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ABSTRACT

Background: The operation of a transcranial magnetic stimulation (TMS) coil produces high-intensity impulse sounds. In TMS, a magnetic field is generated by a short-
duration pulse in the range of thousands of amperes in the TMS coil. When placed in a strong magnetic field, such as inside a magnetic resonance imaging (MRI) bore,
the interaction of the magnetic field and the current in the TMS coil can cause strong forces on the coil casing. The strengths of these forces depend on the coil
orientation in the main magnetic field (Bp). Part of the energy in this process is dissipated in the form of acoustic noise.

Objective: Our objective was to measure the sound pressure levels (SPL) of TMS “click” sounds created by commercial TMS stimulators and coils in a typical
environment and inside a 3-T MRI scanner and advance the knowledge of the acoustic behaviour of TMS to safely conduct TMS alone as well as concurrently with
functional MRI (fMRI).

Methods: We report SPL measurements of two commercial MRI-compatible TMS systems in the 3-T By field of an MRI scanner and in the earth’s magnetic field. Also,
we present the acoustic noise measurements of four commercial TMS stimulators and three different TMS coils in a typical operational environment without the By
field.

Results: The maximum peak SPL measured was 158 dB(C) inside the 3-T MRI scanner. Outside the scanner, the maximum peak SPL was 117 dB(C). Inside the scanner,
the peak SPL increased by 21-45 dB(C) depending on the stimulator and the orientation of the electric field relative to the B field.

Conclusions: Hearing protection is obligatory during concurrent TMS—fMRI experiments and highly recommended during any TMS experiment. The manufacturing of

quieter TMS systems is encouraged to reduce the risk of hearing damage and other unwanted effects.

1. Introduction

The operation of a transcranial magnetic stimulation (TMS) coil
produces high-intensity impulse sounds in the form of clicks [1-3]. In
TMS, a transient magnetic field is generated by a short-duration current
pulse of thousands of amperes going through the wires of a TMS coil,
producing strong forces in the wires and a consequent click sound. The
instantaneous sound pressure level (SPL) of the click sound may exceed
140 dB [3]. When placed in a strong magnetic field, such as inside the
bore of a magnetic resonance imaging (MRI) scanner, forces can be even
stronger. These forces depend on the TMS coil orientation relative to the
static magnetic field (Bg) [4]. Exposure to loud acoustic noise can cause
severe effects such as permanent hearing loss or tinnitus [5]. In order to
perform safely a concurrent TMS with functional magnetic resonance
imaging (fMRI) experiment [4,6], the SPL generated by the TMS coil
must be quantitatively characterized.

In EU legislation, the hard exposure limits for workplaces, measured

inside the ear canal that may not be exceeded, are 140 dB(C) (200 Pa)
and 87 dB(A) (Fig. 1) for the peak SPL and the daily noise exposure
(Lex,snh), respectively [7-10]. If a person is subjected to acoustic noise
exceeding these values, it may cause immediate hearing damage and
requires actions to make sure that exposure does not happen again. With
sound exposure levels exceeding 135 dB(C) (112 Pa) peak SPL and 80 dB
(A) Lgx gh, hearing protection must be available (lower exposure action
value), and sound exposures exceeding 137 dB(C) (140 Pa) peak SPL and
Lgx gn of 85 dB(A) make hearing protection mandatory (upper exposure
action value). As the TMS coil in a typical experiment is placed near the
participant’s ear, the accompanying acoustic noise poses a serious
concern on the risk of hearing loss or damage, especially in the case of
imperfect hearing protection. Furthermore, acoustic noise causes brain
activation through auditory pathways. Therefore, it creates a secondary
stimulation mechanism, which can partly mask the effects of the
intended neural stimulation caused by the electric field (E-field) induced
by the TMS coil [11]. The TMS safety consensus group has suggested
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Fig. 1. Frequency weightings used in regulations according to standards [9,
10]. A-weighting is usually applied to continuous SPL and C-weighting to im-
pulse SPL measurements to account for the relative loudness perceived by the
human ear. The A-weighting is an approximation of the 40-Phon and the
C-weighting is an approximation to the 100-Phon equal-loudness contours ac-
cording to ISO 226:2003 [10].

that measurements of acoustic outputs of new TMS systems are needed
and based on the results, safety studies should be conducted [12,13].
Accurately measuring the SPLs of the fast and loud impulse sounds
inside an MRI bore is challenging. First, not all decibel meters measure
the transient peak sounds but a temporal integral of sound intensity over
a short period. These periods called time weightings, are denoted by fast,
slow and impulse corresponding to periods of 30, 125 and 1000 ms [14,
15]. To overcome this, it is necessary to use a decibel meter that mea-
sures the peak SPL without temporal integral or measure the raw sound
using a microphone to avoid any audio pre-processing [16]. Second,
most decibel meters, microphones and amplifiers are not
MRI-compatible because of ferromagnetic components or components
sensitive to magnetic fields. One way to overcome these challenges is to
measure the TMS click sounds from a distance and then estimate the
SPLs at the TMS coil by assuming that the acoustic noise is attenuated by
6 dB when doubling the distance [17,18]. This method, however, may
not be accurate because it assumes the measurement in a spherical
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free-field from a point-like source. Also, the acoustic behaviour in the
near-field of an acoustic resonator is more erratic than in the far-field
[5].

