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Abstract: TMS contaminates concurrent EEG recordings with Auditory Evoked Potentials (AEPs),
which are caused by the perceived impulsive acoustic noise of the TMS coils. We hereby introduce
anovel and perceptually motivated/tuned method for the suppression of auditory evoked EEG ar-
tifacts of rTMS under the name of “Auditory Fine-Tuned Suppressor of TMS-Clicks” (TMS-click AFTS).
The proposed method is based on the deployment of a psychophysically-matched wide-band noise
(WBN) masking stimulus, whose parametric synthesis and presentation are based upon adaptive
psychophysical optimization. The masking stimulus is constructed individually for each pa-
tient/subject, thus facilitating aspects of precision medicine. A specially designed automation soft-
ware is used for the realization of an adaptive procedure for optimal parameterization of masking
noise level, optimizing both the subject’s comfort and the degree of AEP reduction. The proposed
adaptive procedure also takes into account the combined effect of TMS intensity level and can as
well account for any possibly available subject’s hearing acuity data. To assess the efficacy of the
proposed method in reducing the acoustic effects of TMS, we performed TMS-EEG recordings with
a 60 channel TMS-compatible EEG system in a cohort of healthy subjects (n = 10) and patients with
epilepsy (n=10) under four conditions (i.e., resting EEG with and without acoustic mask and sham
TMS-EEG with and without acoustic mask at various stimulus intensity levels). The proposed ap-
proach shows promising results in terms of efficiency of AEP suppression and subject’s comfort and
warrants further investigation in research and clinical settings.

Keywords: TMS-EEG; acoustic artifact; AEP suppression

1. Introduction

Transcranial Magnetic stimulation coupled with EEG, known as TMS-EEG, is a re-
cently introduced neurophysiological technique that revolutionized the investigation of
the human brain in health and disease as it allowed, for the first time in a non-invasive
manner, the monitoring of the EEG effects of TMS stimuli (including, inter alia, the re-
cording of TMS-evoked potentials (TEPs) and the effects on functional brain connectivity,
EEG oscillations and epileptiform discharges) [1-3]. TMS-EEG is a challenging technique
from a methodological point of view. For instance, TMS can contaminate concurrent EEG
recordings with Auditory Evoked Potentials (AEPs), which are caused by the perceived
impulsive acoustic noise of the TMS coils. These percepts may be formed either by air- or
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bone-conducted hearing [4-6]. To overcome this issue, previous research has proposed
three general directions for AEP artifact reduction/removal, including (a) EEG signal pro-
cessing-based elimination, (b) AEP suppression using various auditory masking stimuli
[4,7] and (c) sham stimulation realistically mimicking the auditory/somatosensory com-
ponents of TMS [8,9]. In this work, we elaborate upon the second family of approaches,
regarding the issue of AEP suppression.

There is still an ongoing effort on the possible ways for generating auditory suppres-
sion stimuli as well as conforming with issues of protection of the subjects’ hearing. Thus,
our aims are (a) to increase efficiency of suppression by optimizing audio suppressor pa-
rameters based on perceptual and individualized criteria, (b) to provide the TMS commu-
nity with software that employs the computational and perceptual fine-tuned individual-
ization necessary for research/treatment, and (c) to account for hearing protection and pa-
tient comfort due to the impulsive nature and high levels of acoustic TMS clicks while still
maintaining Auditory Potentials suppression efficiency. The potential of more harmful
effects on hearing of impulsive and impact noises in comparison to continuous noises has
been well documented in the literature [10-12].

2. The Proposed Approach
Figure 1 depicts the major components of our hybrid approach, which feature:

1. A module for generating a psychophysically determined auditory potentials sup-
pression stimulus, which consists of properly shaped continuous wide-band noise
(WBN), matched to the TMS clicks” characteristics.

2. Individualization by means of an adaptive procedure for optimal level determina-
tion, together with a GUI-based software for the automation and standardization of
the procedure.

3. Other benefits (facilitation of more precise control of pattern specification, increased
suppression efficiency, hearing safety and comfort).

