
Focused ultrasound thalamotomy 
improves voice tremor in essential 
tremor: objective insight from 
artificial intelligence
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The impact of Magnetic Resonance Imaging-guided Focused Ultrasound (MRgFUS) on vocal tremor 
is largely underexplored. We used artificial intelligence to investigate changes in vocal tremor in ET 
patients undergoing MRgFUS. Eighty-three controls and ET patients (mean age-SEM 70.0–1.0 years), 
including 39 patients without and 44 patients with clinically overt voice tremor, were assessed before 
and 24 h after MRgFUS targeting the ventral intermediate nucleus (Vim). Voice recordings were 
collected to calculate the receiver operating characteristic (ROC) curves, the likelihood ratios (LRs) for 
clinical-instrumental correlations, and the oscillatory activity peak by means of artificial intelligence 
algorithms. We found that before and after Vim-MRgFUS, artificial intelligence discriminated voices 
in ET and controls objectively with high accuracy. Also, we verified that Vim-MRgFUS improved voice 
tremor in ET. Moreover, the analysis showed positive correlations between LRs and clinical scores 
of voice tremor. Lastly, Vim-MRgFUS reduced the 4–6 Hz oscillatory activity peak in ET patients. 
Therefore, our observations pave the way for objective voice evaluations in ET patients following Vim-
MRgFUS, for telemedicine purposes.
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Magnetic Resonant-guided Focused UltraSound (MRgFUS), targeting the thalamic ventralis intermedius 
nucleus (Vim), has been recently approved by the U.S. Food and Drug Administration (FDA) for the surgical 
treatment of medically resistant upper limb tremor in ET1,2. MRgFUS is a non-invasive, highly technological 
technique able to deliver focused beams of ultrasound energy to specific deep brain structures, leading to 
coagulative necrosis with focal irreversible neuronal death3–5. Although the Vim-MRgFUS can improve upper 
limb tremors effectively, the impact of this procedure on tremors affecting other body locations, including vocal 
tremors, has only been partially investigated6–8. Preliminary studies have shown contrasting results, with some 
research indicating that Vim-MRgFUS may improve vocal tremor6,7,9, while others showed voice worsening 
following the procedure10,11. Gaining advances in the field and clarifying Vim-MRgFUS-related voice changes in 
ET would require innovative technological approaches.

Over the last years, the analysis of voice impairments in neurologic disorders through artificial intelligence 
(AI) has been identified as a promising non-invasive and reliable instrumental tool for supporting clinicians 
in recognizing the disease, evaluating disease severity and monitoring therapeutic response12–17. In a previous 
observation, we objectively and automatically detected voice impairments in a large cohort of ET patients, with 
and without a clinically overt voice tremor, through AI, reporting a prominent oscillatory peak activity at 4–6 Hz 
band16. We also objectively detected the symptomatic effect of pharmacologic treatment on voice impairment in 
ET, also showing a significant reduction of the oscillatory peak activity in treated patients16. Hence, owing to the 

1Department of Biotechnological and Applied Clinical Sciences, University of L’Aquila, L’Aquila, Italy. 2Department 
of Neurology, San Salvatore Hospital, L’Aquila, Italy. 3Neurology Unit, Department of Neurosciences and Sensory 
Organs, AO San Giovanni – Addolorata, Rome, Italy. 4Department of Electronic Engineering, University of Rome Tor 
Vergata, Rome, Italy. 5Department of Human Neurosciences, Sapienza University of Rome, Viale dell’Università, 
30, 00185 Rome, Italy. 6IRCCS Neuromed Institute, Pozzilli, IS, Italy. 7These authors contributed equally: Patrizia 
Sucapane and Francesco Asci. email: antonio.suppa@uniroma1.it

OPEN

Scientific Reports |        (2026) 16:16354 1| https://doi.org/10.1038/s41598-026-45935-x

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-45935-x&domain=pdf&date_stamp=2026-4-4


high complexity and multidimensionality of the human voice, a machine-learning- (ML)-based approach, able 
to combine thousands of changing features dynamically, would be the ideal tool to objectively disclose possible 
benefits and side effects on voice in patients with ET following Vim-MRgFUS.

