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ARTICLE INFO ABSTRACT

Background: ComforTone is a noise reduction technology used in magnetic resonance imaging (MRI) systems; it
suppresses acoustic noise by modifying pulse sequences, which appropriately changes the magnetic field gra-
dient waveforms. Although ComforTone can be used to solve the acoustic noise problems that affect patients
who are exposed to acoustic noise from MRI, to the best of our knowledge, the associated technical details have
not been published and its effects on acoustic noise reduction remain unclear.

Purpose: To evaluate the efficacy of acoustic noise reduction and the impact of acoustic noise reduction tech-
nology involving magnetic field gradient waveform control on image quality.

Population: The study included 18 healthy volunteers (11 males and 7 females; median age, 34 years; age range,
24-51 years).

Field strength: 1.5 T Philips Ingenia using a SENSE head-spine coil.

Assessment: The sound pressure level (SPL) and 1/3 octave spectra of MRI acoustic noise with the human head
positioned in the iso-center of the MRI system were measured for five different pulse sequences used in clinical
MRI. This subjective evaluation of noise included 18 healthy volunteers. The degree of discomfort experienced
by the subjects was measured using a visual analog scale. The image quality was assessed objectively and
subjectively. For objective assessment, signal-to-noise ratio (SNR) and contrast-to -noise ratio (CNR) of diffusion-
weighted images were measured; for subjective assessment, visual evaluation was performed by two radiologists.
Statistical tests: Data were analyzed using Welch's t-test, and a p value < 0.05 defined significance.

Results: ComforTone could recognize a decrease in sound pressure, and the sound pressure of the acute high-
frequency portion of the auditory characteristics was reduced. As reported by the subjects, discomfort caused by
the sound pressure was significantly alleviated with ComforTone (p < 0.01). The sound pressure reduction in
the high-frequency region with high audibility characteristics was recognized by ComforTone. The visual eva-
luation of the image quality of the diffusion-weighted images revealed that although there was no difference
between SNR and CNR, the image quality was reduced by distortion artifacts.

Data conclusion: ComforTone reduced the SPL in the frequency range where auditory characteristics were
sensitive, suggesting that ComforTone was useful for auditory protection and alleviation of discomfort in pa-
tients undergoing MRI. However, because magnetic field gradient waveform control is involved, such noise-
reducing techniques should be used by considering their possible influence on the image quality.
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strength and current magnitude, with higher magnetic field strength
being positively correlated with higher acoustic noise. Furthermore,
because spatial resolution and imaging time depend on the strength of

1. Introduction

Acoustic noise in magnetic resonance (MR) imaging (MRI) is caused

by electromagnetic force (Lorentz force) generated when a current
passes through a gradient coil [1]. The magnitude of the acoustic noise
depends on the performance and structure of the MRI system [2]. For
example, Lorentz force is proportional to the static magnetic field
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the magnetic field gradient and switching speed, acoustic noise is
particularly high in ultrafast imaging, such as echo planar imaging
(EPI). Studies have reported acoustic noise levels exceeding 130 dBA in
EPI performed by MRI systems with high magnetic field strengths
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[3-5]. Inner ear cells damaged by such excessive acoustic noise can
cause temporary or permanent deafness [2,6]. Therefore, sufficient
hearing protection is required while performing MRI to limit the peak
sound pressure level (SPL) to 140dB (120dB in children) and ensure
that the equivalent noise level is < 99 dBA [7]. Additionally, acoustic
noise associated with scanning using MRI is not only hazardous for
hearing but also associated with discomfort and fear. Particularly, in
children and patients with claustrophobia, tinnitus, or sensitive
hearing, loud sound can trigger fear and is considered an obstacle to
performing MRI. The usage of hearing protection reduces the exposure
to acoustic noise; however, it does not reduce discomfort in all the
patients. In addition, because of the size of the hearing-protection de-
vices, ensuring appropriate protection in children may be challenging.
Techniques for reducing acoustic noise in MRI systems that are cur-
rently in clinical use can be roughly divided into methods that use
hardware and those that control pulse sequences. The methods that use
hardware reduce acoustic noise either by reducing the vibration of the
gradient coil to suppress sound propagation or by generating a simu-
lated sound with the same amplitude and the opposite phase compared
with those of the noise, resulting in active noise control [8-10]. Con-
versely, methods that control pulse sequences reduce acoustic noise by
optimizing the magnetic field gradient waveforms. These methods
share similarities with the conventional pulse sequence but use mag-
netic field gradient waveforms with more gradual rise and fall times.
Another method applies a low-pass filter to form a plateau-less sine
wave [11-14]. Additionally, the acoustic noise generated by the mag-
netic field gradient is represented using the product of the frequency
response function (FRF) unique to the device and the frequency dis-
tribution of the magnetic field gradient waveforms [15]; therefore, the
acoustic noise can be reduced using a gradient current that reduces the
amplitude of the FRF [16]. ComforTone MRI scan (ComforTone, Philips
Healthcare, Best, The Netherlands) is an imaging method based on
pulse sequence control that attempts to achieve acoustic noise reduc-
tion aiming to resolve acoustic noise problems that affect patients.
However, to the best of our knowledge, the technical details of this
method have not been published and its effects on acoustic noise re-
duction and MRI acquisition remain unclear.