Optimized pattern generation
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Figure 1. Schematic representation and components of the proposed AFTS approach.

These characteristics allow a call name for the proposed novel approach as “Auditory
Fine-Tuned Suppressor of TMS-Clicks” (abbreviated as TMS-click AFTS). We employ a 2-
stage process for the parametric determination of suppressors’ characteristics. First, the
characteristics of TMS clicks are analyzed and fed into a module which employs auditory
perception modeling and subsequent inversion in order to generate an appropriate audio
suppressor for the acoustic click evoked potentials. Next, we reshape the suppressor’s
pattern by an adaptive psychophysical procedure individually for each subject, either at
the beginning of the TMS session, or prior to it, thus serving as a form of subject’s ac-
quaintance.
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3. Procedures and Material

The determination of the characteristics of TMS clicks” acoustic and vibratory excita-
tion (Figure 2) aims at forming a composite auditory excitation pattern based on a combi-
nation of the direct acoustic trail of the click and any possible vibration of the skull trans-
mitted vibration due to contact with the coil. This vibratory pattern is converted into an
airborne equivalent excitation through the use of equivalence to air-conduction pressure
thresholds. More specifically, the levels of vibratory patterns of the TMS clicks are com-
pared to the equivalent levels of bone-conduction thresholds for normal hearing subjects,
which are directly equivalent to air-conduction SPL’s [13,14]. The difference of octave-
band log vibration levels from the rTMS compared to the bone-conduction reference
thresholds are added to the respective equivalent air-conduction reference thresholds. In
this manner, the vibratory levels are converted to equivalent air-conduction sound levels.

Acoustic pressure J

]

Composite pattern

Vibration acceleration ]» Equivalent air-conduction
pressure

Figure 2. Procedure for the estimation of hearing stimulation pattern.

For the recording of the acoustic patterns of TMS click, we employed a Bruel 4100-
family HATS, while for the vibratory pattern, we used an Analog Devices ADXL1005Z
triaxial accelerometer device which was held in place by being bitten it between the sub-
jects” front teeth. Figure 3 shows a typical acoustic recording of the TMS click and its
equivalent octave spectrum (at the tympanic membrane, without ear plugs/muffs). The
recorded sound levels were Lmax. ~ 106 dB (SPL), Limp, cq. ~ 98 dB (SPL) at the subject’s ear
canal at the highest TMS intensities, which are in agreement with findings of previous
works and mandates taking measures for both hearing protection and elaborate elimina-
tion of auditory generated artifacts.
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Figure 3. Typical rTMS click waveform in (a), and octave-band spectra of acoustic noise excitation
(dashed line) and equivalent acoustic excitations of vibratory component (colored solid lines) when
using layers of various materials between the coil and skull in (b).

The obtained composite excitation patten drives the parametric synthesis of a wide-
band noise (WBN) masking stimulus, which is obtained through a spectral envelope fil-
tering of a white-noise source. Thus, the employed suppressor consists of only a continu-
ous acoustic signal without transients.
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3.1. Suppressor’s Pattern Specification

The suppressor’s pattern is determined on the grounds of auditory excitation and
loudness of the rTMS click acoustic patterns [15,16].

More specifically, the sequence of rTMS-click’s acoustic pattern is converted to an
equivalent auditory excitation and, subsequently, to a spectrotemporal loudness pattern
A(f) [17-19], namely A(t,f) = T[rtms(t)], where T[.] is the process of time-varying
loudness computation and rtms(t) is the rTMS-click sequence. The suppressor’s spectral
density S,,.(f) is determined from A(t, f) so that its estimated loudness is Lg (f) =
max(A(t, f)) [16]-

The finer specification of the suppressor pattern’s main characteristics is performed
individually for each patient (Figure 4) by a specially designed software module, which
spectrally reshapes (for each individual subject) the output of the suppressor’s core per-
ceptual computation and generation module, and it determines optimal ranges of stimu-
lation parameters through an adaptive psychophysical optimization.