To the best of our knowledge, no study has yet investigated the impact of Vim-MRgFUS on voice production 
in a large cohort of ET patients using ML-based voice analysis. Also, none has assessed clinical-instrumental 
correlations in ET patients following MRgFUS to clarify the clinical impact of neuroablative procedures on voice 
tremor.

This study aimed to investigate voice tremor changes in a large, consecutive cohort of ET patients undergoing 
MRgFUS, using spectral analysis and ML-based methods. The support vector machine (SVM), a specific machine-
learning tool, was used for calculating the receiver operating characteristic (ROC) curves, as diagnostic outputs 
for all the comparisons included in the analysis, thus providing statistical measures of sensitivity, specificity, 
positive and negative predictive values, accuracy and area under the curve (AUC). Also, we assessed clinical-
instrumental correlations by calculating for each patient the likelihood ratios (LRs), a machine-learning measure 
of voice impairment severity. Lastly, we used a spectral analysis for extracting and comparing the oscillatory 
activity peak (i.e., the dominant tremor frequency index) in ET before and 24 h after MRgFUS.

Results
Participants
Demographic and anthropometric parameters (i.e., age, weight, height and BMI) were normally distributed in 
HS and ET, with and without voice tremor (p < 0.05) and were comparable between HS and ET as well as between 
ETVT+ and ETVT− (p > 0.05). The chi-square test showed a higher prevalence of males than females in all cohorts 
of patients: ET (75.9%), ETVT− (82.0%) and ETVT+ (70.4%)(p > 0.05), in line with previous research18. Our cohort 
of ET patients showed a clinically overt voice tremor in 53% of cases. Clinical scores (i.e., MMSE, FAB and 
BDI) were comparable among HS and ET (p > 0.05 for all comparisons). At baseline, ETVT+ patients showed 
higher scores on the FTM (U = 532.5; z = 2.71; p < 0.01), FTM-v (U = 0.0; z = 7.79; p < 0.01), and VHI (U = 390.50; 
z = 4.05; p < 0.01) scales than ETVT− patients (Table 1). Lastly, patients with ETVT− and ETVT+ undergoing right 
or left Vim surgery showed comparable clinical scores (FTM), before treatment (p > 0.05).

MRgFUS and voice tremor: clinically-based assessment
Vim-MRgFUS induced a significant clinical improvement in overall tremor in ET, as demonstrated by reduced 
FTM scores (ETbefore: 47.2–1.4; ETafter: 26.0–1.0; z=−7.0; W = 249; p < 0.01). Similarly, FTM scores significantly 
decreased in ETVT+ (ETVT+before: 51.2–1.8; ETVT+after: 29.3–1.7; z=−4.7; W = 132; p < 0.01) and ETVT− (ETVT−before: 
42.9–2.1; ETVT−after: 24.0-1.1.0.1; z=−5.4; W = 0; p < 0.01), following surgical procedures, showing a comparable 
magnitude in ETVT− and ETVT+ undergoing right or left hemispheric side procedure. Also, as reported by the 
FTM-v, Vim-MRgFUS significantly improved voice tremor in ETVT+ (patients with a clinically overt voice 
tremor) after surgical procedures when compared to before (ETVT+before: 1.5 − 0.1; ETVT+after: 1.2 − 0.1; z=−2.9; 
W = 79; p < 0.01), showing no difference with respect to hemispheric side surgery. Interestingly, voice tremor was 
also significantly reduced in the overall group of ET patients, following MRgFUS, as suggested by the decrease 
in the FTM-v score (ETbefore: 0.8 − 0.1; ETafter: 0.5 − 0.1; z=−3.3; W = 81; p < 0.01). Lastly, when considering results 
from self-assessed voice evaluation, only a trend of VHI decrease following MRgFUS was achieved, without 
reaching statistical significance.

MRgFUS and voice tremor: ML-based assessment
Before MRgFUS, artificial intelligence achieved high diagnostic performance when comparing voices in HS 
and ET patients, showing sensitivity = 98.8%, specificity = 98.7%, PPV = 98.8%, NPV = 98.8%, accuracy = 98.2%, 
and AUC = 0.998, when applying an optimal diagnostic threshold value of 0.33 and 10-folds cross-validation 
(Youden index = 0.99) (Fig. 1A; Table 2).