The purpose of this study was to validate the effectiveness of
ComforTone for reducing the acoustic noise in patients undergoing
MRI. Further, the effectiveness of this acoustic noise reduction tech-
nology was evaluated using the experimental data and subjective as-
sessments.

2. Materials and methods
2.1. Equipment

All experiments were performed using a 1.5-T MRI system (Ingenia
1.5T, release 5.3.1, Philips Healthcare) with a 40-mT/m maximum
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gradient strength, 200-T/m/s slew rate, and a phased-array receiver
head-spine coil. For measuring MRI acoustic noise, a cylindrical
phantom (160 mm in diameter) encapsulating a 0.014-mol/]l copper
sulfate solution with a volume similar to that of the human head was
placed at the center of the magnetic field and an optical microphone
(Optimic 1140, Optoacoustics, Or Yehuda, Israel) [17] was installed.
The optical microphone was connected to a precision sound level meter
(Type 6238, ACO, Tokyo, Japan) via a light/electricity conversion unit
(electric optical unit; Kobateru, Kanagawa, Japan), and the acoustic
noise was measured. A 1/3-octave real-time analysis software (NA-
0038, ACO Co., Ltd., Tokyo, Japan) attached to the sound level meter
was used for frequency analysis.

2.2. Parameters for measuring acoustic noise during MRI

In the current study, we evaluated spin-echo T;-weighted (T;WI),
turbo spin-echo T,-weighted (T,WI), turbo spin-echo T,-weighted fluid-
attenuated inversion recovery (FLAIR), echo planar diffusion-weighted
imaging (DWI), and gradient-echo time-of-flight angiography (MRA)
sequences, which are commonly used in brain imaging [18,19]. All the
sliced cross-sections were set to the axial position, and the following
parameters were used for all the pulse sequences excluding MRA:
thickness, 5 mm; number of slices, 23; and field of view (FOV), 220 mm.
The T;WI parameters were as follows: TR/TE, 584 ms/12 ms; matrix
size, 256 X 192; BW, 272 Hz; and scan time, 3min 11s. The ToWI
parameters were as follows: TR/TE, 5000 ms/100 ms; matrix size,
320 x 320; echo train length (ETL), 15; BW, 150; and scan time, 2 min
35s. The FLAIR parameters were as follows: TR/TE, 10000 ms/110 ms;
matrix size, 256 X 204; ETL, 30; echo space (ES), 7.1 ms; BW, 237; and
scan time, 2min 30s. The DWI parameters were as follows: TR/TE,
6000 ms/70 ms; matrix size, 128 x 128; BW, 21.4; and scan time, 1 min
12s. The MRA parameters were as follows: TR/TE, 24 ms/6.9 ms; slice
thickness, 1 mm; number of slabs, 150; FOV, 200 mm; matrix size,
368 X 184; BW, 144; and scan time, 5min 12s.

