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Abstract

Objective This work was aimed at reducing acoustic
noise in diffusion-weighted MR imaging (DWI) that might
reach acoustic noise levels of over 100 dB(A) in clinical
practice.

Materials and methods A diffusion-weighted readout-
segmented echo-planar imaging (EPI) sequence was opti-
mized for acoustic noise by utilizing small readout segment
widths to obtain low gradient slew rates and amplitudes
instead of faster k-space coverage. In addition, all other
gradients were optimized for low slew rates. Volunteer and
patient imaging experiments were conducted to demon-
strate the feasibility of the method. Acoustic noise meas-
urements were performed and analyzed for four different
DWI measurement protocols at 1.5T and 3T.

Results An acoustic noise reduction of up to 20 dB(A)
was achieved, which corresponds to a fourfold reduction
in acoustic perception. The image quality was preserved at
the level of a standard single-shot (ss)-EPI sequence, with a
27-54 % increase in scan time.
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Conclusions The diffusion-weighted imaging technique
proposed in this study allowed a substantial reduction in
the level of acoustic noise compared to standard single-shot
diffusion-weighted EPI. This is expected to afford consid-
erably more patient comfort, but a larger study would be
necessary to fully characterize the subjective changes in
patient experience.
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Introduction

Diffusion-weighted MR imaging (DWI) is well estab-
lished in clinical routine. It is used in stroke imaging [1-5],
tumor imaging [6] and exams of white matter disease [7,
8]. Single-shot echo-planar imaging (ss-EPI) with diffusion
preparation [9] is currently the sequence of choice in most
diffusion-weighted clinical examinations. It is fast, robust
and routinely available on commercial MRI scanners. Its
limitations include image blurring due to 7,* decay as well
as geometric distortions and signal cancellations due to
susceptibility changes at tissue interfaces. At higher field
strength, these effects become more prominent. Addition-
ally, with increasing image matrix size, stronger distortions
occur due to a greater number of echoes and longer echo
spacing (ESP). Hence, the maximum achievable resolution
is limited.

Another limiting factor is the high acoustic noise level.
An ss-EPI readout is particularly demanding for the scan-
ner’s gradient system, since k-space must be covered in
the shortest possible time to minimize distortion and sus-
ceptibility artifacts. EPI readout and other fast sequences
require the combination of high gradient amplitude and
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rapidly switched polarities. High gradient slew rates lead to
mechanical vibrations, creating acoustic pressure waves in
the MRI tunnel. In typical examinations, the sound pressure
level (SPL) is around 80-105 dB(A) [10]. In experimental
scans, the SPL can exceed 130 dB(A) [10-12], depending
on sequence and scanner type. Hearing loss may occur at
these sound levels [13—15]. For approximate comparison, a
sound level of 90 dB(A) is equivalent to that from a pneu-
matic drill at a distance of 1 m. These high acoustic noise
levels are a key reason for patient discomfort and anxiety
[16].

Overall, diffusion-weighted (DW) ss-EPI is one of
the loudest MRI sequences in clinical routine, due to
this high level of gradient activity [12, 17, 18]. Several
approaches to reduce acoustic noise have been pro-
posed in recent years. Sequence-based approaches can
be implemented on existing systems without expensive
hardware modifications. With these methods, the acous-
tic noise reduction is achieved by optimizing gradient
waveforms to minimize the effect of critical components
during gradient activity. This is realized, for example,
by using sinusoidal-gradient waveforms in RARE (rapid
acquisition with relaxation enhancement) and gradient-
echo MRI sequences [19, 20] to minimize high acoustic
frequencies. A recent study introduced a technique in
which the gradient activity is rigorously smoothed using
a spline interpolation [21]. Unnecessary gradient activity
is removed, while maintaining the net effect of the gradi-
ent pulses on the magnetization. This all-purpose algo-
rithm can be applied to a wide range of sequence types.
However, for sequences such as ss-EPI, its success is
rather limited. This is due to the extended high-slew-rate
gradient waveforms in EPI, which are not substitutable.
Previous works have investigated reduction of acoustic
noise in EPI, but these have been primarily for the pur-
pose of functional MRI (fMRI) [22-25]. With sequence-
based optimization methods, mechanical resonance fre-
quencies can be avoided by adapting protocol settings
[26] to optimize the frequency spectrum of the applied
gradient waveform [27].