Various factors which can cause deviations from the initially designed pattern of the
suppressor mandate the fine tuning of its parameters for optimal individualized adapta-
tion. Among others, such factors can be:

e Intersubject variability of external ear’s acoustics and deviations from the measured
rTMS-click pattern at the concha of the standard torso simulator’s pinna.

e Intersubject variability in perceptual sensitivity of rTMS-click detection under the
concurrent presentation of the suppressor.

e Intersubject variability in the perception of loudness of the suppressor and/or the
rTMS-click due to binaural presentation.

e  Variability due to earphones insertion and fit into the ear canal.

The individualized wide-band noise (WBN) masking stimulus is psychophysically
fine-tuned (matched) so that the subject does not detect any repetitive TMS sound when
presented with both the suppressor and the rTMS stimulation. The fine tuning of the sup-
pressor determines the optimal values of three parameters that modify the suppressors
spectral pattern:

e  parameter fu,f, for frequency shifting of the whole pattern, namely Lg (f — fonift)

e  spectral slope parameter slopesp o around the frequency of maximum Lg (f),
namely frqx = argmaxs(Lg, (f)), and

e overall gain G which accounts for overall loudness adjustment.

The final log spectral density of the suppressor is

slope, oc fmax
Sinat(F) = Sor(f = fnax) = ——5 2% + 10l0g1o (%) + G,

where S, (f) is the initial log spectral density of the suppressor in dB. The frequency
shifting parameter fg,;r; and the spectral slope parameter slopegpoc: are allowed to
vary in the intervals [—500...500] Hz and [—6...46] dB/oct, respectively.

The complete psychophysically matched wide-band noise (WBN) masking stimulus
determination is conducted through a specially designed Psychophysical Coordination
software (based on National Instruments” LabVIEW), which is used for the realization of
an adaptive procedure for optimal placement of suppressor’s parameters, thus targeting
both the subject’s comfort and the degree of AEP reduction.

The adaptive psychophysical procedure, in a sequence of runs, for each of several
pairs of the frequency shifting and the spectral slope parameters, determines the mini-
mum value of the gain parameter that satisfies non-audibility of the rTMS sequence, using
an adaptive stair-case procedure [20]. Finally, a 2AFC preference procedure (without re-
placement) [21] for minimum loudness among suppressor patterns (with the triads of pa-
rameters at the previously determined minimal gains) yields the final fine-tuned suppres-
sor’s pattern.
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The proposed adaptive procedure also takes into account the combined effect of TMS
stimulation intensity level. Additionally, the proposed methodology of suppressor’s pat-
tern estimation is currently expanded so as to account also for the subject’s hearing acuity
data (such as pure-tone audiogram) using special modifications in the estimation of loud-
ness from the auditory excitation patterns.

In order to ensure subjects” hearing safety, the maximum permissible acoustic expo-
sure (according to OSHA/NIOSH standards) is also compensated in the Psychophysical
Coordination software, taking into account a combination of parameters, such as the ex-
pected rTMS session time, the maximum stimulation level and the earphones’ sensitivity
data. The Occupational Safety and Health Administration (OSHA, 1983) and the National
Institute for Occupational Safety and Health (NIOSH, 1998) have published standards for
the maximum permissible noise exposure levels under the Occupational Safety and
Health Act (1970). The NIOSH criterion for Recommended Exposure Limit is set at <100
dBA for exposure duration down to 15 min, without hearing protection. It becomes clear
that special attention has to be paid to hearing hazards from noise exposures (both in
terms of duration and level) that are typical for rTMS sessions.

The software collects the subject’s oral or gestural responses on an adaptive psycho-
physical task and feeds them into a TMS stimulus and suppressor shaper loop that ulti-
mately feed the TMS coil and the subject’s earphones that deliver the suppressor audio
signal.

