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Abstract: - Magnetic Resonance-guided Focused Ultrasound Surgery (MRgFUS) is a relatively new treatment
which combines the precision of radiological imaging with the therapeutic potential of focused ultrasound, promis-
ing a non-invasive treatment for different conditions. The objective of this work was to apply Principal Component
Analysis (PCA) to identify the main factors that influence the efficacy of MRgFUS treatment. Thirty-six neuro-
logical patients with medication-refractory tremor (n=19 Parkinson’s Disease (PD); n=17 Essential Tremor (ET))
were treated with a commercial MRgFUS brain system (ExAblate Neuro 4000, InSightec) integrated with a 1.5T
Magnetic Resonance Imaging (MRI) unit (Sigma HDxt; GE Medical System). We applied PCA, using Kaiser’s
criterion, to guide principal component maintenance. The most significant variables for these components, based
on the magnitude of their loadings, were maximum energy delivered (Joule) for PC1 (eigenvalues=3.85), indicat-
ing the influence of energy delivery; Cerebrospinal Fluid Volume (CSV) normalized for PC2 (eigenvalues=2.55),
highlighting CSF; White Matter Volume (WMV) normalized for PC3 (eigenvalues=1.50), reflecting WMV; and
active elements for PC4 (eigenvalues=1.18). Few studies has highlighted the influence of energy delivery on treat-
ment outcomes, aligning with our results where maximum energy delivered (PC1) demonstrated a predominant
impact. In conclusion, the application of PCA, as guided by Kaiser’s rule, has not only facilitated a robust analysis
of MRgFUS treatment variables but also set a benchmark for future research in this field. This study contributes
to support the clinical value of PCA as a powerful analytical tool to personalize, precision-focused neurological
treatment.
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1 Introduction

Principal Component Analysis (PCA) is a powerful
and versatile statistical technique that simplifies com-
plex data sets by reducing their dimensionality. This
technique finds extensive use in various fields, in-
cluding medical research, where it is crucial for the
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analysis and interpretation of multidimensional data,
[[]. PCA demonstrates to be particularly valuable as
it reduces data dimensionality while preserving the
most relevant information. This is essential in stud-
ies where parameters are numerous and potentially in-
terrelated, as in the case of functional magnetic reso-
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nance imaging (fMRI), Electroencephalography ap-
plication (EEG), [2], and in Magnetic Resonance-
guided Focused Ultrasound (MRgFUS), [3]. In the
context of MRgFUS treatment, the importance of
PCA becomes particularly evident. The effectiveness
of this therapy could be different for numerous phys-
iological and technical parameters, making it crucial
to identify and understand the most significant factors
influencing treatment outcomes.