Also, ML-based procedures achieved high diagnostic performance when comparing voice recordings in 
ET patients before and after MRgFUS: associated criterion = 0.19, Youden index = 0.72, sensitivity = 78.5%, 
specificity = 79.7%, PPV = 79.2%, NPV = 81.6%, accuracy = 80.4%, and AUC = 0.865 (Fig.  1B; Table  2). The 
diagnostic accuracy became even higher when we compared voice recordings ETVT+ and ETVT− before and 
after MRgFUS. Indeed, when voice recordings were compared in ETVT+ before vs. after MRgFUS, we achieved 
high diagnostic performances, as shown by sensitivity = 95.5%, specificity = 93.3%, PPV = 95.8%, NPV = 94.2%, 
accuracy = 94.8%, and AUC = 0.955, using an optimal diagnostic threshold value of 0.82 and 10-folds cross-
validation (Youden index = 0.92) (Fig. 1C; Table 2). Similarly, significantly high diagnostic accuracy was reported 
for ETVT− before vs. after MRgFUS comparison, as shown by sensitivity = 90.0%, specificity = 96.0%, PPV = 95.5%, 
NPV = 93.0%, accuracy = 96.7%, and AUC = 0.965 (Table 2), possibly pointing to an effect of MRgFUS on subtle 
voice alterations in ET other than voice tremor.

A final observation is that although MRgFUS improved voice emission in ET, it was not able to restore 
a normal pattern of voice in ET as indicated by the significant accuracy of our last comparison between 
controls and ET after the neuroablative procedure. Indeed, we achieved sensitivity = 70.0%, specificity = 65.0%, 
PPV = 49.9%, NPV = 54.1%, accuracy = 95.2%, and AUC = 1, when applying discretization and 10-folds cross-
validation (Youden index = 1), using an optimal diagnostic threshold value of 0.05 (Fig. 1D; Table 2).

The detailed output of SVM-based voice classification is shown in Table 2.

Correlation analyses
In the whole group of ET patients, the Spearman test disclosed that FTM positively correlated with VHI and 
FTM-v both collected before (r = 0.26, p < 0.05; r = 0.33, p < 0.01) and after MRgFUS (r = 0.29, p < 0.05; r = 0.49, 
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Comparison Associated criterion Youden Index
Se
(%)

Sp
(%) PPV (%) NPV (%)

Acc
(%) AUC

HS vs. ETbefore 0.33 0.99 98.8 98.7 98.8 98.8 98.2 0.998

ETbefore vs. ETafter 0.19 0.72 78.5 79.7 79.2 81.6 80.4 0.865

ETVT+ before vs. ETVT+ after 0.82 0.92 95.5 93.3 95.8 94.2 94.8 0.955

ETVT− before vs. ETVT− after 0.37 0.91 90.0 96.0 95.5 93.0 96.7 0.965

HS vs. ETafter 0.05 1.00 70.0 65.0 49.9 54.1 95.2 1.000

Table 2.  Diagnostic Performance of the Artificial Intelligence-based Voice Analysis. ET essential tremor, 
ETVT+ ET patients with clinically overt voice tremor, ETVT− ET patients without clinically overt voice tremor, 
ETbefore ET patients before undergoing MRgFUS, ETafter ET patients following MRgFUS, HS healthy subjects, 
Se sensitivity, Sp specificity, PPV positive predictive value, NPV negative predictive value, Acc accuracy, 
AUC area under the curve.

 

Fig. 1.  The receiver operating characteristic (ROC) curves analysis. A HS vs. ETbefore; B ETbefore vs. ETafter; 
C ETVT+before vs. ETVT+after; D HS vs. ETafter patients. Note that ROC cureves were calculated through the 
support vector machine (SVM) classifier in healthy subjects (HS) and patients with essential tremor (ET), with 
(ETVT+) and without (ETVT−) a clinically overt voice tremor, before and after MRgFUS. AUC: area under the 
curve.
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p < 0.01). Concerning clinical-instrumental correlations, LRs positively correlated with FTMv in ET patients 
after MrgFUS (r = 0.35, p < 0.01).

MRgFUS and voice tremor: spectral analysis
Spectral analysis showed an oscillatory tremor activity at 4–6 Hz in ET patients before and after thalamotomy. 
The paired Student t-test showed a significant reduction in the tremor frequency index in ET patients after Vim-
MRgFUS than before (t = 4.17, p < 0.01) (Fig. 2).