Although during our preliminary investigation the control of the SI was manual, we
are also preparing an interface for the communication and mastering of the TMS stimula-
tor by the Psychophysical Coordinator Software module. Such a software/hardware inter-
face for the communication and/or control of TMS equipment with a GUI will facilitate
the fully automated coordination of the standardization procedure across subjects and
TMS setups, thus offering a highly individualized application in the framework of preci-
sion medicine.

Subject’s responses include ratings of listening comfort and the responses to the pre-
viously described adaptive psychophysical procedure on the various suppressor’s pat-
terns.

l sham TMS
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Figure 4. Procedure for the fine-tuning of the suppressor’s parameters.

Although the identification and effective elimination of the auditory component of
TEPs emerged as a priority in the TMS-EEG research field, recent studies highlighted the
importance of the somatosensory component [22]. According to current thinking, the so-
matosensory component of the TEP becomes evident >55 ms post-TMS and is of smaller
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amplitude compared to the auditory component. Importantly, however, it interacts non-
linearly with the latter, resulting in significant contamination in the middle and later parts
of the TEP and necessitating the application of effective control measures such as spatially
relevant, combined electrical-auditory sham stimulation [22]. In order to investigate the
contribution of somato-sensory component through bone-conducted vibration of the
skull, we have also examined the possible effect of using layers of various materials be-
tween the skull and the TMS coil, which may be of importance since TMS coils are in
contact with the head/skull structures. We tested a variety of everyday materials as inter-
mediate layers (thickness <1 cm) between the coil and the skull (air-bubble plastic wrap-
ping material, dish-washing sponge, sponge-cloth towelettes, closed-cell extruded poly-
styrene foam, bicycle tire air tube rubber). For each material, the octave-band power spec-
trum of the vibratory excitation was converted into an equivalent acoustic excitation (as
described in the previous section). Although the equivalent acoustic power of the vibra-
tory excitation was lower using the vibration isolation materials (especially with the air-
bubble wrapping material) in comparison to the typical condition without any intermedi-
ate vibration isolation layer, the analysis of acoustic/vibratory excitation patterns (Figure
2) showed that even in the typical no-material case, the total power was dominated by the
acoustic noise component (Figure 3b) as the overall power of the acoustic component was
>30 dB higher than the vibratory component (when the latter is transformed into its equiv-
alent acoustic component using the approach which was described earlier). An additional
acoustic isolation of the cochlear partition is achieved by using a pair of insert earphones
(Etymotic ER3XR).

4. TMS Study Protocol and EEG Recording
4.1. EEG Data

For this study, we employed an H7 coil (Brainsway Ltd., Jerusalem, Israel) [23] con-
nected to a Magstim Rapid2 stimulator (Magstim, Spring Gardens, UK) positioned over
the mid-line central area (i.e., 8 cm above the nasion along the main reference curve (na-
sion-inion) and conformal to the patient’s head). The employed sham H?7 coil is placed
within the same helmet as the verum H7 coil and produces a similar acoustic artifact as
well as scalp sensations by electrical stimulation, which, however, induces negligible E-
fields in the brain. It is a realistic sham procedure that has been shown to maintain the
blinding in the context of various clinical trials. For instance, in the study by Carmi et al.
[24], the majority of the participants (75-88%) could not guess if they were assigned in the
sham or verum stimulation groups. Accordingly, it was suitable for the purpose of the
broader phase Il diagnostic accuracy study and was therefore employed in the present
study. Sham stimuli were administered at 30, 35, 40, 50, 60, 70 and 80% of maximum stim-
ulator intensity (SI), as also at rest (5= 0%). This procedure was performed two times for
each subject, once without the auditory mask and once with the mask. During the TMS
sessions, EEG was recorded with 60 Ag/AgCl pellet electrodes placed according to the
International 10-10 system and connected to a TMS compatible EEG amplifier (eXimia,
Nexstim Ltd., Helsinki, Finland). The EEG signals were analog band-pass filtered from 0.1
to 500 Hz and sampled with a 1450 Hz sampling frequency and 16-bit precision. In order
to reduce the TMS-induced artifact, the EEG amplifier was temporarily blocked from 100
us before to 2 ms after the TMS pulse by a sample-and-hold circuitry [25]. A group of
healthy subjects and one of patients with Genetic Generalized Epilepsy was used in this
study. The data were collected in the context of a cross-sectional with delayed verification,
phase II diagnostic accuracy study exploring the diagnostic and predictive potential of
deep TMS with an H7 coil combined with high-density EEG in patients with Genetic Gen-
eralized Epilepsy. The paper describing this study is in preparation. Demographics of the
participants are provided in Table 1.
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Table 1. Subject Demographics.