Neurological disorders such as essential tremor (ET)
and Parkinson’s disease (PD) can be treated using var-
ious non-invasive methods besides MRgFUS, such
as Transcranial Magnetic Stimulation (TMS), [4],
Transcranial Direct Current Stimulation (tDCS), [5],
and Low-Intensity Focused Ultrasound (LIFU), [6].
Comparatively, MRgFUS offers real-time monitoring
and the ability to create precise, adjustable lesions
without ionizing radiation. However, it faces chal-
lenges such as skull density limitations and the need
for specialized equipment. Understanding the land-
scape of these non-invasive therapies is crucial for the
development and refinement of MRgFUS techniques,
[B]. [7], conducted a pivotal study demonstrating the
clinical benefits of MRgFUS thalamotomy for ET,
reporting significant improvements in tremor scores
and patient quality of life. The study reported in
[8], examined the cognitive, mood, and quality-of-
life outcomes after MRgFUS thalamotomy, providing
a comprehensive assessment of the broader impacts
of the treatment beyond motor symptom relief. The
MRgFUS treatment induces an immediate clinical re-
duction of symptoms by inflicting a thermal lesion
on the ventral intermediate (VIM) thalamic nucleus.
Generally, 3-months after intervention, the benefi-
cial clinical effects persisted in most patients with
a mean improvement in hand tremor score of 47%,
compared to 0.1% in the sham surgery group at the
same time point, [9]. Intraoperative MR imaging is
critical for accurately targeting anatomical structures,
as well as for designing and tracking the necessary
number of sonications to accomplish therapeutic ab-
lation, [[10]. Moreover, to ensure sustained clinical
benefits, it is essential to create a lesion of the cor-
rect size, [|L1]]. The quantity of acoustic energy needed
to generate a lesion in the brain through MRgFUS
is different for patients. This variance is due to the
acoustic characteristics and the density of brain tis-
sues (such as White Matter (WM), Grey Matter (GM),
and Cerebralspinal Fluid (CSF)) which affect how
much energy is transmitted as opposed to reflected
or absorbed, [12], [[13], [[14]. The skull bone pri-
marily obstructs the passage of ultrasound waves into
the brain. Before initiating treatment, the skull den-
sity ratio (SDR) is typically calculated to evaluate the
skull’s ultrasound transparency, [|L5]. High SDR val-
ues (SDR > 0.45) correlate positively with the max-
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imal temperature achieved (Tmax), while low SDR
values (SDR < 0.40) present technical challenges,
such as prolonged treatment duration or the need for
increased energy, [16]. Recent findings by [[17], in-
dicate that MRgFUS treatment for ET is more effec-
tive with an SDR of at least 0.45, though it can still
be conducted efficiently and safely with an SDR as
low as 0.3. Contrarily, research by []18], showed that
there was no significant statistical difference in the
mean SDR among patients who experienced lasting
symptoms improvement and those who saw symp-
toms recurrence, even in trials including patients with
an SDR below 0.40. The rate at which tempera-
ture rises during thermal ablation is a critical factor
for the success of the procedure. Typically, achiev-
ing accurate necrosis requires at least two sonications
at a temperature of 56°C, [§]. Therefore, identify-
ing the factors contributing to temperature increases
is crucial for improving the efficacy of these treat-
ments, [[19]. In terms of predicting lesion size fol-
lowing repeated sonications, both the Accumulated
Thermal Dose (ATD) and the mean Tmax achieved
have proven to be useful indicators. [20], found that
ATD values could predict the size of lesions in ET
patients one day after MRgFUS treatment. Nonethe-
less, ATD does not appear to correlate with SDR val-
ues, [8], while [21], established a correlation between
SDR and both the Joules and maximum temperatures
reached within the lesion. The complex relationship
between patient-specific biological traits (such as age,
brain volumes, skull density, cortical thickness) and
parameters related to MRgFUS treatment (such as
SDR, ATD, and mean Tmax) determine the success
of thermal lesion formation. The application of PCA
allows to extract the principal components that influ-
ence treatment efficacy, thereby facilitating an under-
standing of the complex dynamics involved and guid-
ing the development of more effective and personal-
ized therapeutic protocols, [22], [23]. Through under-
standing these key parameters can improve the devel-
opment of targeted, effective and individualized treat-
ment protocols. The application of PCA should al-
low more accurate hypotheses to be made about how
MRgFUS works and improve patient selection crite-
ria, thereby increasing the likelihood of treatment suc-
cess. This approach aims to uncover the complex in-
teractions that influence treatment efficacy and refine
treatment strategies accordingly. MRgFUS presents
a sophisticated therapeutic option, but its success is
influenced by multiple complex factors. Identifying
these factors is crucial for optimizing treatment out-
comes. Previous research has primarily focused on
individual parameters without fully integrating them
into a comprehensive analysis. In our study, the aim
was to use PCA to identify the main factors that in-
fluence the efficacy of MRgFUS treatment, to fill that
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gap by using PCA to identify the most influential pa-
rameters, providing a comprehensive understanding
of the factors affecting MRgFUS efficacy.

2 Methods

All procedures were approved by the internal Ethics
Committee of the IRCCS Bonino-Pulejo, the MRg-
FUS VIM thalamotomy screening and surgery (CE
n.38/2021). All participants provided written in-
formed consent before their clinical data was used
in the study. Patients suffering from medication-
resistant tremor-dominant neurological disorders, no-
tably PD and ET, were treated at IRCCS Bonino-
Pulejo, Messina, Italy, using the MRgFUS brain sys-
tem from April 19, 2019, to December 31, 2021.
These patients exhibited clinically significant tremors
that did not respond to dopaminergic or anticholiner-
gic medications. Specifically, Essential Tremor pa-
tients had to demonstrate intact nigrostriatal dopamin-
ergic terminals, confirmed by a normal dopamine
transporter scan (DaT-SCAN). Patients were ex-
cluded if they had cognitive decline as assessed by the
Core Assessment Program for Surgical Interventional
Therapies in Parkinson’s Disease (CAPSIT-PD), [24],
unstable or severe psychiatric conditions such as anx-
iety or depression, a history of substance abuse as per
the DSM-5 criteria, or a history of epileptic seizures.
The radiological criteria for MRgFUS eligibility in-
cluded the absence of intracranial hemorrhage, is-
chemic stroke, neoplasms, intracranial aneurysms,
or arteriovenous malformations requiring treatment,
and a SDR greater than 0.35 based on screening
Computed Tomography (CT) scans. Clinical crite-
ria excluded patients on uninterruptible anticoagulant
therapy, and those with significant unstable medi-
cal conditions. Thirty-six patients with hemidomi-
nant tremor met these criteria and were subsequently
treated with MRgFUS (19 with PD and 17 with ET).
PD patients with an average age of 69.1 + 7.6 years
and a mean disease duration of 8.8 = 5.1 years; ET
patients with an average age of 67.7 = 10.1 years
and a mean disease duration of 18.7 + 15.5 years.
All PD patients were evaluated using the Movement
Disorder Society Unified Parkinson’s Disease Rat-
ing Scale motor section under (MDS-UPDRS-III) de-
fined OFF-medication (at least 12 hours after discon-
tinuing any anti-parkinsonian medication) and ON-
medication (90 minutes after a levodopa loading dose
roughly equal to 150% of the patient’s usual morn-
ing dose of dopaminergic medication) conditions .
Medication-resistant tremor was defined as patients
who showed no significant improvement in tremor
subscales between ON- and OFF-medication states.
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2.1 Acquisition CT and MRI Scanning in
MRgFUS Treatment Planning