The following parameters were changed from conventional scan
settings when conducting a scan using ComforTone. T;WI sequences:
TR, 627 ms; scan time, 3min 24s; ToWI sequences: BW, 165; FLAIR
sequences: ETL, 24; ES, 8.8; BW, 293; scan time, 3 min; DWI sequences:
TE, 82ms; BW, 11.6. The parameters used in the present study are
summarized in Table 1.

2.3. Measurement of MRI acoustic noise and frequency analysis

The phantom was installed in the head-spine coil. Ambient noise
was defined as the room sound pressure when MRI imaging was not
performed, and acoustic noise was defined as the room sound pressure
during conventional and ComforTone scan sessions in the scanning
room. The measurement methods for noise complied with the National
Electrical Manufacturers Association MS 4 (2010), which is an MRI

Table 1
Magnetic resonance imaging and acoustic noise parameters.
Scan Mode
Scan Conventional Scan ComforTone Scan
Parameter
T WI ToWI FLAIR DWI MRA T, WI ToWI FLAIR DWI MRA
TR (ms) 584 5000 10000 6000 24 627 5000 10000 6000 24
TE (ms) 12 100 110 70 6.9 12 100 110 82 6.9
FOV (mm) 220 220 220 220 200 220 220 220 220 200
ETL 15 30 15 24
Echo space (ms) 12.5 7.1 12.5 8.8
Band width (Hz) 272 150 237 21.4 144 272 165 293 11.6 144
Acquisition (min) 3:11 2:35 2:30 1:12 5:12 3:24 2:35 3:00 1:12 5:12

(T, WI), T,-weighted sequence; (TWI), turbo spin-echo T,-weighted sequence; (FLAIR), turbo spin-echo T»-weighted fluid-attenuated inversion recovery sequence;
(DWID), echo planar diffusion-weighted imaging sequence; (MRA), gradient-echo time-of-flight angiography; (ETL), echo train length.
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Fig. 1. Equipment used to measure acoustic noise of magnetic resonance imaging as shown in the schematic diagram. (a) Installation of equipment to measure noise
of the MRI device as shown in this schematic diagram. (b) Experimental set-up for acoustic noise measurement.

Table 2

Scoring system used to evaluate the image quality parameters.

Image characteristic

Scoring system

Overall image quality
Image contrast
Image artifacts

1, unacceptable; 2, poor; 3, acceptable; 4, good; 5, excellent
1, unacceptable; 2, poor; 3, acceptable; 4, good; 5, excellent
1, unreadable; 2, extreme artifact; 3, moderate artifact; 4, mild artifact; 5, no artifact

Table 3
Comparison of LAeq and LCpeak values between conventional and ComforTone scans.
Scan Mode SPL SPL;, T;WI ToWI FLAIR DWI MRA Total
Conventional LAeq (dBA) 96.2 96.6 96.4 100.5 100.8 98.6
LCpeak (dB) 106.8 112.7 115 116.6 111.2 116.2
ComforTone LAeq (dBA) 92 86.9 80 91.8 87.5 88.2
LCpeak (dB) 102.9 105.5 101 108.6 100.2 106.8
LAeq (dBA) 53.1
LCpeak (dB) 78

(SPL), sound pressure level; (SPLb), room sound pressure level when MRI imaging was not performed; (T1WI), T1-weighted sequence; (T2WI), turbo spin-echo T2-
weighted sequence; (FLAIR), turbo spin-echo T2-weighted fluid-attenuated inversion recovery sequence; (DWI), echo planar diffusion-weighted imaging sequence;
(MRA), gradient-echo time-of-flight angiography; (Total), acoustic noise measured during the entire pulse sequence acquisition.

acoustic noise measurement standard [20]. The sensor part of the op-
tical microphone was affixed to the phantom such that it was horizontal
to the table surface and perpendicular to the body axis; the phantom
was then installed in the head-spine coil. The optical fiber cable was
connected to the electric optical unit in the scanning room through a
waveguide and the sound level meter and was installed in the scanning
room (Fig. 1).