Age: # of Stimulations:

Group N Mean (std) Sex: M/ Median (Range)
Healthy 11 34.6(9.5) 5/6 31% ([11, 97])
Epileptic 13 28.4(7.9) 5/8 31% ([13, 81])

* Median for all SI levels and subjects. The median per SI ranges from 29 to 32.

4.2. EEG Signal Preprocessing and Analysis

A series of advanced EEG cleaning procedures is applied to the data to improve sig-
nal quality and enhance the sham stimulation EPs. First, the segment of data from 5 ms
prior to 25 ms after the TMS stimulus is removed and replaced with piecewise cubic spline
interpolation. The data are then filtered with a zero-phase high pass FIR filter at 4 Hz,
electrooculographic artifact correction is performed with multiple adaptive regression
with the Conventional Recursive Least Squares Algorithm (CRLS) [26], and line noise at
50 and 100 Hz is removed using multi-tapering and Thompsons’ F-statistic [27]. Bad chan-
nels are detected using a Random Sample Consensus (RANSAC) procedure [28] and re-
moved. Large burst artifacts are corrected using Euclidean distance Artifact Subspace Re-
construction (ASR) [29], and segments of data that cannot be adequately corrected are
marked, so that the corresponding stimulations can be excluded from the analysis. Inde-
pendent component analysis (ICA) is then used to remove stimulation-induced muscle
artifact and persistent muscle activity [30]. Finally, the removed channels are replaced by
spherical interpolation, the data are transformed to current source density (CSD) esti-
mates [31,32] and are filtered with a zero-phase low pass FIR filter at 45 Hz. The final
signal’s frequency range (445 Hz) corresponds to the range of typical TEPs we have ob-
served in the case of verum TMS stimulation using the setup of this study (deep TMS with
an H7 coil). In addition, it is similar to the frequency content of TEPs elicited with focal
stimulation at the central area, as disclosed by ERSP analysis [33,34].

The analysis is performed on the Sham TMS AEPs, obtained by epoching the data
into trials with duration of 1 s (0.5 s pre- and post-TMS) and averaging the individual
trials. For each subject, there is a different number of usable trials based on the number of
stimulations administered by the clinician and the data quality after the preprocessing,
but the median number of trials for both groups (healthy and epileptic) was the same,
equal to 31 (see Table 1 for more information). We study the AEPs as a signal, and also as
the Cortical Evoked Activity (CEA) measure which is the area under the curve of the rec-
tified AEP for a given time window. We estimate CEA values for the period from 25 to
275 ms, so as to include the auditory N100 component of the AEP. We constrain our anal-
ysis on a waveform of interest which is the average of the signals at the nine central chan-
nels FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, CP2 (corresponding to the core stimulation
area). The specific nine-channel ROI was chosen for two reasons. First, it was identical to
the ROI that was employed in the context of a broader study on the diagnostic accuracy
of deep TMS-EEG in epilepsy, thereby ensuring the relevance of the findings of the pre-
sent study with the clinical one. Second, this particular ROI corresponds roughly to the
topography of the TMS-evoked AEP [35]. Accordingly, both when using verum and sham
stimulation, the employed ROl is appropriate for the purpose of the study.

For the statistical analysis of the results, we employ a linear mixed-effects model [36],
cluster-based permutation tests [37] and exponential model fitting with nonlinear least
squares. All computations are performed in SPSS and MATLAB using custom scripts and
the EEGLAB toolbox [38].