All participants underwent pre-operative instrumen-
tal evaluations, including brain CT and Magnetic
Resonance Imaging (MRI) scans, and clinical as-
sessments. Screening CT images were obtained us-
ing a 64-slice multidetector CT scanner (SOMATOM
Definition AS, Siemens Healthineers, Erlangen, Ger-
many). The imaging protocol consisted of sequential
acquisition without gantry tilt; a tube voltage of 120
kV and a tube current of 220 mA; a slice thickness
of 0.6 mm, with no spacing between slices; and im-
ages were reconstructed using the B60f sharp — Os-
teo setting. The SDR was calculated on the MRgFUS
workstation (Neuroablate 4000, Insightech, Israel) by
aligning MRI and CT head images. Patients under-
went a comprehensive neuroimaging evaluation us-
ing a 3T whole-body MRI scanner (Achieva, Philips
Medical System, Best, the Netherlands) before their
treatment. This scanner was equipped with a 32-
element phased array sensitivity-encoding (SENSE)
head coil and featured gradients capable of a max-
imum slew rate of 200 mT/m/ms and a maximum
gradient strength of 80 mT/m. The imaging proto-
col comprised 3D T1-weighted Magnetization Pre-
pared Rapid Gradient Echo (MP-RAGE), 3D Fluid-
Attenuated Inversion Recovery (3D-FLAIR), two-
dimensional coronal and axial T2-weighted Fast Spin
Echo (FSE), and axial Susceptibility Weighted Imag-
ing (SWI). For the 3D T1-weighted MP-RAGE, pa-
rameters included a Repetition Time (TR) of 8.2 ms,
an Echo Time (TE) of 3.7 ms, a section thickness of
1 mm, averaging one signal, and a reconstruction ma-
trix of 512x512. The 3D-FLAIR images were cap-
tured with a TR of 12000 ms, a TE of 140 ms, an
Inversion Time (TT) of 285 ms, a section thickness of
4 mm, averaging one signal, and a reconstruction ma-
trix of 512x512. T2-weighted FSE images featured a
TR of 4100 ms, a TE of 100 ms, a section thickness
of 2-3 mm, averaging one signal, and a reconstruction
matrix of 512x512. SWI images were acquired with a
TR of 31 ms, a TE of 7.2 ms, a section thickness of 3
mm, and a reconstruction matrix of 512x512. These
MR images played a pivotal role in prospective pre-
operative planning.

2.2 MRgFUS Treatment: Techniques and
Protocols

The MRgFUS thalamotomies were conducted using
the ExAblate Neuro 4000, a focused ultrasound (FUS)
system from InSightec, Haifa, Israel, coupled with
a 1.5T MRI unit (Sigma HDxt; GE Medical Sys-
tem). One of the advantages of MRgFUS is its abil-
ity to modulate brain functions without causing phys-
ical lesions. Unlike deep brain stimulation, which re-
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Fig. 1: Visualization of Skull Score Distribution and MRgFUS Treatment Parameters. The left side lists the
key procedural parameters, including the number of active elements, skull area, focal power, skull score, and the
type of CT filter used. The right side features a skull score map, color-coded to show the varying transmission