For noise parameters, equivalent noise level (LAeq; equivalent
continuous A — weighted SPL) and peak SPL (LCpeak; C — weighted
peak SPL), which are standardized in International Electrotechnical
Commission (IEC) [21] were measured. For SPL assessment, measure-
ments were performed using the sound level meter functions for cal-
culating LAeq and LCpeak. LAeq expresses the fluctuating noise as an
energy average, whereas LCpeak is a numerical value that is obtained
by leveling the maximum absolute value of the instantaneous sound

pressure within the noise measurement time. The dynamic character-
istics of the noise level meter at the time of measurement of the acoustic
noise were set to fast mode (time constant, 125 ms). The acoustic noise
of each pulse sequence was measured for 30s. In addition, LAeq and
LCpeak were also calculated during continuous acquisitions of all the
pulse sequences.

For assessment of frequency characteristics, measurements were
performed using the 1/3-octave band calculation function of the sound
level meter. Frequency analyzers for acoustic vibration are divided by
purpose into octave analyzers and fast Fourier transform analyzers. An
octave analyzer obtains the SPL for each band through a band-pass filter
of a constant-ratio type defined in the 1/1 octave or 1/3 octave stan-
dard for the noise to be measured. The frequency resolution of human
auditory characteristics is equivalent to 1/3 octave bandwidth; there-
fore, an octave analyzer is used for frequency analysis primarily to
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Fig. 2. Acoustic noise spectra. The ComforTone scan not only lowers the sound pressure in the frequency band sensitive to auditory characteristics but also causes a
shift in the maximum sound pressure peak to the low-frequency side. In all pulse sequences, sound pressure reduction of approximately 10-20 dBA was observed from
the center frequency of 2 kHz to 4 kHz.

Conventional, spectra of the conventional scan; ComforTone, spectra of the ComforTone scan; overall, sum of the noise levels for each band level.

(a), ambient noise; (b), T;-weighted sequence; (c), turbo spin-echo T»-weighted sequence; (d), turbo spin-echo T,-weighted fluid-attenuated inversion recovery
sequence; (e), echo planar diffusion-weighted imaging sequence; (f), gradient-echo time-of-flight angiography.
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Fig. 3. Box-and-whisker plot showing the results of evaluation of acoustic noise discomfort with MRI using the visual analog scale. (a), T;-weighted sequence; (b),
turbo spin-echo To-weighted sequence; (c), turbo spin-echo T»-weighted fluid-attenuated inversion recovery sequence; (d), echo planar diffusion-weighted imaging
sequence; (e), gradient-echo time-of-flight angiography.
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Table 4
Comparison of the SNR and CNR values between conventional and ComforTone
scans.

Scan mode
p value
Conventional ComforTone
SNR (WM) 14.0 = 3.1 131 = 3.3 0.26
SNR (GM) 26.3 = 5.4 25.4 = 54 0.63
CNR (WM-GM) 12.2 = 59 12.3 + 45 0.96

(WM), white matter; (GM), gray matter.

evaluate sensory quantity and other factors associated with noise
[22,23]. In the current study, we measured SPL in a frequency band
from 12.5Hz to 20 kHz using a 1/3-octave band filter and examined
changes in frequency characteristics due to the use of ComforTone
during scanning compared with those of the conventional scan. The
dynamic characteristics setting and measurement time of the sound
level meter were similar to the measurement of SPL.

2.4. Subjective evaluation of acoustic noise

The subjective assessment of the acoustic noise was conducted in
the presence of the quiet sound effect of ComforTone during imaging
using different pulse sequences in healthy volunteers. The subjects were
18 medical staff members who underwent MRI (11 males, 7 females;
median age, 34 years; age range, 24-51 years). This prospective study
was approved by the Institutional Review Board of the study institution.
The subjects were provided the explanation of the study purpose and
safety of the assessments, and all participants provided written in-
formed consent prior to participation in the study. All subjects under-
went audiometric tests for all subjects, and no abnormalities were
identified. The hearing protection equipment provided with the MRI
system, designed to protect the hearing of patients undergoing MRI for
clinical purposes, was used to reproduce the same conditions in the
study subjects. The imaging conditions were the same as those used for
SPL measurement and frequency analysis. The order of the pulse
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sequences was randomized, and verification was performed to cancel
the order effect.