Studies on acoustic outputs of TMS systems and coils [2,3,19-23]
and hearing safety [5,19-21] have been reported. However, to our
knowledge, no one has measured SPLs of TMS coils inside MRI scanners.
In this study, we present a method for measuring the TMS impulse SPLs
inside an MRI scanner from the acoustic near-field. We report the SPL
measurements of two commercial MRI-compatible TMS systems in the
3-T By field of an MRI scanner. Also, we present the SPL. measurements
of four commercial TMS stimulators and three different TMS coils in a
typical operational environment. These measurements were compared
with those outside an MRI system. These findings can guide procedures
to protect the safety of participants in TMS and TMS-fMRI experiments
against potential hazards to hearing and reduce the confounds in the
interpretation of fMRI signals caused by TMS.

2. Methods
2.1. Acoustic measurements

To accurately measure the SPL of the TMS coil click inside the MRI
scanner, we built a system that transmits the sounds generated inside the
MRI bore to the outside of the shielding room via a non-elastic tube
(Stress Nobel 40 bar, length 6.46 m, diameter 6 mm). The non-elastic
tube acts as an acoustic transmission line similar to the human ear
canal [24,25]. The sounds were measured with a microphone
(MKE-PC2, Sennheiser electronic GmbH & Co. KG, Germany) firmly
attached to the end of the tube outside the MRI shielding room. The
sounds were recorded using a high-quality audio interface (RME Baby-
face Pro, Audio AG, Germany) and analysed with a custom MATLAB
(Mathworks, Natick, MA, USA) program. The acoustic noise is attenu-
ated, and its spectrum changes when passing through the tube. To
characterize this change, a filter was created. A 94-dB SPL/1 kHz cali-
brator sound (4231 Calibrator, Briiel & Kjear, Denmark) was recorded
with a reference microphone (G.R.A.S. 46 A F !4”” Free-field Standard
microphone set, capsule) connected to an audio interface (RME fireface
400, Audio AG, Germany). The RMS of this signal was used to estimate a
correction coefficient (¢ = 1/RMS) that ensures a sensitivity of 1 V/Pa
for the reference microphone. A sweep sound, ranging from 20 Hz to 20
kHz, was played inside an echoless chamber and the mouth of the tube
was installed beside the reference microphone facing a loudspeaker and
both microphones were measured (Fig. 2 A). By using a 10-dB gain, we
obtained that both microphones have similar levels at frequencies below
200 Hz so the tube and microphone system was normalized so that
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Fig. 2. A: Picture of the calibration setup. The calibration measurements of the tube and microphone system were performed in the echoless chambers of Aalto
University Department of Signal Processing and Acoustics. The reference microphone is taped next to the open end of the blue tube. B: The magnitude (blue line) and
the phase response (red line) of the inverse filter created to account for the effects of the tube. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)
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Table 1

TMS coils and stimulators, electric fields (E-fields) and corresponding stimulator
output (SO). ID is the short identification used in figures and tables. The stim-
ulators and coils are manufactured by Magstim Co. Ltd. (Whitland, UK), Nexstim
Plc (Helsinki, Finland) and MagVenture (Farum, Denmark). The MRI scanner
was a Siemens Magnetom Skyra 3 T (Germany). The discrepancies between the
ratios of numbers in the E-fields and SOs are due to rounding of the numbers.

D Stimulator Coil E-field [V/ SO [%MSO]
m]
R30_MRI Magventure MRi-B91 20, 40, 60, 19, 37, 56,
MagPro R30 80, 100, 108 74, 93, 100
SPR_MRI Magstim Super MRI D70mm (P/ 20, 40, 60, 16, 31, 47,
Rapid? Plus’ N: 3310) 80, 100, 63, 78, 94,
120, 128 100
SPR_D70 Magstim Super D70mm (P/N: 60, 100, 39, 66, 92,
Rapid? Plus! 9925) 140, 151 100
SPR_AIR Magstim Super Air-Cooled 20, 60, 100, 16, 48, 80,
Rapid? Plus! D70mm Coil (P/ 125 100
N3530-00)
200_D70 Magstim 2002 D70mm (P/N: 60, 100, 24, 40, 56,
9925) 140, 250 100
NBS4 Nexstim NBS 4 Nexstim Cooled 60, 100, 26, 43, 60,
System Coil 140, 230 100
NBS5 Nexstim NBS 5 Nexstim Cooled 60, 100, 26, 43, 60,
System Coil 140, 230 100