characteristics across the skull surface

quires the use of depth electrodes and pulse genera-
tors, MRgFUS operates through low-frequency son-
ication. This approach not only avoids the need for
invasive approach but also allows for safe subsequent
treatments if needed. Studies have demonstrated the
efficacy of FUS in blocking nerve conduction, which
could be beneficial for treating neurological condi-
tions characterized by dysfunctional networks, [23],
[26]. Moreover, low-frequency MRgFUS is being
explored in both human and animal studies for its
potential to enhance the delivery of chemotherapy,
stem cells, or gene therapies to specific brain areas by
temporarily disrupting the blood-brain barrier using
microbubble expansion, [27]. Initially, the patient’s
scalp was shaved and a stereotactic frame was ap-
plied under local anesthesia. A flexible silicone mem-
brane was then placed on the patient’s head before
they were positioned on the MRI table. Attached to
the membrane, a 30-cm diameter hemispheric, 1024-
element, phased-array ultrasound transducer operat-
ing at 650kHz facilitated the treatment. To prevent
thermal damage to the skin and skull, degassed cooled
water circulated within the membrane between the
head and the transducer. Before of procedure, a 2
mm thick 3D fast-recovery fast spin echo (FRFSE)
T2-weighted image was acquired to determine stereo-
tactic coordinates and plan the target area. Treatment
planning involved aligning CT and MRI scans, mark-
ing calcifications and frontal sinuses as “no pass” re-
gions, and calculating the number of transducer ele-
ments required to deliver the necessary energy. Fidu-
cial markers were also placed on live MR images to
track any movement automatically. As the VIM nu-
cleus is not visible via standard MRI sequences, its lo-
cation was determined using distance measurements
from known anatomical landmarks. The target posi-
tion was set based on intraoperative T2-weighted im-
ages at 14-15 mm lateral from the midline, 10-11 mm
lateral from the third ventricle’s wall, one quarter of
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the total AC-PC line distance anterior of the PC, and
1.5-2 mm above the AC-PC plane.

2.3 Setting Parameters in MRgFUS

Treatment
In the MRgFUS procedure, precise alignment of the
treatment target is a critical initial step to ensure the
effectiveness of the focused ultrasound. This align-
ment is confirmed through two short (10-second) and
low-power (250W) sonications that increase temper-
atures between 40°C and 45°C. The use of MR ther-
mometry during these preliminary sonications allows
for precise alignment of the focal heating volume
by monitoring the proton resonance frequency (PRF)
shift in water molecules. The MR thermometry se-
quence parameters are carefully set (TR/TE 26.172
ms/12.996 ms, slice thickness 3 mm, FOV 28x28 cm?,
matrix size 256x128, and a temporal resolution of
3.5 ms) to provide accurate intraoperative tempera-
ture calculations, which are crucial for achieving cor-
rect targeting before proceeding with higher-intensity
sonications. The initial low-power sonications serve
multiple purposes of minimize the risk of unintended
tissue damage while confirming the accuracy of the
targeting. By observing the temperature response,
clinicians can ensure that the focal point of the ul-
trasound beam is correctly aligned with the intended
target area, thereby reducing the risk of off-target ef-
fects during the subsequent higher-power sonications.
Once the correct alignment is confirmed, the proce-
dure advances by increasing the power of the high-
intensity focused ultrasound (HI-FU) beam to achieve
temperatures within the 50°C-54°C range. This inter-
mediate temperature range is chosen to induce a tran-
sient clinical effect, allowing for real-time assessment
of the treatment’s impact on the patient’s symptoms,
such as tremor suppression. Subsequently, sonica-
tion power and/or duration are gradually increased to
reach therapeutic temperature levels (55°-60°C). This
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gradual escalation is critical because it allows the for-
mation of the lesion to be carefully monitored and
controlled, reducing the likelihood of excessive heat-
ing that could damage surrounding tissues. Adjust-
ments are made based on real-time clinical feedback,
including the degree of tremor suppression and any
side effects observed, ensuring that the treatment is
both effective and safe. Post-procedure, Fast Recov-
ery Fast Spin Echo (FRFSE) T2-weighted images are
obtained on the axial plane to visualize the resulting
thalamic lesion. These images provide critical con-
firmation of the lesion’s size and location, ensuring
that the treatment has been applied correctly. Com-
prehensive documentation of the treatment includes
key technical parameters, such as:

* Number of Active Elements: The count of ac-
tive transducer elements used during sonication,
which influences the precision and intensity of
the energy delivered (Figure [1).

o Skull Surface Area: A factor that affects how
the ultrasound energy is transmitted through the
skull, influencing the effectiveness of the treat-
ment (Figure [1).

* Maximum Energy Delivered (Joules): The to-
tal energy applied during the treatment, which is
crucial for achieving the desired therapeutic ef-
fect.

* Maximum Power (Watts) and Sonication Time
(Seconds): These parameters determine the in-
tensity and duration of each sonication, which
must be carefully balanced to achieve sufficient
heating without causing collateral damage.

* Maximal Temperature (°C): The peak tempera-
ture achieved during treatment, which directly
impacts the extent of tissue ablation.

* Area Temperature Dose (ATD): Calculated from
the thermometric map of the final sonication, the
ATD provides a measure of the thermal dose re-
ceived by the target area, with the region of in-
terest (ROI) manually defined at the target.