Discussion
In this study, by using a non-invasive artificial intelligence tool, we demonstrated that MRgFUS targeting the Vim 
effectively improved voice tremor in patients with ET, as confirmed by the 4–6 Hz oscillatory peak reduction. 
Our analysis also suggested a possible role of Vim-MRgFUS in improving, but not restoring, additional subtle 
voice abnormalities in ET, possibly not perceived by self-assessed voice analysis. The present findings would pave 
the way to the objective assessment of voice changes in patients with ET, before and after Vim-MRgFUS.

We applied a rigorous protocol, thus excluding several potential biases. First, patients and controls were 
comparable in demographic, anthropometric and cognitive features. Also, linguistic and cultural confounding 
were avoided since all participants were native Italian speakers and the speech task consisted of sustained vowel/e/
emission13,16,19,20. Lastly, all voice samples were recorded using a high-definition audio recorder embedded in 
a commercially available smartphone, to exclude technical artefacts, according to standardized procedures13.

Our clinically- and ML-based analysis applied to a large dataset of voice features first confirmed our previous 
report in ET patients16. The high diagnostic accuracy achieved in classifying ET and healthy controls pointed to 
machine learning as a new potentially helpful tool for supporting clinicians in the objective evaluation of voice 
tremor in ET, in a culture-free and ecological scenario, for telemedicine purposes16. The first new finding in this 
study concerned the objective recognition of symptomatic improvement of voice tremor in patients with ET 
following Vim-MRgFUS. Clinically, we also found a significant decrease in FTM-v in ET patients, reflecting a 
notable effect of thalamotomy on voice impairment, in parallel to the expected reduction of upper limb tremor, 
as shown by decreased scores at FTM21. Our findings agreed with previous clinical studies that pointed out a 
remarkable improvement in voice tremor following MRgFUS thalamotomy in ET7,22,23.

Spectral analysis first confirmed that voice tremor in ET patients manifested a mean dominant frequency 
of 4–6  Hz, possibly reflecting an abnormal activation of the physiologic neuronal oscillator underlying the 
integrated activity of vocal fold vibration and resonant structures, as suggested by our previous observations16,19,24. 
Interestingly, we demonstrated for the first time that Vim-MRgFUS significantly decreased the peak of 4–6 Hz 
frequency voice intensity in ET patients following the surgical procedure as an objective instrumental measure 
of the perceptual voice improvement scored by the FTM-v.

Our ML-based analysis objectively showed that Vim-MRgFUS improved voice tremor as demonstrated by the 
high diagnostic accuracy in distinguishing ET patients before and after thalamotomy. The diagnostic accuracy of 
our ML-based analysis became even higher when comparing only the subgroup of patients with clinically overt 
tremor (ETVT+) before and after Vim-MRgFUS. To the best of our knowledge, only a few studies in the field 
have instrumentally assessed the effect of Vim-MRgFUS on voice tremor in ET patients through standardized 
spectral voice analysis. In the first study6, the authors observed no significant changes in the frequency and 
amplitude of voice tremor, following bilateral FUS thalamotomy, thus reflecting a lack of effect of Vim-MRgFUS 
on speech duration, pause events or duration and oro-motor control during single‐syllable repetition25. Other 

Fig. 2.  Frequency tremor intensity index (FTRI) in a healthy subject and in two representative ET patients, 
with (ETVT+) and without (ETVT−) vocal tremor, before (panel A) and after (panel B) Vim-MRgFUS. Note that 
the oscillatory activity of voice tremor peaks in the 4–6 Hz frequency band and decreases after MRgFUS.
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researchers, however, have reported a significant reduction in the fundamental frequency variability extracted 
from the sustained emission of the vowel/a/, in ET patients following unilateral Vim-MRgFUS6. We argued that 
the contrasting results achieved by spectral analysis would depend on the specific methodology used since the 
standardized acoustic analysis focuses only on limited vocal parameters that cannot express the complex and 
multidimensional phenomenon of human phonation. Rather, AI is an ideal tool under this scenario for objective 
recognition of voice abnormalities in ET. Indeed, when critically reviewing the voice features more relevant for 
AI-based analysis, we observed that those extracted by the spectral analysis, including the slope, centroid and 
harmonicity, ranked in the first positions. Since these features are known to reflect tremulous voice activity, we 
argued that the high accuracy reached by our AI-based methodology in detecting voice improvement in ET 
following Vim-MRgFUS, largely depended on the automatic recognition of voice tremor. These findings are fully 
in line with results provided by the standard spectral analysis by means of the tremor frequency index, which 
showed a significant reduction in the 4–6 Hz oscillatory tremor activity in ET patients after thalamotomy.