frequencies below 200 Hz correspond to 0 dB. Then, the response of the
tube and microphone system was flattened by inverting the magnitude
response to create the inverse filter, which was then minimum-phase
reconstructed. This filter was applied to the acoustic noise measure-
ments of all TMS systems (Table 1). The TMS coil can be oriented
arbitrarily inside the MRI relative to the By field but there are three main
orientations with distinctively separate force patterns affecting the TMS
coil; all the other forces can be derived from these forces [4]. When
measuring the sound inside the MRI scanner, the TMS coil was oriented
in three ways with respect to the By field, as illustrated in Fig. 3. The
TMS click sound was also measured in the absence of the B field outside
the scanner. These different setups are referred to as stimulation con-
ditions (Fig. 3).

The SPL behaviour in the near field, where the distance between the
sound emitting and receiving device is smaller than twice the largest
dimension of the sound emitting device, does not follow the 1/r atten-
uation rule and there is a chance of underestimating the SPLs [5,22]. On
the other hand, measuring from further away does not represent the
acoustics near the source. To avoid these complications and to map the
SPL spatial distribution, the measurements were taken at different lo-
cations and distances from the TMS coil. All measurements were con-
ducted so that the open end of the tube was pointed towards the TMS
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coil. The stimulator outputs (SO), induced electric fields, and pulse
shapes vary across TMS systems. To compare different combinations of
stimulators and coils with a matched stimulation strength, the electric
fields induced by TMS systems were measured with a robotic measure-
ment tool [24]. The device enabled automated mapping of the
TMS-induced E-field distribution in a spherically symmetric conductor.
The maximum stimulator output (MSO) and the corresponding E-field,
were derived from an earlier study [24]. If these values were not
available, the stimulator output corresponding to 100 V/m E-field was
measured using the robotic measurement device [24]. This was the case
with MagVenture MagPro R30 (MagVenture, Farum, Denmark) and
Nexstim NBS 4 (Nexstim Plc, Helsinki, Finland) systems (Table 1). The
other SOs and corresponding E-fields used in this study were calculated
by linear interpolation using equation E = Ey-SO/SOyp, where the SOy is
the stimulator output corresponding to Eg = 100 V/m. At most mea-
surement locations, the stimulation intensity was 100 V/m. At locations
z=>5cmand x = 5 cm, a wider range of stimulation intensities were used
(Fig. 3). Combinations of stimulators and TMS coils and SIs used in the
measurements are summarized in Table 1. The TMS pulses were deliv-
ered with 1-4-s interstimulus intervals. In order to estimate the operator
exposure, measurements were conducted using two stimulators Nexstim
NBS 5 (Nexstim Plc, Helsinki, Finland) and Magstim Super Rapid? Plus’
(Magstim Co. Ltd., Whitland, UK) (Table 1) with the maximum stimu-
lation output (MSO) using a 40-cm measurement distance from the
bottom center of the coil.

2.2. Data analysis

All SPL and equivalent continuous sound level (Laeq) data are
expressed as decibels in relation to 20 pPa. All peak SPLs were filtered
using C-weighting [9] (Fig. 1), which is used in EU directives [8] and
Finnish legislation [7] for assessing the safety of impulse sounds. In TMS
pulses, most of the acoustic energy is between 1 and 10 kHz frequency,
and, at this range, the C-weighting curve is flat, resulting in SPLs
approximately the same as with Z-weightings. The maximum SPLs were
calculated as the average across 3-5 impulses. No weighting
(Z-weighting) was applied when plotting frequency responses and the
TMS click with the median SPL was selected for the analysis.
A-weighting [9] was used for the calculation of Laeq values. Different
Lpeq values were calculated for commonly used repetitive TMS fre-
quencies (1, 5, 10, 15, and 20 Hz). La.q is a steady sound pressure level
over a time window with the same energy as the fluctuating sound, in
this case, the measured impulse sound. The Laeq was calculated from
single-pulse data by selecting a time window of 1/frequency around the
TMS impulse and calculating the RMS of the sound pressure. To ensure
validity of Laeq calculated from single pulse data, TMS stimulation at 10
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Fig. 3. A: Measurement locations of the SPL and the coordinate system. B stimulation conditions, i.e., TMS coil orientations relative to the By field.
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Fig. 4. A: the effect of distance on SPLs of MRI-compatible TMS systems (E-field = 100 V/m). B: the effect of power on SPLs. The dashed redline at 140 dB(C) is the
hard exposure limit value for work places. O1, O2 and O3 are orientations 1, 2 and 3.
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Fig. 5. A: Boxplot of MRI-compatible TMS stimulators for all measurement locations and conditions and matching stimulation intensities (20-100 V/m, degrees of
freedom (df) = 159). B: Boxplot of all TMS stimulators outside the By field using all measurement locations and matching (60 and 100 V/m) stimulator intensities (df
= 97). Horizontal lines show the median values and crosses show the mean values of the matching stimulation intensities. Maximum SPLs out of all the measurements
are marked with squares. The dashed redline at 140 dB(C) is the hard exposure limit value for work places.