The specific settings chosen for each parameter are
based on their proven ability to optimize the balance
between efficacy and safety. Energy and Power Set-
tings are adjusted to ensure sufficient energy deliv-
ery to induce the necessary thermal effect while min-
imizing the risk of overheating. The gradual increase
in sonication duration and temperature is tailored to
the patient’s response, allowing for personalized treat-
ment that maximizes clinical benefits and minimizes
risks. Continuous monitoring using MR thermome-
try ensures precise control over the treatment process,
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enabling real-time adjustments and enhancing overall
treatment safety.

2.4 Methodological Approach for the
Extraction of Parameters from
Structural MRI

Before undergoing MRgFUS treatment, a detailed
examination of the brain tissue—comprising white
matter (WM), gray matter (GM), and cerebrospinal
fluid (CSF)—is conducted to assess the volume be-
tween the target area and the transducers. The
analysis of structural imaging data was performed
using SPM12 (www.fil.ion.ucl.ac.uk), while the
CAT12 toolbox (http://www.neuro.uni-jena.de/cat/,
version r1109) within the MATLAB environment
(www.mathworks.com, Version 2015a) was used to
perform the volumetric analysis. Images of each
participants were reoriented to align with the ante-
rior commissure as the origin point and standard-
ized for spatial orientation. A non-linear deforma-
tion field was then calculated to optimally match
the tissue probability maps to the individual scans.
The gray matter volume (GMV) and total intracra-
nial volume (TIV) were calculated, focusing specifi-
cally on GM tissue. Subsequently, all tissue segments
in native space were aligned to the MNI (Montreal
Neurological Institute) standard template included in
SPM12 using an affine registration algorithm. The
DARTEL (Diffeomorphic Anatomical Registration
Through Exponentiated Lie Algebra) toolbox further
refined the inter-subject registration of GM and WM.
In DARTEL’s final step, GM tissues were modu-
lated using a non-linear deformation method to allow
comparison of relative GMV, adjusted for individual
brain sizes. Additionally, the voxel values in the tis-
sue maps were adjusted based on the Jacobian deter-
minant calculated during spatial normalization, [28].
A quality check using the CAT12 toolbox assessed
the homogeneity of the GM tissues post-processing.
Each participant’s modulated and normalized GM tis-
sue segments were then smoothed with an 8-mm full
width at half maximum Gaussian filter. Total corti-
cal thickness for all individuals was also estimated
using the CAT12 toolbox within SPM12, leveraging
MATLAB (version 2015a). The initial ROI analy-
sis segmented volumes based on surface and thick-
ness estimates, employing the projection-based thick-
ness (PBT) method to simultaneously estimate cen-
tral surface and cortical thickness, [29]. This step in-
cluded topology correction, spherical mapping, and
registration, with local maximum in the GM projected
to neighboring voxels based on WM distance post-
segmentation, [30]. Additionally, the extent of white
matter T2 hyperintense lesions, typically indicative of
chronic small vessel ischemia, was quantified by us-
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ing the Fazekas scale, [31].

3 Data Analysis Methods Description

The PCA method transforms a set of correlated vari-
ables into a new set of independent variables known
as principal components. The variables involved
in the analysis of dependent components are de-
rived from both MRgFUS parameters (SDR, Skull
area, Active elements, Number of sonications, maxi-
mum watt, maximum joule, mean maximal temper-
ature, maximum sonication Time, ATD) and volu-
metric measures (Fazekas, Normalized GMV, Nor-
malized WMV, Normalized CSFV, Normalized TIV,
Thickness). Analyses were performed using the open
source R4.2.2 software package (R Foundation for
Statistical Computer, Vienna, Austria). An initial
cleaning such as the removal of unnecessary columns
and standardization was performed. Standardization,
a critical step in PCA, ensures that all variables are on
an equal footing by having a mean of zero and a vari-
ance of one. This eliminates the bias due to different
scales of measurement in the original variables. The
standardization formula for each variable is given by
equation [I:

Toi — T
Zij = % (1)
J

where z;; is the standardized value for the ¢-th ob-
servation of the j-th variable, x;; is the original value
of the i-th observation of the j-th variable, Z; is the
mean of the j-th variable and s; is the standard devi-
ation of the j-th variable.

After standardization, the covariance matrix C' of
the standardized variables is calculated. This matrix
computes both the principal components and their as-
sociated standard deviations, which are then squared
to obtain the eigenvalues. The formula for the covari-
ance matrix is given by equation PJ:

1

C:n—l

AN )

where C represents the covariance matrix, Z con-
tains the standardized data, Z7 is the transpose of the
matrix Z, n is the number of observations, and n — 1
in the denominator corrects for the bias in the estima-
tion.

The eigenvalues and eigenvectors of the covari-
ance matrix C' are calculated to identify the principal
components. We applied Kaiser’s Rule, which rec-
ommends retaining only those components with an
eigenvalue greater than 1, in order to determine the
number of significant components.