Another relevant finding provided by our study was that Vim-MRgFUS did not restore voice in ET, as 
demonstrated by the high accuracy when comparing voice features in controls and ET following MRgFUS, 
despite the significant symptomatic improvement. As previously observed following pharmacological 
treatments16, Vim-MRgFUS cannot normalize voices in ET. Accordingly, also following Vim-MRgFUS voices 
can be easily classified and distinguished from those recorded in controls using AI-based analysis. The overall 
conclusion is that voice changes in ET would include abnormal features partly resistant to pharmacological and 
neuroablative strategies16.

It would be rather tough to clarify the neural underpinning of the significant Vim-MRgFUS-induced 
voice tremor improvement in patients with ET. So far, a large amount of data from neurophysiological and 
neuroimaging studies have suggested that the pathophysiologic basis of tremor in ET would be related to 
abnormalities of the cerebello-thalamo-cortical network26,27. Furthermore, recent investigations based on 
functional imaging have reported large-scale changes in the cerebello-thalamo-cortical network following Vim-
MRgFUS, which would be related to the significant improvement of tremor in patients with ET after the surgical 
procedure28. In line with this evidence, it is worth noting that the cerebello-thalamo-cortical network represents 
a crucial circuit involved in the human phonological loop29–31, that consists of a complex and integrated neural 
network of cortico-subcortical brain regions, involved in speech planning, programming, and articulation29–31. 
We hypothesized that the MRgFUS targeting the Vim would exert an overall beneficial symptomatic effect on 
voice tremor in ET owing to a more physiological engagement of the cerebello-thalamo-cortical network as part 
of the human phonological loop.

When considering the overall reproducibility of our findings in the general population of ET patients 
undergoing MRgFUS, several limitations should be addressed. In our cohort, the prevalence of a clinically overt 
voice tremor in ET patients was about 50%, thus significantly outlasting the estimated prevalence of tremors 
affecting the vocal tract in the previous series (i.e., about 25%)32. This would likely reflect the clinical features 
of ET cohorts requiring access to advanced therapies, including MRgFUS. Similarly, the higher prevalence of 
males than females in our cohort of ET patients suggests that males are more likely to access advanced therapies, 
including MRgFUS, than females confirming previous epidemiologic studies18. Lastly, in our patients with 
ET, we cannot exclude that, besides vocal fold oscillations, voice tremor reflected also tremulous components 
generated by other muscles contributing to phonatory, articulatory and respiratory functions (i.e., laryngeal, 
tongue and diaphragm muscles, respectively).

In conclusion, this study demonstrated for the first time that artificial intelligence represents a non-invasive 
reliable tool for detecting a significant improvement in voice tremor in ET following therapeutic MRgFUS 
targeting the Vim, in an echological scenario, for telemedicine purposes. Voice emission improvement in ET 
patients following Vim-MRgFUS may result from positive effects on functional connectivity in specific neural 
networks involved in physiological human phonation, including the cerebello-thalamo-cortical circuit. Future 
research in the field will further explore and clarify the possible persistent symptomatic effects of MRgFUS 
outlasting our short-term assessment in patients with ET.

Methods
Study design and participants
We recruited 83 patients affected by ET (20 females, 63 males, mean age-SEM 70.0–1.0 years, range 31–86 years) 
and 83 age- and gender-matched healthy subjects (36 females and 47 males; mean age-SEM 68.9–1.3 years, range 
29–84 years). Participants were enrolled over two years at the Department of Applied Clinical Sciences and 
Biotechnologies, University of L’Aquila, Italy. All subjects gave written informed consent, which was approved 
by the institutional ethics committee of the University of L’Aquila (n. 01/2021), according to the Declaration of 
Helsinki. The diagnosis of ET was established according to updated clinical criteria33–35. Inclusion criteria were a 
diagnosis of ET with clinical recommendation for undergoing MRgFUS and the ability to comply with the study 
protocol. Patients with voice alterations due to conditions other than essential tremor were excluded.

