and pixelization, as from each scan, resized to a 500 x 500 pixel
detailed in Aharonson et al. [9]. The areas of image and then converted to grayscale. Figure 2
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«Fig.1 An example of a scanned template and drawings
completed by a patient. The dominant hand and the hand
used for the drawing are marked at the top of the template
by the clinician. Below this information are the two spiral
templates, headed by the texts “Drawing A”—a wider spi-
ral—and “Drawing B”—a narrower spiral, and the straight
lines headed by the text “Drawing C.” Additional informa-
tion is sometimes hand-written by the clinician, such as the
date at the lower left side of the page. Scanning artifacts of
sporadic black dots on the page and tilt of the template can
be seen

presents an example of the outcome of the pre-
processing for the spiral in drawing A of the
scanned template in Fig. 1.

Spiral Image Analysis

The Archimedes spiral drawings were extracted
using a computerized image analysis developed
using the Python programming language, ver-
sion 3.8.2 [10]. The first step in the analysis was
the application of a fixed threshold to binarize
the image. This threshold value of 43/255 was
determined using the grid-search method with
values ranging from 10 to 100 and a step size
of one [11]. Subsequently, each spiral image
was cropped to retain only the spherical region,
encompassing the leftmost, rightmost, uppez-
most and lowermost points of the spiral’s tem-
plate and the patient’s drawn line. Following the
cropping, an "empty" spherical representation
was meticulously prepared and removed from
the image. This removal process employed a
pixel-wise subtraction and the Canny smooth-
ing technique [12], effectively isolating the
patient’s drawn line from the rest of the image
content. To facilitate the analysis, an ideal ref-
erence line was computed. To compute the
equidistant points, the found boundary pixels
of the spirals, as matched by the pre-defined
template, were divided into linear segments
with equal length, starting with the beginning
point of the spiral. For both the inner and outer
sphere, the locations [in terms of the (x, y) val-
ues in the image] of the pixels were marked by
I, I, and the corresponding equidistant point
was set to 0.5(I; + I2). This line smoothly con-
nected all the points equidistant between the

lines of the spiral template, as illustrated by the
green line denoted “optimal solution” in Fig. 3.
The computerized evaluation of the patients’
performance was based on the comparison of a
patient’s drawn line to this reference line. Next,
the line drawn by the patient was sampled to
produce a set of discrete samples along this line
(illustrated by the red dots in Fig. 3). The sam-
pling used a fixed-length size, which was deter-
mined based on the Manhattan (L1) distance
metric that was computed over the black pix-
els (those with binary value of one) within the
image. Simultaneously, the reference "ideal" line
was sampled to produce an identical number of
data points as in the patient’s drawn line. This
was achieved by a normalization of the step size,
obtained in the sampling of the patient’s drawn
line, in the reference line’s sampling. Finally, to
quantify the deviation of the patient’s line from
the reference line, the Manhattan (L1) distance
was computed between the two sets of sampled
points generated in the previous steps. This dis-
tance metric provided a quantitative measure,
a performance score, for the deviation of the
patient’s spiral from the desired reference spiral.
A schematic description of the image processing
is presented in Fig. 3. Importantly, the sampling
rate as well as the metric were hyper-parameters
of the method which can be altered. We provide
an analysis and motivation for the above choices
in the Appendix. Performance scores were com-
puted for each patient’s spiral A and spiral B
drawings before the FUS treatment—the base-
line—and at all follow-up sessions after treat-
ment, for both hands. The treatment’s effect on
a patient’s drawing was computed by comparing
the percent change in the performance scores
between each follow-up session and the baseline
session, for each hand separately.

Experimental Design

Since the proposed tool is based on a mathemat-
ical approach of signal processing, we first vali-
dated that the tool can capture the real-world
clinical dynamics observed. To this end, we
used the treated hand as the validation cohort.
We aimed to check whether the proposed tool
showed the known clinical properties of the
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Fig.2 An example of a dataset spiral following the auto-
mated preprocessing of the template in Fig. 1. The spiral
under “Drawing A” was cropped out, its tilt corrected and
all black dots induced by scanning removed

diseases and treatment, a statistically significant
improvement after the treatment. Thereafter,
we used the proposed tool to study changes in
tremor in the non-treated hand. We also used
the proposed tool to analyze change in treat-
ment efficacy over time.

Statistical Analysis

To evaluate whether the change in the pro-
posed performance score before and after the

Optimal solution (p«wea)

Template (pre-defined)

R
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treatment is statistically different, we first used
the Shapiro-Wilk test to check whether the pro-
posed metric’s score was normally distributed
or not. As we determined that the data were
not normally distributed, we used a Wilcoxon
signed-rank test to capture the pair-wise nature
of the samples, as we had a pre- and post- treat-
ment sample from each patient. A P value <
0.05 was considered significant. In addition, we
examined the change over time following the
treatment on the treated hand using the Kend-
all tau ranking test. The statistical examination
was carried out using the Python programming
language (version 3.9.2).