Table 2

Maximum SPLs, the coordinate, E-field, and LAeq values of different stimulation frequencies and maximum safe exposure time calculated using the data from the single
pulse TMS measurements with the maximum SPL(C). O1-03 refer to the TMS coil orientations relative to the By, field inside the MRI scanner and depicted in Fig. 3. In o1
and 03, the By, field is parallel to coil windings and in 02, the By, field is perpendicular to the coil windings. Stimulators are not necessarily capable of producing these
stimulation frequencies.

Max Max 1Hz 5Hz 10 Hz 15 Hz 20 Hz
Stimulator Coord Efild  SPL(C)  SPL(Z)  Lag t Lacq t Licq t Lcq t Lieq t
[em] [V/m] [dB] [dB] [dB]  [min] [dB]  [min]  [dB]  [min]  [dB]  [min]  [dB] [min]

R30.MRLEnoBO  z=25 100 111 111 78 3488 85 700 88 350 90 234 91 175
R30_MRL ol 2=25 100 141 142 107 5 114 1 117 1 118 0 120 0
R30_MRI: 02 x=25 100 130 131 97 52 104 10 107 5 108 3 110 3
R30_MRI: 03 2=25 100 131 132 99 33 106 7 109 3 110 2 112 2
SPR_MRL: noBO 2=25 100 109 111 75 7955 82 1602 85 802 87 535 88 401
SPR_MRE: o1 z=-50 100 149 152 112 1 119 0 122 0 124 0 125 0
SPR_MRT: 02 y =50 100 132 133 % 57 103 11 106 6 108 4 109 3
SPR_MRT: 03 2=25 100 158 161 118 0 125 0 128 0 129 0 131 0
SPR_D70 2=5.0 151 106 110 74 10131 81 2039 84 1021 85 682 87 513
SPRAIR 2=25 100 114 115 81 1833 88 367 91 184 93 122 94 92
200.D70 2=5.0 250 113 115 79 2707 86 557 89 279 91 187 92 141
NBS4 2=5.0 230 117 119 83 1336 89 275 92 138 94 92 95 69
NBS5 2=5.0 230 112 114 81 2134 87 489 90 249 92 167 93 126
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Table 3
Statistical comparison of MRI compatible TMS stimulators.
Groups Low CI Mean High CI  p-value
R30_MRI: R30_MRI: o1 —36.95 —29.36 —21.76 <0.001
noBO
R30_MRI: R30_MRI: 02 —30.36 —22.77 -15.17 <0.001
noBO
R30_MRI: R30_MRI: 03 —29.73 —22.13 —14.54 <0.001
noB0O
R30_MRI: SPR_MRI: —4.68 291 10.51 0.942
noBO noBO
R30_MRI: SPR_MRI: o1 —43.92 —36.32 —28.73 <0.001
noBO
R30_MRI: SPR_MRI: 02 —26.83 —19.24 —11.65 <0.001 *
noB0O
R30_MRI: SPR_MRI: 03 —49.79 —42.2 —-34.6 <0.001
noBO
R30_MRI: o1 R30_MRI: 02 -1 6.59 14.18 0.145
R30_MRI: ol R30_MRI: 03 —0.37 7.22 14.81 0.076
R30_MRI: ol SPR_MRI: 24.68 32.27 39.86 <0.001
noBO
R30_MRI: ol SPR_MRI: o1 —14.56 —6.97 0.62 0.099
R30_MRI: ol SPR_MRI: 02 2.52 10.11 17.7 0.001
R30_MRI: o1 SPR_MRI: 03 —20.43 —-12.84 —-5.25 <0.001 *
R30_MRI: 02 R30_MRI: 03 —6.96 0.63 8.22 1.000
R30_MRI: 02 SPR_MRI: 18.09 25.68 33.27 <0.001
noBO
R30_MRI: 02 SPR_MRI: o1 —-21.15 —13.56 -5.97 <0.001 *
R30_MRI: 02 SPR_MRI: 02 —4.07 3.52 11.12 0.855
R30_MRI: 02 SPR_MRI: 03 —27.02 —-19.43 —11.84 <0.001
R30_MRI: 03 SPR_MRI: 17.46 25.05 32.64 <0.001 *
noB0O
R30_MRI: 03 SPR_MRI: ol —21.78 -14.19 —6.6 <0.001
R30_MRI: 03 SPR_MRI: 02 —-4.7 2.89 10.48 0.944
R30_MRI: 03 SPR_MRI: 03 —27.65 —20.06 —12.47 <0.001
SPR_MRI: SPR_MRI: ol —46.83 —39.24 —31.65 <0.001
noBO
SPR_MRI: SPR_MRI: 02 —29.75 —22.16 —14.57 <0.001
noB0O
SPR_MRI: SPR_MRI: 03 —-52.7 —45.11 —37.52 <0.001
noBO
SPR_MRI: ol SPR_MRI: 02 9.49 17.08 24.67 <0.001
SPR_MRI: o1 SPR_MRI: 03 —13.46 —5.87 1.72 0.269
SPR_MRI: 02 SPR_MRI: 03 —30.55 —22.95 —15.36 <0.001 *