The eigenvalues lambda; and eigenvectors v; are
the solutions to the characteristic equation [:
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Cv; = \iv; 3)

Eigenvalues indicate the amount of variance ex-
plained by each principal component, while eigen-
vectors define the direction of these components in
the original space of the variables. Principal com-
ponents are calculated as linear combinations of the
original variables, weighted according to the eigen-
vectors. The k-th principal component, PC}, given
by equation H:

PC}, = Zuy, “4)

where PCj, represents the k-th principal component,
Z is the matrix of standardized data, v;, denotes the k-
th eigenvector. The percentage of variance explained
by each principal component is calculated using the
eigenvalues. The variance explained by the k-th com-
ponent given by equation B:

Ak
= (5)
f:l Ai

Explained Variance,, =
where ExplainedV ariancey, is the proportion of
the total variance that is explained by the k-th prin-
cipal component, where lambday, is the eigenvalue
associated with the k-th principal component and p is
the total number of components. Furthermore, the cu-
mulative explained variance is useful for determining
the number of components to retain. It is calculated
by progressively summing the variance explained by
each component [:

Cumulative Explained Variance,, =

k
. . (6)
Z Explained Variance;

i=1

where Cumulative Explained Variance,, is the total
variance explained by the first kK components, sum-
ming the explained variances from the 1st to the k-th
component.

4 Results

Thirty-six neurological patients with hemi-dominant
tremor satisfied the clinical criteria and were assigned
to MRgFUS treatment (19 PD and 17 ET). A pre-
treatment MRI exam was employed for brain volu-
metric quantification.Table [l presents the mean val-
ues and standard deviations of MRI parameters for
patients, which include measurements such as Nor-
malized Gray Matter Volume (GMV), White Matter
Volume (WMYV), and Cerebrospinal Fluid (CSF) vol-
umes, as well as Total Cortical Thickness and the
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Fig. 2: Workflow and Results of Voxel-Based Morphometry (VBM) Analysis. The left side displays the orig-
inal MRI scans in sagittal, coronal, and axial views, highlighting the brain’s anatomy. The right side presents
the processed VBM results, including heatmaps of tissue volumes and 3D reconstructions of cortical grey matter
distribution. This figure demonstrates how VBM analysis enhances the understanding of brain structure by quan-

tifying and visualizing tissue volume variations across different regions

Fazekas Scale score (Fig. [). The overall MRI-
based averages and standard deviations of the proce-
dural parameters employed during VIM thalamotomy
in the neurological patients are show in Table . These
detailed parameters provide insights into the physio-
logical and procedural aspects influencing the effec-
tiveness and safety of MRgFUS treatments in neuro-
logical patients.The enrolled patients had side effects
over the course of the treatment. Before PCA, two
essential statistical tests were conducted the Kaiser-
Meyer-Olkin (KMO) measure of sampling adequacy
and Bartlett’s test of sphericity. The KMO measure
evaluates how well the data is suited for PCA. A
KMO value closer to 1 indicates that the data is highly
suitable for PCA, as the variables share a common
variance, making them appropriate for structure de-
tection.Bartlett’s test assesses whether the correlation
matrix of the data is an identity matrix, which would
suggest that the variables are unrelated and unsuitable
for PCA. A significant result (p-value < 0.05) implies
that the data’s correlations are sufficient to warrant
the use of PCA. The KMO value obtained was 0.82,
which indicates that the data is highly suited for PCA.
This value surpasses the commonly accepted thresh-
old of 0.6, confirming the adequacy of the data for
factor analysis.The test returned a chi-square value
of 254.63 with a p-value of <0.001, indicating that
the correlations between variables are statistically sig-
nificant and that the dataset is suitable for PCA. The
results from the KMO measure and Bartlett’s test of
sphericity confirm the appropriateness of the dataset
for PCA.

The PCA conducted on MRgFUS treatment data
emphasized the paramount importance of individual
anatomy in determining treatment effectiveness. Af-
ter data normalization, the analysis revealed four prin-
cipal components that together accounted for more
than 84% of the variance in the dataset. The most
significant variables for these components (Table [),
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based on the magnitude of their loadings, were:

* PC1 (Eigenvalue: 3.85): The most significant
variable was the maximum energy delivered
(Joules), with a high coefficient of 0.45, indi-
cating a strong influence of energy delivery on
treatment outcomes.

* PC2 (Eigenvalue: 2.55): The normalized CSFV
was identified as the key variable, with a coef-
ficient of 0.55, underscoring the importance of
CSFV in the treatment process.

» PC3 (Eigenvalue: 1.50): The normalized WMV
was the most influential variable, with a coeffi-
cient of 0.60, reflecting the impact of WMV on
the treatment’s effectiveness.

* PC4 (Eigenvalue: 1.18): The number of active
elements used during the sonication process was
significant, with a coefficient of 0.53, highlight-
ing its role in the procedural aspects of the treat-
ment.