Clinical assessment
Patients and controls underwent clinical otolaryngologic and phoniatric evaluation to exclude bilateral/unilateral 
hearing loss, respiratory disorders and additional non-neurologic disorders impacting voice emission17. Clinical 
symptoms and signs of ET were scored using the Fahn Tolosa Marin (FTM) rating scale for essential tremor32,36,37. 
The perceptual (i.e., clinical) evaluation of voice abnormalities in ET was achieved by an independent rater 
using the specific item for speech evaluation included in the FTM scale (FTM-v), during the overall motor 
assessment37. A standardised patient-based 30-item scale, the Voice Handicap Index (VHI), Italian version, 
originally developed by speech-language pathologists (SLPs) in patients with laryngeal dysphonia, was also used 
for the self-assessment of the functional, physical, and emotional aspects of speech production, thus achieving 
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a further score of voice impairment38,39. In all participants, cognitive functions were scored through the Mini-
Mental State Evaluation (MMSE)40 and the Frontal Assessment Battery (FAB)41, whereas mood was assessed 
using the Beck’s Depression Inventory (BDI) scale42.

According to the presence of clinically overt voice tremor, the overall cohort of 83 patients was divided into 
a subgroup of ET patients without a clinically overt voice tremor (ETVT−) (39, 7 females, 32 males, mean age-
SEM 70.6 ± 1.6 years, range 31–86 years) and a subgroup of ET patients manifesting voice tremor (ETVT+) (44, 
13 females, 31 males, mean age-SEM 69.5–1.2 years, range 51–86 years)33. At baseline, patients with ET were 
included in the cohort of ETVT+ when they scored ≥ 1 at FTM-v, in line with our previous study16. In ET patients, 
the clinical and instrumental assessment of motor and voice abnormalities was performed at baseline (i.e., before 
the Vim-MRgFUS) and 24  h after the Vim-MRgFUS. ET patients chronically treated with pharmacological 
compounds commonly used for improving symptoms (i.e., beta-blockers (BB) or benzodiazepines (BZD)43 
underwent the experimental procedures following an appropriate tapering withdrawal period of at least one 
week. Participant demographic and clinical features are summarized in Table 1.

MRgFUS treatment
Before MRgFUS treatment, MRI scans were acquired in all patients using a 3 T scanner (MR750w, GE Healthcare), 
including FLAIR (slice 3–0.3, TR 11000, Freq FOV 24, Phase FoV 0.8), GRE (slice 3–0.3, TR 960, Freq FoV 26, 
Phase FoV 0.75), SWI (Slice 2 mm, freq FOV 24, phase FOV 0.85) and DWI (slice 3–0.3, TR 10550, freq FOV 26, 
phase FOV 0.8) sequences on axial planes, T2 (slice 3.0–0.3, TR 7854, freq. FOV 26, phase FOV 0.8) sequences 
on coronal and axial planes, and a volumetric T1 3D IR FSPGR (BRAVO) sequence (slice 1 mm, TR 8.5, freq 
FOV 25.6, phase FOV 0.8). Then, unilateral ablations of the Vim (contralateral to the most symptomatic or 
disabling side) were performed using the Neuro ExAblate machine (NeuroAblate 4000, InSightec Ltd, Israel). 
More in detail, the right Vim was ablated in 5 ETVT− and in 9 ETVT+, whereas the left Vim was considered for 
procedure in 34 ETVT− and in 35 ETVT+. We recorded several procedural parameters, including SDR values and 
sonication parameters (namely, Skull Area (mm2), number of active elements Target coordinates (mean, mm), 
Accumulated Thermal Dose (ATD) Area (mm2), Accumulated Thermal Dose (ATD) Temperature (◦C), number 
of total Sonications (n), mean Power (W), mean Energy (J), number of Target Movements, meanx Temperature 
(◦C), and Sonication Duration (s)). Twenty-four hours after the Vim-MRgFUS, a post-procedural MRI was 
acquired to measure the thalamotomy lesion size.