Hz with 5-s duration was also recorded and Laeq was calculated by
taking the RMS of the entire recording. The maximum exposure time
was calculated as Tpax = 480 min-10714€40/10 For the frequency
responses, we used a time window of 3 m before the impulse started and
40 m after. This time window approximated the time that the sound
waves take to travel back and forth the acoustic measurement tube. The
background noise of the same sample size was used to calculate the
frequency responses of the background noise. The data samples were
single cosine filtered using MATLAB’s Tukeywin function (Mathworks,
Natick, USA) to reduce artifacts arising from cutting the signal. This was
then used to create the 1/3 octave spectra, i.e., frequency spectrum was
smoothed out to 1/3 octave bands using MATLAB’s poctave function.
The statistical analysis of MRI-compatible stimulators was done by
n-way analysis of variance (ANOVA), and for all stimulators by a
one-way ANOVA. The normality of the distributions was visually
inspected using QQ plots. The level for statistical significance was set at
0.05.

3. Results
3.1. MRI compatible TMS stimulators and the effect of MRI

MRI compatible TMS stimulators produced noise clicks with varying
SPLs (Figs. 4 and 5). The maximum SPL measured at 3 T was 158 dB(C)
for the Magstim super rapid plus and MRI D70 coil using orientation 3,
and 141 dB(C) for the MagVenture Magpro R30 system (Table 1) with
orientation 1 (Table 2, Figs. 4 and 5). In both cases, SPL was measured in
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the immediate vicinity at the bottom of the coil (z = 2.5 cm) with a
stimulation intensity of 100 V/m. Outside the MRI bore, the SPLs of the
two stimulators where similar peaking at ~110 dB (Table 2, Figs. 4 and
5), but inside the MRI bore (with 3 T By field), the Magstim system’s
maximum SPLs were about 12 dB(C) louder than the Magventure.
Across all matching stimulator intensities with the presence of the By
field, the Magstim system was about 8 dB(C) louder. The measured SPLs
were significantly higher inside the MRI bore compared to outside for
MRI-compatible stimulators (p < 0.001) (Fig. 5, Table 3). Inside the MRI
bore, the MagVenture system had similar SPLs for all TMS coil orien-
tations. In turn, with the Magstim system the TMS coil at orientation 2
had significantly smaller SPLs than at orientations 1 and 3 (p < 0.001)
(Table 3, Fig. 5). With the TMS coils at orientation 3, the Magstim system
produced louder noise clicks than the MagVenture system. The presence
of a 3-T magnetic field increased the SPLs on average by 22-29 dB on the
MagVenture system and 21-45 dB on the Magstim system depending on
the orientation relative to the magnetic field. With the MagVenture
system the maximum in the spectra was located at 1000 Hz with all
stimulation conditions except with orientation 2, where the maximum
shifted to approximately 4000 Hz. (Figs. 6 and 7). With the Magstim
system, the maximum was located at 4000 Hz with all stimulation
conditions except with orientation 1, where the maximum shifted to
approximately 2500 Hz. With both systems, the maximums retained
their locations with different stimulation intensities with small fluctu-
ations (<1000 Hz) in location. On both systems, doubling the E-field
increased the SPLs on average by 8 dB(C). With the presence of a static
magnetic field, both stimulators exceeded the 87-dB(A) Laeq limit with
all orientations, and the maximum exposure time ranged from O to 52
min.