The purpose of this work was to develop a technique for
acquiring DW images with reduced acoustic noise com-
pared to the standard ss-EPI approach, which was achieved
by using DW readout-segmented (rs) echo-planar imag-
ing (rs-EPI) with 2D navigator correction [28]. This is a
robust, multi-shot sequence that typically uses a very short
ESP in combination with parallel imaging techniques such
as generalized autocalibrating partially parallel acquisi-
tions (GRAPPA) [29] to provide clinical DW images with
reduced susceptibility and blurring artifacts compared to
ss-EPI [30]. However, in this work, the method was pri-
marily employed for the purpose of limiting the level of
acoustic noise generated during data acquisition, which
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was realized by using rs-EPI with reduced gradient slew
rates rather than conventional single-shot EPI readouts. We
aimed for a tradeoff to deliver an image quality comparable
to that of ss-EPI while allowing for a substantial reduction
in the level of acoustic noise. Acoustic noise measurements
were performed and feasibility was demonstrated in volun-
teer and patient measurements. In this paper, we compare
the acoustic-noise-optimized “quiet DW rs-EPI sequence”
to both a “standard DW ss-EPI sequence” and an “unmodi-
fied standard DW rs-EPI sequence”.

Materials and methods

The ss-EPI sequence is limited in terms of maximum res-
olution and suffers from susceptibility artifacts [31]. One
method that overcomes these limitations is rs-EPI with
2D navigator correction [28]. In this work, the DW rs-EPI
sequence was modified to perform more quietly, and is
hereafter termed “quiet-DWI”. Because the generation of
acoustic noise is dominated by the EPI readout, the maxi-
mum gradient slew rates and amplitudes were reduced to
soften the mechanical excitation. In addition, the excita-
tion frequencies were adjusted for non-resonant excitation
of the MR system. However, in order to minimize acoustic
noise, it is important to optimize all gradient waveforms
used by the sequence. The sequence was implemented on
a MAGNETOM Aera 1.5T scanner and a MAGNETOM
Skyra 3T scanner (Siemens Healthcare, Erlangen, Ger-
many). For all measurements, 20-channel head coil arrays
were used.

The following modifications were made to a DW rs-EPI
sequence to reduce the acoustic noise load:

e The maximum slew rates of non-readout gradients were
limited to 20 mT/m/ms on all three logical axes. The
value is a trade-off between generated acoustic noise
and sequence timing. Gradient ramps were merged into
each other whenever possible to reduce unnecessary
gradient switching. Gradients were preferably run with
lower slew rates and higher amplitudes and thus have a
triangular shape.

e The maximum slew rates and amplitudes of the sinu-
soidal readout gradients were reduced by increasing the
ESP from 0.36 to 0.98 ms. The protocols used in this
study employed different numbers of readout segments.
For a transition from 0.36 to 0.98 ms at 3T and a reduc-
tion from 7 to 5 readout segments, the maximum gra-
dient amplitude (slew rate) dropped by a factor of 2.15
(5.97), and for a transition from 0.38 to 0.9 ms at 1.5T
while keeping the same number of readout segments,
the maximum amplitude (slew rate) dropped by a factor
of 2.40 (5.68).
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Fig. 1 a Sequence diagram for a single readout segment including
a 2D navigator echo acquisition. A Stejskal [37] monopolar diffu-
sion preparation is used. The readout segment can be chosen by the
gradient moment prior to/after the readout, which is marked in red.
b Sequence diagram for the acoustic-noise-optimized readout of a
single segment. The major modifications are explained (arrows).