The VAS used in the current study was a score scale for a more
objective evaluation of subjective symptoms that were difficult to
measure, such as pain sensation and hearing discomfort [24-26]. The
most unpleasant outcome was set as the maximum score in the VAS
(100-mm scale, 1-mm pitch). Each subject was asked to indicate the
degree of discomfort for the noise of each pulse sequence on the VAS.
This evaluation was performed three consecutive times, and the mean
values that were recorded were statistically analyzed using Welch's t-
test, and a p value of < 0.05 was considered statistically significant.
BellCurve for Excel (Social Survey Research Information, Tokyo, Japan)
was used for statistical analysis of the VAS data.

2.5. Image evaluation

Because DWI parameters were modified, particularly the readout
BW and TE, it was important to assess whether images acquired with
the ComforTone scan maintained image quality compared with those
acquired with the conventional scan. The image quality was evaluated
by measuring the signal-to-noise ratio (SNR) and contrast-to-noise ratio
(CNR) of the DWI scans and evaluating the image quality by two
radiologists.

Mean signal intensity (SI) and standard deviation (SD) values were
determined using the ImageJ software 1.47v (Wayne Rasband, National
Institute of Health, USA) [27]. The mean SI and SD of white matter
(WM) and gray matter (GM) were measured to compare the SNR and
CNR of the DWI scans. The size of the regions of interest for measuring
mean SI and SD was defined as small as possible; the average size of the
regions of interest to determine the mean SI and SD for WM and GM
was 15 mm?. The SNRs of WM and GM were calculated using the mean
SI and SD as follows:
SNR (WM, GM) = SI/SD 1)
The CNRs of WM and GM were calculated using the SNRs as follows:

CNR = ISNR (WM) — SNR (GM)| (2)

(a) * ) n.s.
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Fig. 4. A Box-and-whisker plot showing the average of image analysis scores of the two readers who evaluated the conventional and ComforTone DWI scans for (a)

overall quality, (b) image contrast, and (c) image artifacts.
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Conventional DWI
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ComforTone DWI

Fig. 5. Representative slices of the conventional DWI sequence (left column) and the ComforTone sequence (right column) of a healthy volunteer reveals that the

susceptibility artifact is increased in the ComforTone DWI.

The resulting SNRs and CNRs were analyzed using Welch's t-test,
and a p value of < 0.05 was considered statistically significant.

Image analysis was performed based on the head MRI images of 18
healthy volunteers who participated in the subjective evaluation. The
image quality of the conventional and ComforTone DWI sequences was
independently compared and rated by one radiologist with 28 years of
experience in MR imaging and one resident in radiology with 2 years of
experience in MR imaging. Imaging analysis was performed using a
PACS workstation (Synapse Enterprise-PACS, Fujifilm Medical, Japan)
that allowed the simultaneous display of both the sequences. The two
observers graded image quality on a five-point scale blinded to the
status of ComforTone use. For the DWI image of 18 healthy volunteers,
three image quality parameters were rated on a scale from 1 to 5, with 5
indicating the most desirable quality: overall image quality, image
contrast, and image artifacts, such as susceptibility. Details of the
scoring system are summarized in Table 2. Data assessed by observers
were analyzed using Welch's t-test, and a p value < 0.05 was considered
statistically significant.

3. Results
3.1. SPL measurement

Table 3 shows the results of ambient noise measurements in the
magnetic field center of the MRI system and the changes in noise when

175

ComforTone was added to each pulse sequence. For each pulse se-
quence, the equivalent noise level measured during MRA acquisition
was 100.8 dBA, which was higher than the allowable limit of 99 dBA
and never below this value. However, the 140-dB tolerance limit of the
peak SPL was not exceeded by any of the pulse sequences. With Com-
forTone, the mean equivalent noise level of each pulse sequence was
10.4 dBA, and the peak SPL was reduced by 9.4 dB. These results con-
firmed the sound pressure-reducing effect of ComforTone.