3.2. All TMS stimulators outside the MRI

Outside the MRI bore, TMS stimulators produced noise clicks with
varying SPLs (Figs. 5 and 8). The maximum SPL measured at 100 V/m
was 114 dB(C) with Magstim super rapid plus and air-cooled coil at z =
2.5 cm. The loudest SPL was 117 dB(C) by the Nexstim NBS4 system at
the maximum stimulator output (230 V/m) at z = 5 cm (Table 2, Figs. 5
and 8). Outside the MRI bore at 100 V/m, there were statistical differ-
ences (p < 0.05) in SPLs between systems (Fig. 5, Table 4). In general,
the acoustic noise of super rapid plus and the air-cooled coil was sta-
tistically different from other system, except with the Magpro R30 sys-
tem and had the highest SPLs. Also, Nexstim NBS 5 was statistically
different from all other systems, except for NBS 4 and Magstim 200
systems, and had the lowest SPLs. The maximum in the spectra was with
Magstim super rapid plus and D70 coils, Magstim super rapid plus and
air-cooled coil, Magstim 200 and D70 coil, and Nexstim NBS 4 and
Nexstim NBS 5, at approximately 6300, 1300, 2000, 7900 and 2500 Hz,
respectively (Fig. 9). During the measurements with Nexstim NBS 4 and
NBS 5 stimulators, the air cooling had a small effect of the spectra, since
the sound level of the cooling is considerably smaller than the acoustic
click.

For all systems, the SPLs were, on average, attenuated at longer
measurement distances. Across all systems, measurement locations and
conditions, the SPLs attenuated 3 dB on average by doubling the dis-
tance (Figs. 4 and 8). The measured SPL with Nexstim NBS 5 and
Magstim super rapid plus and D70 coil at a 40-cm distance using MSO
was both 100 dB(C). The attenuation at a 40-cm compared to a 5-cm
distance was 7 dB(C) with Magstim super rapid plus and D70 coils
and 12 dB(C) with Nexstim NBS 5 coil. The L. values ranged from 74
dB(A) to 95 dB(A), and the maximum allowed exposure times ranged
from 10,131 min (~168 h) to 69 min (Table 2). The Laeq of 87-dB(A) was
exceeded at frequencies of higher than 1 Hz, depending on the stimu-
lator, and the maximum allowed exposure times ranged from 69 to 2039
min (~33 h).
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4. Discussion

We found that the maximum SPLs increased when the TMS coil was
placed inside the MRI and both stimulators exceeded the upper exposure
limit (137 dB(C)) and the hard exposure limit (140 dB(C)) for peak SPLs,
making the use of hearing protection mandatory. The increase in SPLs
was because the current in the coil was subjected to a strong By, which
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caused additional Lorentz force over the coil wires. Also, these forces
depend on the orientation of the coil windings relative to the B, field, as
the SPLs changed with different orientations. Interestingly, the two MRI-
compatible systems behaved slightly differently under the influence of
By. The loudest orientation for the MagVenture system was orientation 1
(141 dB(CQ)); for the Magstim system, it was orientation 3 (158 dB(C))
(Fig. 5, Table 2). Even though the SPLs outside the MRI bore were very
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Table 4
Multiple comparison of the SPLs for all TMS stimulators measured outside the
MRI.

Groups Low CI Mean High CI p-value
R30_MRI SPR_MRI —4.56 1.66 7.87 0.984
R30_MRI SPR_D70 -2.09 4.13 10.34 0.42

R30_MRI SPR_AIR —10.95 —4.74 1.48 0.256
R30_MRI 200_D70 —0.65 5.56 11.78 0.11

R30_MRI NBS4 1.74 7.96 14.17 0.004
R30_MRI NBS5 4.32 10.54 16.75 <0.001
SPR_MRI SPR_D70 —3.74 2.47 8.69 0.893
SPR_MRI SPR_AIR -12.61 —6.39 —0.18 0.04 *
SPR_MRI 200_D70 -2.31 3.91 10.13 0.488
SPR_MRI NBS4 0.09 6.3 12.52 0.045 *
SPR_MRI NBS5 2.67 8.88 15.1 <0.001 *
SPR_D70 SPR_AIR —15.08 —8.87 —2.65 <0.001 *
SPR_D70 200_D70 —4.78 1.44 7.65 0.992
SPR_D70 NBS4 -2.39 3.83 10.05 0.513
SPR_D70 NBS5 0.19 6.41 12.63 0.039
SPR_AIR 200_D70 4.08 10.3 16.52 <0.001
SPR_AIR NBS4 6.48 12.7 18.91 <0.001
SPR_AIR NBS5 9.06 15.28 21.49 <0.001
200_D70 NBS4 —3.82 2.39 8.61 0.907
200_D70 NBS5 —1.24 4.97 11.19 0.205