Fig. B provides a visual depiction of the signif-
icance of each principal component. The blue line
represents the variance explained by each principal
component, while the red line shows the cumulative
variance explained, highlighting diminishing points
after the fourth component. The ’knee” of the plot in-
dicates the optimal number of components to retain,
corresponding to the point where the increase in ex-
plained variance plateaus, thus guiding the selection
of the most informative components for subsequent
analysis.

5 Discussion

The application of PCA in our study has greatly en-
hanced our understanding of the complexities asso-
ciated with MRgFUS treatments. By uncovering the
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Table 1. Mean of MRI parameters of patients.

Parameters of Brain Structural Mean + SD
Normalized GMV (cm?) 326.3 £353
Normalized WMV (cm?) 292.8 +41.3
Normalized CSF (cm?) 377.5 4+ 49.6
Normalized Brain Volume (GM + WM) (cm?) 619.1 + 48.4
Total Cortical Thickness 2.61 £0.2

Fazekas Scale 3.0+0.7

Legend: GMV: Gray Matter Volume; WMV: White Matter Volume; CSF: Cerebrospinal Fluid; SD= Standard Deviation.

Table 2. Mean of MRgFUS parameters of patients.

Parameters by MRgFUS Mean + SD
SDR 0.49 +0.12
Skull Area (cm) 338.6 + 31.3
N° of Transducer Elements 906.6 + 66.2
N° of Sonications 6.9 +2.1
maximal Watt 896.3 £ 139.5
maximal Joule 17673.6 + 7413.7
maximal Temperature (T°C max) 574 +34
maximum Sonication Time (s) 229+7.5
ATD 56.0 +2.9

Legend: SDR= Skull Density Ratio; ATD= Accumulated Thermal Dose; SD= Standard Deviation.

four principal components that together account for
over 84% of the dataset variance, our analysis has
reinforced the importance of high-dimensionality re-
duction in capturing essential characteristics of treat-
ment data. Notably, the identification of maximum
energy delivery, CSFV, WMV and active elements
during sonication as the most significant variables
mirrors findings from other studies which have em-
phasized the relevance of these variables in optimiz-
ing treatment efficacy and safety. Few studies have
highlighted the influence of energy delivery on treat-
ment outcomes, aligning with our results where maxi-
mum energy delivered (Joules) (PC1) demonstrated a
predominant impact. [32], discussed the importance
of precise energy delivery and the use of an autofo-
cusing echo imaging technique to enhance the safety
and efficacy of MRgFUS treatments. This is crucial
for patients with lower skull density ratios who might
not otherwise benefit optimally from this technology.
They explored these methods in a clinical trial set-
ting, focusing on their impact on patients with essen-
tial tremor and Parkinson’s disease. It details the tech-
niques used and the outcomes observed, emphasizing
the critical role of precise targeting and energy appli-
cation. This approach is effective for treating neu-
rological disorders, especially by overcoming chal-
lenges such as the skull’s irregular structure, which
can impede ultrasonic energy, [32]. These findings
are in line with our results where maximum energy

E-ISSN: 2224-2902

delivered (PC1) shows a predominant impact on treat-
ment outcomes. Infact, in our results, the coefficient
of 0.45 for maximum energy delivered (Joule) in the
first principal component signifies a strong influence
of energy delivery on this component. This suggests
that variations in the energy delivered during treat-
ment are a dominant factor in explaining the variance
captured by PC1. The larger the absolute value of the
loading, the more significant the role of the variable
in shaping the component. This implies that differ-
ences in treatment efficacy could be greatly impacted
by how much energy is applied during the procedure.
Furthermore, the variability in patient anatomy, such
as skull density, also affects the energy delivery and
subsequent treatment efficacy. Studies have found
that patients with lower skull density ratios might ex-
perience different outcomes, emphasizing the need to
adjust energy levels based on individual patient char-
acteristics to optimize results. [B3], examined the
clinical outcomes of MRgFUS thalamotomy based on
different SDRs, finding that while MRgFUS treat-
ment can be effectively and safely performed in pa-
tients with lower SDRs, the procedure tends to be
more efficient when the SDR is higher than 0.45. The
study reported no significant differences in improve-
ment in tremor severity among different SDR groups,
although achieving the target temperature was more
challenging in patients with lower SDRs. [34], an-
alyzed the distribution of skull score (SS) and SDR
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Fig. 3: Cumulative Variance Explained for MRgFUS treatment data