3.2. Frequency analysis

Fig. 2 shows the results of ambient noise measurements in the
magnetic field center of the MRI system and the acoustic noise spectra
after ComforTone was added to each pulse sequence. The frequency
characteristics of the pulse sequence showed different peaks, and the
maximum noise peak was observed around the center frequency of
1 kHz. Furthermore, high noise levels of > 80 dBA were distributed
between 400 Hz and 4 kHz in all pulse sequences. Conversely, the fre-
quency characteristics of sequences obtained using ComforTone
showed a reduction in noise levels between 400 Hz and 4 kHz. More-
over, the maximum noise peak shifted from the high-frequency to the
low-frequency side with T,WI and DWI sequences.
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3.3. Subjective evaluation

The results of the subjective evaluation using the VAS are presented
in Fig. 3. Briefly, the VAS score with the ComforTone scan in each pulse
sequence was significantly lower than that without ComforTone
(p < 0.01). These findings confirmed that the addition of ComforTone
reduced the discomfort resulting from noise.

3.4. Image evaluation

Table 4 shows the comparison of the SNRs and CNRs between
conventional and ComforTone DWI. Briefly, no significant differences
were noted in the SNRs or CNRs in any of the scanning methods. The
box plot of scores averaged between the readers is presented in Fig. 4.
Analysis of the averages with Welch's t-test revealed significant differ-
ences in overall quality and artifact parameters between conventional
DWI and ComforTone DWI (Welch's p, 0.031 and 0.001, respectively).
However, no significant difference was noted in the results for image
contrast between the two readers.

A representative comparison between the images acquired with
conventional DWI and ComforTone DWI is presented in Fig. 5. Com-
forTone DWI showed distortion in areas with great changes in magnetic
susceptibility, such as the inner ear canal and paranasal sinuses, and
magnetic susceptibility artifacts were more frequent in ComforTone
DWI than in conventional DWI.

4. Discussion

Humans are rarely exposed to loud noises in narrow spaces in daily
living. Therefore, acoustic noise generated during MRI acquisition may
cause discomfort in patients undergoing MRI. Although various tech-
niques have been developed to mitigate acoustic noise [8-16], in-
creasing levels of acoustic noise with the development of high-field MRI
systems and ultrafast MRI scanning highlight the urgent need to im-
prove acoustic noise reduction in MRI.

The Japan Society for Occupational Health recommendations re-
garding hearing protection as part of occupational health [28] presents
permissible noise standards, which are converted with the octave band
level allowed for each frequency and the A characteristic equivalent
noise level. In the current study, we measured acoustic noise for each
frequency through the octave band filter and found that the acoustic
noise did not exceed the allowable limit (Table 3). Additionally, com-
parison of the noise measurement value acquired over a 15-min mea-
surement time while capturing the entire pulse sequence with the al-
lowable limit of the A characteristic equivalent noise level (100 dBA for
15-min exposure) revealed that the measured noise value did not ex-
ceed the recommended value (Table 2). However, we acknowledge that
the difference was negligible, and there remains the possibility that the
allowable limit is breached following changes in imaging protocols or
scan parameters.

We found that the ComforTone scan reduces not only acoustic noise
but also discomfort with acoustic noise unlike that with the conven-
tional scan (Fig. 3). Human auditory sensation depends on the magni-
tude of sound as well as on its frequency and duration. Humans feel
sounds louder as the sound pressure increases even if the frequency
remains constant. However, because the sensitivity of human hearing
varies depending on the frequency, even with the same sound pressure,
differences in sound frequency will result in a difference in the mag-
nitude of the perceived sound. The curve for normal hearing ability is
thus defined as a perceptual curve (equal-loudness-level contours for
pure tones) based on checking a constant sound volume at the center
frequency of 1 kHz and a value perceived by the same sound volume for
each frequency [29]. This curve reflects that the auditory sensation of
humans differs in the magnitude of sounds experienced according to
frequency, even at identical physical sound pressures. At low fre-
quencies, the sensitivity of the ear decreases, and it is the highest near
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3-4kHz. The ComforTone scan not only lowers the sound pressure in
the frequency band sensitive to auditory characteristics but also causes
a shift of the maximum sound pressure peak to the low-frequency side.
Consecutively, the acoustic noise generated during scanning for all
pulse sequences included in the current study decreased by 10 dBA at
both the equivalent noise levels and peak SPL (Table 3). In all the pulse
sequences, a sound pressure reduction of approximately 10-20 dBA was
observed from the center frequency of 2—-4 kHz (Fig. 2). The frequency
analysis with the 1/3-octave filter and subjective evaluation of dis-
comfort degree using VAS revealed the mechanism underlying the re-
latively reduced discomfort facilitated by the ComforTone scan com-
pared with the conventional scan.