e Increasing the number of readout segments reduced
the amount of acquired data points and thus the size of
required gradient moments, slew rates, and amplitudes.
For constant data sampling time, the signal-to-noise
ratio (SNR) can be increased.

e Increasing the ESP allowed for a linearly increased
sampling dwell time and hence a lower readout band-
width. The total sampling time was increased, yielding
a higher SNR.

e The data sampling duration was adjusted to allow for
blipping of triangular phase-encoding gradients with a
fixed slew rate of 15 mT/m/ms between two consecutive
data samples.

e The gradients for traversing k-space (see Fig. la) to
the start position of the desired segment were placed

VoV

The methodology is identical to (a). All non-readout gradients are
stretched to reduce the slew rate to the desired level of 20 mT/m/ms.
Slower imaging echo readouts are performed. The pre-phase gradi-
ents before the EPI readout and the re-phase gradient after the slice
selection are integrated into the diffusion preparation module, saving
up to 3 ms in TE

between the diffusion-preparation gradients (see
Fig. 1b). This saves up to 3 ms of TE since gradients do
not need to ramp up and down after the radio frequency
(RF)-refocusing pulse.

The sequence diagram with all applied modifications is
shown in Fig. 1b. Doubling or tripling the ESP of the rs-
EPI without any further changes leads to longer TEs of
120 ms for the imaging echo and 150 ms for the navigator
echo, and the echo train duration (ETD) would then exceed
90 ms. Such a long TE reduces the signal intensity and
amplifies 7, shine-through. The effective TE referenced
above corresponds to the time point for the acquisition of
the central k-space line which, for the spin-echo-based EPI
sequences described below, is coincident with the center
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Table 1 Protocol settings used for in vivo experiments and phantom measurements for acoustic noise analysis

Protocol Field TR/TE  Partial- GRAPPA  Readout Averages ESP (ms) Band- TA (min) ATA (%) ASNR
strength  (ms) Fourier  factor segments b =0/b= width calculated
(@) factor 1000 s/mm? (Hz/px) [%]
human
tissue 7,
Protocol settings for data acquisition
ss-EPI 1.5 6800/89 6/8 2 - 3/3 0.98 1130 1:42 - -
rs-EPI 1.5 6000/69 8/8 2 5 172 0.38 1038 3:50 +125 +29
Quiet-DWI 1.5 5600/75 6/8 2 5 171 0.90 473 2:10 +27 +8
Quiet-DWI 1.5 4900/75 7/8 3 7 171 0.90 351 2:33 +50 —23
ss-EPI 3 6800/92 6/8 2 - 3/3 0.98 1130 1:42 - -
rs-EPI 3 5000/68 8/8 2 7 171 0.36 826 2:37 +54 +9
Quiet-DWI 3 5900/79 6/8 2 5 171 0.98 414 2:17 +34 +15
Quiet-DWI 3 5000/79 /8 3 7 171 0.98 318 2:37 +54 —19

All other parameters are provided in the text. The acquisition times (TA) given in the table include preparation dummy scans, autocalibration
data, and phase correction scans. The increase in measurement time (ATA) is relative to that for the standard ss-EPI protocol. The calculated

relative SNR (ASNR calculated) is the theoretical worst-case change compared to the standard ss-EPI protocol

of the spin echo. To optimize imaging, the following two
adaptions were considered:

e Application of partial-Fourier (PF) factors of 6/8 and
7/8 in the phase direction: 12.5-25 % of k-space lines
are skipped, reducing the SNR as a result of fewer total
acquired lines; the k-space center is acquired earlier,
thus providing a higher signal, depending on 7,.

e Increasing the GRAPPA acceleration factor from 2 to 3,
thus achieving faster coverage of k-space, which deter-
mines the amount of distortion and level of blurring due
to T,* decay, at the cost of SNR

The TE of the 2D navigator echo has less influence on
image quality, since its phase information is most relevant.