5. Results

A linear mixed-effects model with three variables was used to investigate the relation
of the CEA values to subject’s health condition, stimulus intensities (SIs) and auditory
mask use with a random factor corresponding to subjects to account for within-subject
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variability. The subject’s health condition (two levels—healthy/epileptic) is a simple cate-
gorical variable, while the SI and the auditory mask use during the stimulations are re-
peated measures with eight and two levels, respectively. The procedure indicated that the
CEA values were not different between the subject health conditions (F = 0.819, p = 0.366),
while they differed with the use of the auditory mask (F =21.295, p <0.001) and across the
Sl levels (F =7.246, p <0.001). Additionally, the interaction term between the mask and SI
variables was determined to be statistically significant (F = 9.690, p <0.001). Pairwise com-
parisons (LSD test) showed that the mask and no mask conditions were statistically sig-
nificant different for the cases of SI = 40, 50, 60, 70 (p = 0.010, <0.000, 0.002, <0.000, respec-
tively), while no difference was observed for the cases of SI =0, 30, 35 and 80 (p = 0.192,
0.424, 0.124, 0.750, respectively). Based on these results, in the ensuing analyses, we pool
together the epileptic and healthy groups to achieve a larger sample size and higher sta-
tistical power, and we concentrate mostly on the comparison of use of auditory mask vs.
no mask case.

Figure 5 presents results for CEA as a function of SI. Figure 5a shows the CEA values
for all subjects and cases individually, along with exponential mode fits (CEA(SI) = ae®S")
separately for the cases of auditory mask and no mask. It is evident that the two exponen-
tial fits are different from each other, validating further the ANOVA results. The expo-
nential factor for the case of auditory mask is b = 0.4022 (CI: 0.140, 0.664), while for the
case of no mask is almost double that, with b = 0.737 (CI:0.465, 1.009). The constant terms
are comparable for both cases, with a = 0.565 (CI: 0.478, 0.653) and a = 0.538 (CI: 0.461,
0.614) respectively. In Figure 5b, we show the average CEA per SI for the two cases. With
no mask, CEA increases almost linearly with respect to SI. On the other hand, the mask
keeps CEA relatively constant for all SIs, except for SI = 80%, where we observe an abrupt
increase. Figure 5c depicts the percentage decrease in CEA with the use of the mask, which
ranges from around 20% for Sls = 30-40% to 30% for SI = 70%. Again, we note that for SI
= 80%, there is minimal decrease.
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Figure 5. (a) Scatterplot of CEA values per SI and exponential line fit for the cases of no mask (blue
circles and lines) and mask (red circles and lines), (b) average CEA as a function of SI for the cases
of no mask (blue) and mask (red), (c) percentage decrease in CEA when the auditory function is
used, as a function of SI.

In Figure 6, we present the global AEPs (average across all subjects) elicited from the
stimulations for the different SIs and auditory mask conditions. The Figure also presents
the results of cluster-based permutation tests. These tests are used to identify contiguous
time points (i.e., time periods, or point clusters) for which signals from two conditions
(e.g., evoked potentials) are statistically significant different. Herein, we use these tests to
compare the stimulations to the resting condition for the two mask conditions separately,
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as also to compare the mask/no mask conditions between them for each SI individually.
In the panels of the first row, we see that when there is no auditory mask, the sham stim-
ulation deviates statistically significantly (p < 0.05) from the resting condition for SI=235%
and higher with an evident AEP. On the contrary, when the mask is applied (middle row
of panels), the sham stimulation cannot be distinguished from the resting condition for SI
of up to 50%. Finally, comparing the mask vs. no mask case, significant difference can be
observed for SI in the range from 35% to 70%. For SI = 60 and 70%, even though the mask
is not able to completely eliminate the AEP, it significantly reduces its amplitude. At the
maximum SI of 80%, the mask seems to lose its efficiency, which is something that we are
currently investigating. These results are in partial agreement with those we obtained
from the linear mixed-effect model previously.
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Figure 6. AEPs for the case of no mask (first row), use of auditory mask (middle row) and both
(bottom row) for the different stimulation intensities (columns). The gray shaded patch corresponds
to the time period of statistically significant difference between the AEPs for the comparison of stim-
ulation vs. rest condition (first and second row), and stimulation with vs. without mask (third row).