RESULTS

The tool we developed that employed image and
signal processing was able to detect a significant
reduction in tremor in the treated hand fol-
lowing FUS for all 132 patients with ET and 26
patients with TDPD. This significant improve-
ment was sustained at all time points in patients
with ET and patients with TDPD, as shown by
objective analysis of tremor in the drawing of
Archimedes spiral A; see Table 1, Fig. 4A, C.
There was similar significant improvement in
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Fig.3 A schematic description of the image processing
method that computed the change in a patient’s perfor-
mance in the spiral-drawing task. In the preprocessing
phase, depicted in the rectangle, a template spiral and its
reference line—in green—are prepared. For each scanned

lines

and cropped patient’s drawing in a spiral, the template
spiral is removed. Both the reference line (green) and the
patient’s drawn line are sampled (red dots), and the per-
formance score featuring the L1 distance between the two
sampled lines is calculated
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Table 1 Significance of change in tremor after focused ultrasound compared with baseline

Patients Essential tremor Parkinson’s disease
Treated hand Non-treated hand Treated hand Non-treated hand

Spiral Spiral A Spiral B Spiral A  Spiral B Spiral A Spiral B Spiral A Spiral B
lweek  #=130 <0001 p<0.001 p<0.005 p<0.001 =30 p<0.005 p<0.005 p<0.0l p<0.005
Imonth #=132 p<0.001 p<0.001 p<0.005 p<0.005 =26 p<0.005 p<0.005 p<001 p<0.005
3months 7=120 p<0.005 p<0.001 p<0.005 p<0.005 =16 p<0.005 p<0.005 p<0.05 p<0.01
6months #=92 p<0.005 p<0.005 p<001 p<001 =20 p<001 p<00l p<0.05 p<0.01
1 year n=76 p<001 p<0005 p<001 p<00l 7»=24 p<001 p<00l p<0.05 p<0.01
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objective tremor assessment in the treated hand
in the drawing of Archimedes spiral B at all time
points in patients with ET and patients with
TDPD; see Table 1, Fig. 4B, D.

In patients with ET and patients with TDPD
following unilateral VIM thalamotomy, the
tremor in the hand that was not treated was
reduced significantly at all time points as seen
in the scores of our tool for drawing A and draw-
ing B; see Table 1, Fig. 4A-D.

Our tool detected a significant decline in
the efficacy of FUS treatment over time in the
treated hand (p<0.05). The change over time
was statistically significance for both spiral A
and spiral B and in both ET and TDPD patients.

DISCUSSION

Using the tool we developed, which incorporates
automated image processing and signal process-
ing, we could demonstrate an objective and sig-
nificant reduction in tremor following FUS. This
reduction in tremor was observed in patients
with both ET and TDPD and at all follow-up
time points up to 1 year, reproducing known
clinical data [14-16]. The proposed method was
sensitive enough to convey a smaller yet signifi-
cant improvement in the non-treated ipsilateral
hand for all sessions following treatment. Fur-
thermore, the method confirmed the observa-
tions of the decline in efficacy of the FUS over
time, in both ET and TDPD patients, although
significant tremor reduction compared to the
pre-treatment baseline was still apparent at 1
year post treatment [1-3].

Using our tool, the reduction in tremor was
smaller than the previously reported reduction
where the CRST score was used [1, 2]. This may
reflect the fact that our tool only assessed the
spiral drawings while the CRST score offers a
more comprehensive assessment of tremor effect
on daily living. Alternatively, it may indicate
that our tool underestimates the tremor.

Tremor assessment during focused ultrasound
thalamotomy is currently performed by subjec-
tive visual observations. There is an unmet need
for repeated objective assessments of tremor.
Using traditional scanned paper drawings and

a simple, fast analysis, we were able to address
these limitations. Our analyses offered a quanti-
tative and interpretable tremor estimation in the
spiral drawings. The analyses provided a tremor
reduction criterion, based on a measure of geo-
metrical deviation of the drawn spiral from its
ideal trajectory. Our preliminary study [9] used a
single geometric feature, the deviations of angles
in the drawn spirals, and considered only draw-
ings by the treated hand on the patients. The
results portrayed a statistical reduction in this
deviation across all follow-up sessions in 76%
of the patients in the treated hand. While the
former analysis focused on a specific feature,
the current analysis extends this approach to
encompass a broader range of irregular aspects
in the drawing, thereby providing a more
accurate measure of the observed tremor. This
broader perspective, and the larger population
of patients, helps justify the differences between
the results of the two analyses.

The dentato-rubro-thalamic tract is classically
described as a decussating pathway, ascending to
the contralateral thalamus. However, the exist-
ence of non-decussating (i.e., ipsilateral) fibers
in humans has been demonstrated. Thus, it is
not surprising that a reduction of tremor was
found in this study not only on the contralat-
eral side but also on the ipsilateral side. Notably,
the percentage change in the ipsilateral side was
significantly less than that of the contralateral
side, probably probably because most fibers were
decussated. Thus, the effect might have been
genuinely smaller. Another theoretical explana-
tion is that the baseline tremor severity on the
contralateral side was lower, leading to a smaller
observed change (floor effect). Future studies
should explore these options.

This study had limitations. Initially, the
patient cohort was derived from a single medical
center, which limited the generalization of the
results as bias from clinical practices and socio-
demographic properties of the patients may
exist [13]. As such, a larger and more diverse
sample size would be necessary to generalize the
findings to represent the broader population of
ET and TDPD patients. In addition, while the
Archimedes spiral test is a useful tool for meas-
uring tremor, it may not capture all aspects of
tremor severity and its impact on daily activities.
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Other complementary assessment tools could
provide a more comprehensive evaluation of
patients’ quality of life. Finally, the study did
not include a control group of patients who did
not receive FUS thalamotomy, which limits the
ability to attribute improvements solely to the
intervention. In addition, the proposed method
cannot handle errors such as shifting (i.e., when
the patient’s line is topologically identical to the
“ideal” line but shifted from the middle of the
spiral), which can cause bias in healthy patients.

CONCLUSION

Our objective method that incorporated image
and signal processing provided a quantitative
measure of tremor reduction. It demonstrated
significant improvement in tremor in the treated
(contralateral) and non-treated (ipsilateral) hand
following FUS as well as decreased efficacy over
time. This tool may serve as a complementary
tool to the clinicians’ subjective visual observa-
tions and the patients’ accounts of tremor dur-
ing and following FUS treatment.
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