Protocol settings

The protocols were chosen from those provided by the ven-
dor. The adapted protocols for quiet-DWI where kept com-
parable. Table 1 summarizes the four protocols used at both
field strengths:

e Standard DW ss-EPI using a default protocol from the
vendor as it is used in clinical practice. The ESP and TE
chosen were as short as possible with respect to periph-
eral nerve stimulation constraints.

e Standard DW rs-EPI using a clinical default protocol
from the vendor. The minimum ESP and TE were cho-
sen, which was shorter than those in ss-EPI because of
the readout segmentation.

e Quiet-DWI sequence with PF factor 6/8 and GRAPPA
factor 2.
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e Quiet-DWI sequence with PF factor 7/8 and GRAPPA
factor 3. ESP and TE longer than those in rs-EPI were
chosen for the sake of acoustic noise reduction.

All protocols shared the following parameters: matrix
size 192 x 192; field of view (FOV) 230 x 230 mm?; pixel
size 1.2 x 1.2 mmz; slice thickness 4 mm at 3T, 5 mm at
1.5T; number of slices, 25; fat suppression prior to every
excitation. The b value for diffusion preparation was
1000 s/mm?. Diffusion preparation was applied for three
orthogonal directions [32]. The missing PF data were pro-
cessed using a POCS (projection onto convex sets) [33]
reconstruction algorithm. The autocalibration data scan was
acquired prior to the measurement with the same readout
module. Pre-scan normalization was performed as well as
weak k-space filtering. To obtain an estimate for the SNR
change in each sequence, the following equation was used:

PF - avg _TE
SNR ~ -eT T2, 1)
BW - g2 . GRAPPAgyc0r

where avg corresponds to the number of averages, g to the
g-factor penalty [31] and BW to the readout bandwidth. For
1.5T (3T), an average T, of 80 ms (75 ms) was assumed.
Additional gradient echo experiments with a volunteer
were performed to obtain g-factor values for GRAPPA fac-
tors 2 and 3 for the 3T scanner configuration. The relative
SNR

SNR

ASNR = (
SNRs—EPI

- 1> - 100 % )

with the highest measured g-factor compared to the ss-
EPI protocol is listed in Table 1. In vivo calculation of
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SNR is challenging, especially when multi-coil arrays and
advanced image reconstructions are used. The validity of
Eq. (1) was successfully evaluated in phantom experiments.

Acoustic noise measurements

Phantom experiments were performed to measure acous-
tic noise levels. A PULSE system (Briiel & Kjaer GmbH,
Bremen, Germany) with an integrated A-weighting to
mimic the sensitivity of the human ear was used to meas-
ure acoustic noise on the dB(A) scale. The microphone was
moved randomly for 30 s within the bore in front of the
head coil. From the temporal sound evolution, the average
acoustic noise level and standard deviation were calculated.

In additional phantom experiments, the acoustic noise
level dependence on the ESP was determined for the 1.5T
and 3T scanners while employing the quiet-DWI sequence
with GRAPPA factor 2.

The contributions of slice, phase-encoding, and readout
gradients to the total acoustic noise was investigated. As
such, the gradients on slice, phase-encoding, and readout
axes were selectively disabled for transverse image orienta-
tion. The acoustic noise level of seven different combina-
tions of readout, phase-encoding, and slice gradients was
measured for the two protocols rs-EPI and quiet-DWI with
GRAPPA factor 2 for the 3T scanner.

Sound recordings were taken for all four protocols for
the 3T scanner. For the recordings, the calibrated micro-
phone was placed on a small cushion in front of the bore
opening in the crosshairs positioning system. The sound
levels were saved unnormalized and clipped at a maxi-
mum of 110 dB(A) to allow for authentic and comparable
playback.