NBS4 NBS5 —3.64 2.58 8.8 0.872

similar to inside the bore, the increased SPLs were higher with Magstim
system. Note that the Magstim’s TMS coil in this study was repaired
twice during this study, while the MagVenture’s TMS coil remained
intact (see Supplementary information). In both repair cases, the top and
bottom halves of the Magstim coil housing started to come apart during
experiments. Safety limits stated in the user manuals by both manu-
facturers for operating the TMS coils inside the bore were not exceeded.
However, it is important to note that the Magstim stimulator generated
~20 % higher maximum E-field. This may have played a role in the coil
durability. Without the By, the SPLs of the two MRI-compatible stimu-
lator had similar SPLs at the matched stimulation intensity of 100 V/m
using the non-MRI compatible stimulators (Fig. 5, Table 2). In the near
field, the SPLs did not attenuate 6 dB by doubling the distance as typi-
cally assumed with point sources (Figs. 4 and 8). In both cases, it the
attenuation was 3 dB. We did not notice any clear patterns related to
stimulation conditions and axis. This was expected as the dimensions of
the coil are larger than the measurement distance to the coil, and
therefore, the source was not perceived as a point-like. The attenuation
of SPLs from 40 cm to 5 cm distance was 7-12 dB(C), which is less than
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the 18 dB(C) (6 dB by doubling the distance) [3] that might be expected
if both measurement locations were in spherical free-field. This dem-
onstrates that measurements conducted in far-field might underestimate
the SPLs in the acoustic near-field.

In this study, Nexstim NBS 4 and 5 stimulators had the air cooling on
during measurements. This has little effect on the maximum SPL.
However, cooling affects the spectra (Fig. 9). Interestingly, there are two
peaks in the NBS 4 and 5 spectra located at roughly 1000 and 2600 Hz
with both the click sound and air cooling. But in the case of the coil click,
the SPLs were 20 dB louder, and the peaks remained clearly visible in the
spectrum. This cannot be explained by the resonance frequency of the
tube, because the calculated resonance frequencies [25] for an open
cylindrical tube were below 300 Hz even with the 10th octave har-
monics. Thus, peaks were likely originating from the TMS coil click. It
makes sense that the vibration of the cooling and vibration caused by the
TMS impulse had the same frequencies, since acoustic properties of
vibrating objects are partly defined by their shape and size [26]. The
Magstim super rapid plus and D70 coils and the Magstim 200 and D70
coils were the same coil but with different stimulators and pulse shapes;
Super rapid plus coil used biphasic stimulator and 200 coil used a
monophasic stimulator. There were some similarities between the two
stimulators, such as the peaks at around 800 and 2000 Hz. However,
noticeable differences in the setup highlighted the fact that acoustic
spectrum of a TMS system emerges from both the TMS coil properties
and TMS current strength. As expected, Laeq values increased with the
stimulation frequency. Inside the MRI bore, the exposure limit value of
87-dB(A) is exceeded with all stimulators and orientations within 57
min even with the lowest stimulation frequency of 1-Hz (Table 2).
Outside the MRI bore, the 87-dBA(A) value was exceeded eventually
when stimulation frequency was increased with all the stimulators,
showing that hearing protection becomes more important as stimulation
frequencies increase.

Previous studies [2,3,19-21] on the acoustic noise of commercial
TMS systems utilized different measurement setups (TMS stimulators,
measuring distance, frequency weighting, and range), making it chal-
lenging to directly compare to our results. Koponen et al. [3] utilized a
relatively comparable system with their Magstim rapid® and D70 (P/N
9925-00) coil and our Magstim super? rapid® plus stimulator and D70
coil (Table 2). They observed peak SPLs of about 14-16 dB higher than
our measurement at the 5-cm distance [3] and within 2 dB, at 40-cm
distance. These differences can be explained by the acoustic behaviour
of the near-field measurements. Also, the Magstim D70 (P/N 9925) coils
are among the first commercially available figure-of-eight coils
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Fig. 9. The 1/3-octave spectra of non-MRI compatible TMS systems with different stimulator intensities. The dashed lines are the ambient noises. Note that for NBS 4

and 5 systems the air cooling was on.

produced until the last decade. So, there is a chance that we are
compared coils with different wearing due to mechanical stresses. The
spectra of the two systems were visually similar. Also, Koponen et al.
used the MRi-B91 coil with different stimulator (Magpro X100, Mag-
Venture). If we compared the 100 V/m values, results were within 1 dB
difference at the 5-cm distance [3]. Also, both spectra look visually
similar (Fig. 6).