Table 3. Summary of Principal Components Analysis Results

Principal Component

Most Significant Variable

Eigenvalues Absolute Coefficients

PCl1 maximum Energy Delivered (Joule) 3.85 0.45
PC2 Cerebrospinal Fluid Volume Normalized 2.55 0.55
PC3 White Matter Volume Normalized 1.50 0.60
PC4 Active Elements 1.18 0.53

in Taiwanese tremor patients, highlighting the chal-
lenges in achieving effective MRgFUS thalamotomy
outcomes in patients with lower SS, as these often cor-
related with lower SDRs. This study suggests that
half of the patients could have difficulties in reach-
ing the therapeutic temperature necessary for success-
ful treatment due to lower SDR. These findings sup-
port the significance of energy delivery in MRgFUS
treatments, corroborating with the pivotal role high-
lighted by maximum energy delivered (PC1) in our
study. This connection between the amount of energy
delivered and the efficacy of treatment outcomes is
well-established in the field, further underscoring the
value of your PCA analysis in identifying key treat-
ment variables. In addition, several studies empha-
size the significance of these factors in the context of
neurological diseases and treatments. For instance,
the importance of CSFV is well recognized in man-
aging brain physiology and its response to therapeu-
tic interventions, [35], [36]. In our results, the coeffi-
cient of 0.55 indicates that CSFV significantly shapes

E-ISSN: 2224-2902

the second principal component. This highlights the
importance of CSFV in the dataset, suggesting that
variations in this parameter are key to understand-
ing differences in the PCA model. It reflects how
patient-specific anatomical features, like CSFV, can
influence treatment outcomes. Similarly, WMV has
been explored in the context of brain health and dis-
ease, pointing towards its relevance in understanding
and treating neurological conditions, [35], [36]. In
our results, we identified a coefficient of 0.60, high-
lighting that WMV is particularly influential in the
third principal component. This finding emphasizes
the importance of brain structure in treatment effi-
cacy, suggesting that variations in WMV among pa-
tients are crucial to the differences observed in this
component. Finally, active elements with a coeftfi-
cient of 0.53 indicates a substantial contribution to
the fourth principal component, emphasizing how as-
pects of the sonication process, such as the number
of active elements used, play a significant role in the
variance of the treatment data. This congruence un-
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derscores the generalizability of our PCA approach in
identifying key factors that affect treatment dynamics.
Our study further delineates the relationships between
anatomical and procedural variables, such as the link-
age between CSFV and treatment efficacy noted in
other works. CSFYV is a crucial anatomical factor that
influences how ultrasonic energy is propagated and
absorbed during MRgFUS treatment. CSF, being a
fluid present around the brain and spinal cord, can act
as a medium that modulates the distribution of ultra-
sonic waves. Specifically, CSFV can attenuate or re-
fract sound waves, affecting the ability to reach the
therapeutic temperatures necessary for effective treat-
ment. These relationships are critical for developing
personalized treatment plans that are tailored to the in-
dividual anatomical and physiological characteristics
of patients, also by interpretation with other neuro-
physiological approaches, [37].

6 Conclusion

Our PCA-based analysis integrates MRI parameters
with MRgFUS treatment data, providing an approach
that previous studies have not considered. [38], in-
vestigated MRgFUS in essential tremor patients and
highlighted the importance of lesion size and lo-
cation for predicting clinical outcomes. Similarly,
in the study, [39], clinical outcomes were assessed
in patients with symptomatic bone metastases using
apparent diffusion coefficient (ADC) and dynamic
contrast-enhanced (DCE) MRI, emphasizing the need
for continuous monitoring of lesion dynamics post-
treatment. [40], reviewed MRI follow-ups after MRg-
FUS thalamotomy, noting the significance of precise
lesion targeting and its impact on clinical outcomes.

Unlike the above-mentioned papers, our study em-
ploys PCA to reduce data dimensionality and iden-
tify the most influential parameters, offering clearer
insights into the key factors affecting patient progno-
sis. PCA enhances data interpretability and highlights
the most significant parameters, providing a compre-
hensive treatment data to achieve a more predictive
model for MRgFUS outcomes.

This integrated approach offers practical insights
for clinicians, potentially improving patient selection
and treatment planning, which is a step beyond the
isolated parameter analysis The application of PCA,
as guided by Kaiser’s rule, has not only facilitated a
robust analysis of MRgFUS treatment variables but
also set a benchmark for future research in the field.
Its application in MRgFUS research, as demonstrated
in [8], which examined learning curves and operator
experience, can provide valuable insights for treat-
ment optimization. The insights derived from our
analysis offer a promising pathway for refining treat-
ment protocols, enhancing the precision of MRgFUS
therapies, and ultimately improving patient outcomes.
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The visualization of data variance through the plot
provided a clear and empirical basis for selecting the
most informative components, an approach widely
validated in contemporary studies that seek to sim-
plify complex multidimensional data while retaining
critical information. This study contributes to support
the clinical value of PCA as a powerful analytical tool
in the pursuit of personalized, precision-focused neu-
rological treatment.
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