The temporal sound level evolution of the quiet-DWI
protocol with PF 6/8 and GRAPPA factor 2 was recorded
for the 3T scanner. The sound level evolution was matched
with the pulse sequence diagram to analyze the transitions
between phase-correction scans, b = 0 s/mm? scans, and
the three orthogonal gradient directions with b = 1000 s/
mm?,

In order to differentiate the acoustic noise reduction
of the diffusion preparation from the EPI readout, addi-
tional experiments were performed at 3T using the quiet-
DWI protocol with PF 6/8 and GRAPPA factor 2. First,
the maximum diffusion gradient slew rate was set to the
default value while a low-slew-rate readout with an ESP of
0.98 ms was performed. Second, the maximum diffusion
gradient slew rate was limited to 20 mT/m/ms while a fast
readout with ESP of 0.36 ms was performed. The acoustic
noise levels were measured and analyzed.

To investigate the impact of a sinusoidal compared to
trapezoidal readout as proposed by Schmitter et al. [22], the

ss-EPI sequence was modified for sinusoidal readout, and
phase-encoding gradients were deactivated to mimic a con-
stant gradient shape. The acoustic noise was measured and
compared to the trapezoidal ss-EPI sequence.

In vivo measurements

After obtaining written informed consent, in vivo scans
were performed on two healthy volunteers on the 1.5T
and 3T scanners. Images were acquired using the follow-
ing three DW sequences with the above-named protocols:
standard ss-EPI, standard rs-EPI, and prototype quiet-DWI.

Two scans were performed on one patient on the 1.5T
scanner after written informed consent was obtained.
For patient scans, only standard DW ss-EPI images and
quiet-DWI images with PF factor 6/8 and GRAPPA fac-
tor 2 were acquired. For patient data acquired with the ss-
EPI sequence, missing PF data was zero-filled rather than
reconstructed by POCS. The images were assessed by three
trained radiologists for diagnostic content, image noise and
artifacts.

Results
Acoustic noise measurements

The measured dependence of acoustic noise SPL on the
readout ESP is shown in Fig. 2. Measurements were not
performed for some ESP settings in order to avoid exci-
tation of major system resonance frequencies. For the
1.5T system, a plateau occurred beginning at an ESP of
0.90 ms. For the 3T system, a plateau began at an ESP of
0.98 ms.

The SPL values recorded during the phantom meas-
urements were as follows: The SPL of the DW ss-EPI
sequence was 96.1 = 0.8 dB(A) for the 1.5T system and
98.6 £ 0.8 dB(A) for the 3T system. The SPL of the
standard DW rs-EPI sequence was 100.7 + 0.7 dB(A) for
the 1.5T system and 101.6 £ 0.8 dB(A) for the 3T sys-
tem. The SPL of the quiet-DWI sequence with PF fac-
tor 6/8 and GRAPPA factor 2 was 80.7 £ 0.7 dB(A) for
the 1.5T system and 83.4 £ 0.7 dB(A) for the 3T sys-
tem. For the setting PF factor 7/8 and GRAPPA factor 3,
the SPL. was 79.9 £+ 1.1 dB(A) for the 1.5T system and
82.5 &+ 1.0 dB(A) for the 3T system. Acoustic noise reduc-
tion in terms of SPL was 19.1-21.7 dB(A) compared to the
standard rs-EPI. In terms of acoustic noise pressure, the
noise was reduced by a factor of 9.0-12.0. In comparison
to the standard ss-EPI, a reduction of 16.1-17.1 dB(A) was
achieved. In terms of acoustic noise pressure, the noise was
reduced by a factor of 6.4-7.2.
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Fig. 2 Dependence of acoustic noise level SPL on the ESP is shown
for a reasonable range of ESPs and the quiet-DWI sequence for the
1.5T and 3T system. Selected ESP values were 0.90 ms for 1.5T and
0.98 ms for 3T. The error bars originate from the standard deviation
of the temporal recording. For certain ESP values, resonance frequen-
cies are known, and therefore no measurements were performed.
These ESP values span 0.38 to 0.50 ms and 0.66 to 0.78 ms for 1.5T
and 0.40 to 0.50 ms and 0.78 to 0.94 ms for 3T

Table 2 Contribution of different gradients to the total acoustic noise
for the 3T scanner, measured at the opening of the bore