Voice recordings
The recording session started by asking participants to sit on a chair in the middle of a silent room, in order to 
mitigate background noise. As voice tasks for our investigation, we used the sustained emission of a close-mid 
front unrounded vowel/e/for at least 5 s, produced with usual voice intensity, pitch, and quality. We selected 
this voice task since sustained vowel emission is a reliable language- and culture-free task for detecting voice 
abnormalities including voice tremor in patients with ET, according to our previous report in the field16. The 
audio tracks of speech tasks were recorded through a smartphone, which was held by the examiner in front of 
the participants’ faces, at about 30 cm from the mouth, during the task recordings. The placement and input 
gain of the recording device allowed us for eliminating clipping during technical recordings, with graphic alerts 
on the recording applications notifying eventual clipping to operators. All voice samples collected in this study 
from controls and patients were recorded by expert neurologists participating in the study, using a smartphone, 
equipped with a high-definition microphone and a dedicated application. Recordings were achieved by adopting 
a linear pulse-code modulation (PCM) format (.wav) at a sampling rate of 44.1  kHz, 16-bit depth, without 
compressions or filtering13,16.

Audio processing and machine-learning analysis
Raw audio tracks were preprocessed according to data curation procedures, by means of the REAPER (Rapid 
Environment for Audio Production, Engineering, and Recording) (version 7.30, Cockos Inc., Rosendale, NY, 
USA44, an advanced software of Digital Audio Workstation (DAW). More in detail, the REAPER software was 
applied to lossless.wav files for a first check of the audio spectral waveforms, for audio segmentation, for peak 
normalization and lastly to leverage a common maximum, thus avoiding audio clipping. Then, the Izotope RX7 
(iZotope, n.d.) toolbox, which provides the fine-tuning of the algorithm, was used for removing the background 
noise and artefacts from each audio track using spectral subtraction techniques, according to multi-band spectral 
subtraction techniques45,46. Moreover, audio tracks underwent feature extraction through the OpenSMILE 
toolbox47, using the INTERSPEECH 2016 feature dataset48, which consists of 6373 digitalized acoustic features, 
as a result of a smooth moving average over temporal windows on the audio file. The feature dataset entails the 
most relevant domains in voice analysis, including energy, frequency, cepstrum and Mel-frequency Cepstral 
Coefficients (MFCC)49, RASTA-style filtering50, loudness measurements, and voicing probability51.

Then, all the relevant extracted features underwent the feature selection pre-processing, using the 
Correlation-based Feature Selector (CFS), which is a supervised heuristic based on a maximum relevance/
minimum redundancy principle. The optimal subset was selected using a forward Greedy Stepwise search 
method52. This method allowed us to select the optimal subset via progressive enlargement of the cardinality 
while evaluating the factor of merit defined by the CFS, which is proportional to the correlation of the features 
in a given subset to the class label, and inversely proportional to the correlation among features. Then, all the 
relevant features selected by the CSF were ranked by relevance using the Information Gain Attribute Evaluation 
(IGAE) algorithm, that measures the information gained concerning the class.

After the pre-processing, the audio features underwent classification procedures. The classification was 
limited to the 20 most relevant features ranked by the CFS17, and streamlined the data needed for machine-
learning purposes, in order to minimize data needed for machine-learning purposes16. A list of the first 20 
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features which represent functionals applied to audio low-level descriptors (LLDs), extracted from the vowel 
for the comparison between HS vs. ETbefore, ETbefore vs. ETafter, ETVT+before vs. ETVT+after and HS vs. ETafter is 
reported in Supplementary Material 1. Given the relatively small dataset here considered, a Support Vector 
Machine (SVM) with a linear kernel and soft margins was used as a classifier. The SVM classifier is suitable 
for small datasets and noisy data since it allows for reducing the likelihood of “overfitting”. More in detail, we 
applied the Platt’s Sequential Minimal Optimization method, based on iteratively solving analytically small sub-
problems of minimization, to perform the hyperparameter optimization and to train SVMs and solve their 
quadratic programming problem. The SVM was also calibrated using a logistic regressor to convert its score-
like output into probabilistic values suitable for producing ROC curves (see also Suppa et al., 202314 for further 
methodological details).