We showed the feasibility of our SPL measurement system to mea-
sure loud impulse sounds at 3 T. To our knowledge, this is the first study
where TMS impulse sounds were measured inside the MRI bore. It is
important to point out that in TMS-fMRI, the MRI system also produces
continuous acoustic noises generated by gradient coil switching. Previ-
ous studies about the acoustic noises of MRI sequences suggest that the
LAeq values of echo planar imaging (EPI) sequences used in fMRI are
about 108 & 10 dB (A) in a 3-T magnetic field [27-29]. The total SPL of
two sources can be added up together assuming they are not phase
locked with an equation L, = 10log(1 01/100 1 19(12/10)y [30]. In
practice, this means that two sources with similar SPLs increase the
decibels by 1-3 dB relative to the bigger source, and if the difference
between the two sources is greater than 10 dB, the total SPL is
approximately the bigger value. As shown in Table 2, the SPL of
TMS-fMRI is, in most cases, that of TMS coil clicks. It is also important to
notice that imaging sequences and stimulation pulses are usually
interleaved and not delivered simultaneously. Therefore, their SPLs can
be considered separately. Noise exposures separated by time can be
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added together by LaegNew 10log(1/(t;+t2)
(t;10%4¢91/10 1 ¢,10M4€a2/10))  \where t; and ty are the durations of Laeq
exposures [31].

The single number ratings (SNR) of hearing protection devices (HPD)
and noise reduction ratings (NRR) goes typically up to ~37 dB and ~33
dB respectively [32,33]. These attenuation values given by manufac-
turers are based on laboratory measurements and do not represent the
real attenuation to the user. For example, the U.S. Department of
Occupational Safety and Health Administration instructs to calculate the
attenuation of HPDs by reducing -7dB from NRR data for A-weighted
measurements [34]. The use of double hearing protection adds 5 dB to
the larger protection value. Thus, the maximum attenuation is for HPD
with NRR of 33 dB is 31 dB. Improper usage of hearing protection can
result in significantly smaller SNR/NRR, so it is of utmost importance to
ensure that the subjects are instructed about the proper usage of hearing
protection. Additionally, researchers should refer to applicable local
regulations on how to adjust attenuation label values. But if we assume
that the attenuation is 31 dB so, for example, for 10 Hz stimulation
frequency, the MagVenture systems La.q = 117-31 dB = 86 dB, which is
more than 9 h of maximum exposure time and for the Magstim
MRI-compatible system Ls.; = 128-31 dB = 97 dB which is about 50
min of exposure time. The operation of TMS coils in 3-T MRI scanners
poses serious risks to hearing safety when using the Magstim TMS de-
vice, even if using hearing protection. Also, acoustic noise is not just a
hearing safety concern; exposure to noise can cause many non-auditory
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effects on humans, for example, annoyance, ischemic heart disease,
hypertension, sleep disturbance, changes in the immune system, and
birth defects [35]. Furthermore, the acoustic noise of the TMS click leads
to confounding neural effects by activating the auditory cortex [5],
which can be hard to distinguish from the evoked activity, for instance,
in concurrent TMS and electroencephalography (TMS-EEG). Further-
more, the forces on the TMS coil depend on coil orientation with respect
to the static magnetic field of the MRI and therefore causes
orientation-dependent auditory stimulation. In TMS-EEG the auditory
evoked potential (AEP) is removed by masking the click sound with
noise [11]. Unfortunately, in many cases it is not be possible to remove
the auditory component during TMS—fMRI by using the combination of
noise masking and hearing protection. It is possible to use active noise
cancellation (ANC) to reduce the MRI acoustic noise levels [36] but it
works only on continuous low-frequency sounds and therefore does not
work on TMS impulse sounds. Using a multi-channel TMS [37,38] with
electronic control of stimulus orientation might allow positioning of the
TMS coil such that the SPLs are minimized while still enabling changing
the stimulus orientation induced in the cortical surface.

Because of the limited number of measurement locations in the near-
field, we cannot confidently state that the measured SPLs are the
maximum possible SPL created by the stimulators. In the near-field, the
acoustic behaviour may be erratic, and we may have measured the SPL
from a spatial valley point and not the peak locations. Thus, we can only
state that the SPLs are at least what we measured in this article and
might be higher in neighboring locations. In the future, more mea-
surement locations should be explored for a comprehensive mapping of
the SPL spatial distribution in the near-field. Also, we only measured
airborne sound and not the transfer of acoustic energy through the skull
[5]. Also, the TMS coils were measured in normal operation environ-
ment including the ambient noise and the sound due to the TMS elec-
tronics. Finally, the TMS coil orientations compared to the By-field used
in this study may be unsuitable for a human TMS-fMRI experiments,
however, they were selected to obtain the full range of SPLs resulting
from the strongest and weakest Lorentzian forces between the coil cur-
rent and the static magnetic field. Knowing this range is necessary for a
more comprehensive evaluation of the safety risks involved in the
technique.

5. Conclusion

Hearing protection is obligatory during concurrent TMS—{MRI ex-
periments to ensure safety and it is highly recommended during any
TMS experiments. Based on our measurements, we recommend that
hearing protection should be available for researchers and subjects, who
should be informed about their proper use. More studies about the ef-
fects of acoustic noise on hearing is recommended. The manufacturing
of quieter TMS systems is encouraged to reduce the risk of hearing
damage and other unwanted effects.
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