6. Discussion and Future Work

In this work, we introduced a novel perceptually motivated method for the suppres-
sion of auditory evoked EEG artifacts of rTMS under the name “Auditory Fine-Tuned Sup-
pressor of TMS-Clicks” (TMS-click AFTS). Herein, our hybrid approach features (a) psycho-
physically driven continuous wide-band noise (WBN) masking stimulus, matched to the
TMS clicks’ characteristics, (b) acoustic isolation of airborne/bone sound using insert ear-
phones with highly effective insertion loss, (c) a complete adaptive procedure for optimal
masking level determination and AEP reduction, together with a custom software for the
automation and standardization of the procedure.

All three features operate in tandem in order to provide a maximally efficient solu-
tion for AEP artifacts by reducing the subject’s exposure both to the TMS click and the
masking noise. The efficiency of the method to suppress the EEG’s auditory artifact of the
TMS clicks is remarkable across a wide range of stimulation intensities.

In contrast to other related approaches [4], our suppressor contains only continuous
acoustic signals (namely, we do not mix transients that mimic TMS-clicks) and follows a
perceptual optimization-based parameter determination instead of free variation of sev-
eral GUI variables, which can be of significant convenience for the clinical personnel and
may offer the advantages of highly accurate subject individualization and efficiency. The
current study reports on results for H-coils. Our preliminary data and results of applica-
tion with 8-figure coils are also in line with the present findings.

Regarding the relative contribution of bone-conducted vibration due to coil stimula-
tion to the induced auditory excitation, our approach offers the possibility of also



Appl. Sci. 2023, 13, 1047

10 of 12

including vibratory data in the determination of the optimal acoustic suppressor. Under
real TMS stimulation conditions, we observed a reduction in the vibratory component
(especially with the air-bubble wrapping material) compared to the typical condition
without any intermediate vibration isolation layer. The equivalent auditory excitation of
this component was nevertheless shown to be much lower (<-30 dB) than that ofnits
acoustic counterpart. However, this finding must be verified by further testing in a bigger
sample of subjects and/or measurement setups.

Regarding hearing safety, our computational procedure also takes into account the
widely accepted standardized maximum permissible exposure levels (according to OSHA
and NIOSH) in the generation and presentation of suppressor stimuli, thus ensuring min-
imal hearing burden. The overall subjects’ judgement regarding comfort was very high.

Currently, we are extending the presented framework of optimized analysis and in-
dividualization by implementing additional functionality (Figure 7), which further im-
proves the efficiency of the computational approach beyond the ca. 20-40% reduction in
CEA amplitudes (at stimulation intensities 30-70%) (Figure 5c) compared to the absence
of the suppressor. We are also including measures of the subject’s hearing acuity (such as
PTA, etc.) ensuring the subject’s hearing safety/comfort, completing the Automation Soft-
ware and TMS machinery Interfacing, and employing ML for more precise control of pat-
tern specification. These additional features are the subject of ongoing investigations.

The current study’s aim was to introduce a computationally and psychophysically
optimized framework of auditory artifact suppression which can be more justifiable on
perceptual grounds and also offer some advantages over existing approaches that rely on
arbitrary adjustments of auditory masks’ parameters. Additionally, we are also currently
preparing a series of additional investigations which will focus on the comparative exam-
ination of various artifact suppression approaches, also including the application with
different types of coils (e.g., 8-figure).

Optimized pattern generation

1
TMS-click i perceptual auditor Parametric Auditory
acoustic/vibratory H P ¥ Pattern for AEP
1
1

modeling .
patterns suppression

Psychophysical testing &
user’s experience

External data (e.g.
auditory physiology)

Intelligent parameter
determination/coordination/decisioning

Figure 7. Advanced features and functionality of the proposed approach.
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