Lastly, we performed a further machine-learning analysis for clinical-instrumental correlation purposes, 
after achieving feature extraction and selection, in parallel to the SVM classification procedures. We used a 
feed-forward artificial neural network (ANN) with ReLu activation functions in the hidden layers, using an 
architecture consisting of a 20-neurons input layer corresponding to the number of features, a 10-neurons hidden 
layer and a two-neuron output layer for classification employing a softmax function, trained with the aid of an 
Adam optimizer. The ANN was trained for classification, but only used to compute a continuous numerical value 
called the “Likelihood Ratio” (LR), used to assess possible correlations between Machine Learning mechanics 
and clinical indicators, reflecting the degree of voice impairment in each patient with the FTM-v. The LRs were 
extracted from the last layer as the raw neuron values before softmax, normalized to a unitary peak leading to 
a vector containing each training example (patient). Lastly, a Spearman correlation test was applied against the 
FTM-v associated with each patient, providing p-values (see Fig. 3 for further details about the experimental 
paradigm).

Spectral analysis
Praat software was used to perform voice spectral analysis in ET patients before and after Vim-MRgFUS, 
according to standardized procedures16,24. In line with our previous research on voice tremor in ET, the tremor 
intensity frequency was extracted as a measure of the dominant 4–6 Hz frequency band, whereas the tremor 
intensity index (power), reported as the “frequency tremor intensity index” (FTRI) was calculated as a measure 
of the amplitude of the oscillatory peak activity, for each patient with ET before and after MRgFUS16,24.

Statistical analysis
The normality of the demographic and anthropometric parameters of HS and ET patients (age, height, and 
weight) was assessed using the Kolmogorov-Smirnov test. The Mann-Whitney U test was used to compare 
demographic and anthropometric parameters in HS and ET patients, as well as clinical scores (i.e., FTM, FTM-v, 
VHI, MMSE, FAB and BDI scores) in ETVT+ and ETVT−, by also considering the hemispheric side lesion (i.e., 
right or left hemispheric surgery). The Wilcoxon signed-rank test was used to compare FTM, FTM-v, and VHI 
scores in ETVT+ and ETVT− before and after Vim-MRgFUS, considering also the hemispheric side lesion. ROC 
analyses were performed to identify the optimal diagnostic cut-off values to discriminate between HS and ET 
before and after Vim-MRgFUS as well as between ETVT+ before and after Vim-MRgFUS and ETVT− before and 
after Vim-MRgFUS, according to standardized procedures13,16. In more detail, the cut-off values were calculated 
as the point of the curves with the highest Youden index (sensitivity + specificity − 1) to maximize the sensitivity 
and specificity of the diagnostic tests. Therefore we calculated the Youden Index (YI) and its optimal criterion 
value, the associated criterion (Ass. Crit.). We also applied ROC curve discretization, by means of Maximum 
Area Under the ROC Curve-based Discretization (MAD), a supervised technique implemented to maximize 
the classification performance, by selecting optimal cut-points. Lastly, we applied a 10-fold cross-validation for 
training the SVM in order to exploit the full dataset, by creating a 90 − 10% training-test split. The final accuracy 
results were averaged across the ten folds. The sensitivity, specificity, positive and negative predictive values as 
well as accuracy and area under the curve were also calculated. Spearman’s rank correlation coefficient was used 
to assess correlations between clinical scores (FTM, FTM-v, VHI) and LR values before and after MRgFUS. The 
paired Student t-test was used to compare the frequency tremor intensity in ET before and after Vim-MRgFUS. 
Unless otherwise stated, all values were presented as mean – standard error of the mean (SEM). A p-value < 0.05 
was considered statistically significant. Statistical analyses were performed using Statistica version 10 (StatSoft, 
Inc).
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Data availability
The corresponding author has full access to the data used in the analyses in the manuscript. All clinical and in-
strumental data are stored offline and are available on reasonable request to the corresponding author.

Fig. 3.  Experimental design. A Recording of voice samples through a commercially-available smartphone; 
B narrow-band spectrogram of the acoustic voice signal; C feature extraction; D feature selection; E feature 
classification; F ROC curve analysis; G LR values calculated through ANN. Note that all the procedures of 
artificial intelligence analysis summarized in panels A-G have been performed in ET patients before and after 
MRgFUS (see the top panel).
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