As a countermeasure against acoustic noise, hearing protection
equipment, such as earmuffs and earplugs, should be appropriately
used [2,6,7]. The SPL is estimated to fall within the allowable limit,
even during usual pulse sequences, because SPL is reduced by 25-30 dB
at the center frequency of 2 kHz with the hearing protection equipment.
However, the shape and size of hearing protection devices might not be
suitable for all patients. In newborns and premature babies, finding the
appropriate hearing protection equipment is challenging and therefore
requires close monitoring. These results indicate that a relatively
greater hearing protection effect can be expected with the use of
hearing protection equipment and ComforTone in combination. In pe-
diatric patients, including neonates and premature babies, neither of
whom can use hearing protection equipment appropriately, im-
plementation of noise-reducing technologies, such as ComforTone, is
necessary.

When performing ComforTone during pulse sequences, it is im-
portant to note the effect of optimization of pulse sequence parameters
on image quality. At the time of image acquisition with the ComforTone
scan, parameters were automatically optimized on the equipment side
(Table 1). Among the parameters, BW, TR, TE, and ETL are considered
as factors that affect image quality. Changes in BW were recognized in
T,WI, FLAIR, and DWI sequences. Specifically, the narrowing of BW
and extension of TE were noted in DWI. The narrowing of the band-
width in DWI was considered to increase the magnetic susceptibility
artifact, and the extension of TE was considered to cause a decrease in
the SNRs and CNRs. As shown in the representative comparison be-
tween the images acquired with conventional and ComforTone DWI (b
factor = 1000 s/mm?) in Fig. 5, the susceptibility artifact was increased
in the ComforTone scan. As a result of image analysis for DWI (b
factor = 1000 s/mm?), the SNRs and CNRs were not significantly dif-
ferent between the scans. However, based on the image evaluation
conducted by radiologists, significant differences were noted in the
overall image quality and image artifacts when the two scan methods
were compared (Table 4). One potential explanation for this observa-
tion is the increase in the susceptibility artifact with the narrowing of
BW with concomitant increase in the SNR of the image. Narrowing the
bandwidth reduces the amount of noise introduced into the signal and
increases the signal-to-noise ratio (SNR) within the MR image. How-
ever, because the narrow bandwidth frequency spans each pixel, the
inhomogeneities and distortion artifacts of the magnetic field from the
ferromagnet are also emphasized. Among the pulse sequences, the
phase shift in the DWI sequence is accumulated when the signal is filled
in the k-space. Therefore, in the DWI sequence, the change in any
parameter influences the image quality [30].

To the best of our knowledge, the technical details of ComforTone
have not been published previously. However, for this verification
study, the vendor provided information on changes in the gradient
maximum strength (Gmax) and slew rate (SR). The report provided by
the vendor stated that there was no change in Gmax and that the SR was
reduced to 1/3 in DWI sequences with ComforTone. Also, no informa-
tion on variations in Gmax and SR for other pulse sequences was pro-
vided by the vendor. Therefore, based on the changes in parameters, it
is likely that the rise time was controlled by ComforTone in DWI as
well. Parameter optimization using ComforTone depends on imaging
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conditions, magnetic field gradient performance, and other factors re-
lated to the equipment used. The change in pulse sequence parameters
by ComforTone can be confirmed on the operation console. Before
performing MR], it is important to check changes in pulse sequence
parameters and understand the impact on image quality using
ComforTone.

5. Conclusion

The current study evaluated the acoustic noise-reducing effect of
ComforTone, which utilizes pulse sequence control and found that
ComforTone reduced the sound pressure in the frequency range where
auditory characteristics are sensitive, supporting its efficacy in hearing
protection and discomfort alleviation. However, an increase in the
susceptibility artifacts of the DWI sequence with changing parameters
resulted in a decrease in the image quality. Such acoustic noise re-
duction techniques that control the magnetic field gradient waveforms
should be used by considering their possible influence on the image
quality.
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