Readout axis Phase axis Slice axis Quiet-DWI rs-EPIL
GRAPPA2 [dB GRAPPA2

(A)] [dB(A)]

Contribution of different gradients to total acoustic noise
X X X 834 +£0.7 101.6 £ 0.8
X X 82.5+0.7 1014+14
X X 81.7£0.7 1025+ 14
X X 78.1 £0.7 86.1 £0.4
X 71.6 £0.3 78.6 £ 0.5
X 769 £ 1.1 855+£03
X 80.9 £ 0.8 101.9£1.2

For both sequences, the acoustic noise is dominated by the readout
axis and thus the EPI readout. The error originates from the standard
deviation of the temporal recording

The contribution of different gradient axes on the acous-
tic noise load is summarized in Table 2. For rs-EPI, acous-
tic noise is dominated by the readout gradient. Without
readout gradients, the acoustic noise drops by 15.5 dB(A);
switching off the phase-encoding gradients allows a reduc-
tion of another 7.6 dB(A). For the quiet-DWI sequence,
the acoustic noise is dominated by both the readout- and
phase-encoding gradients. Switching off the readout gra-
dient reduces the acoustic noise by 5.3 dB(A). Switching
off the phase-encoding gradient reduces the acoustic noise
by 1.7 dB(A). The slice-selection gradient exhibits a sound

@ Springer

pressure level of 71.6-78.6 dB(A) and plays the least sig-
nificant role in acoustic noise generation.

The sound recordings of all four protocols run on the
3T scanner are available in Online Resources 1-4. The
sound recording of the ss-EPI protocol can be accessed in
Online Resource 1, the rs-EPI protocol recording in Online
Resource 2, the recording of the quiet-EPI protocol with
GRAPPA factor 2 and PF 6/8 in Online Resource 3, and
the recording of the quiet-EPI protocol with GRAPPA fac-
tor 3 and PF 7/8 in Online Resource 4. The sound record-
ings allow the reader to get a better subjective impression of
the acoustic noise reduction and the tone of the sequences.
Detailed descriptions of changes in sound level and corre-
sponding sequence activity are presented in the “Appendix”.

The temporal sound-level waveform of the quiet-DWI
sequence with PF 6/8 and GRAPPA factor 2 showed minor
fluctuations. The SPL was reduced by up to 2 dB(A) during
phase-correction scans, where no blipped gradients were
present. During the subsequent GRAPPA reference scans,
phase-encoding blips were noticeable, albeit with reduced
intensity due to single-line blipping. During the b = 0
s/mm?” scan, and the three orthogonal diffusion directions
with b = 1000 s/mm?, a change in the tone of the sequence
(i.e. the subjective acoustic perception) was noticeable.
However, no significant variation was observed in terms of
SPL. The measured SPL for the protocol with only opti-
mized diffusion gradients was 99.6 dB(A). For the opposite
case, when only readout gradients were optimized, an SPL
of 90.0 dB(A) was measured.

The acoustic noise level of the ss-EPI sequence was
reduced from 98.6 to 93.9 dB(A) after switching from trap-
ezoidal to sinusoidal readout with disabled phase-encoding
gradients.

For SNR considerations, the spatially dependent g-factor
was determined as g = 1.13-1.81 for GRAPPA factor 2,
and g = 1.60-2.56 for GRAPPA factor 3. Hence, changing
the GRAPPA factor from 2 to 3 increased the “worst-case”
g-factor by 41 %. The estimated “worst-case”” SNR changes
compared to the ss-EPI protocol are added to Table 1. The
“worst-case” SNR change of —23 % obtained for the quiet-
DWI protocol with GRAPPA factor 3 is on the order of the
SNR of the ss-EPI protocol when only two averages are
applied.

In vivo measurements

Example images from healthy volunteers of an axial slice
at the level of the lateral ventricles on a 1.5T system are
shown in Fig. 3a—h. For the 3T system, example images
are shown in Fig. 3i-p. ADC maps and trace-weighted
images were also generated. Direct comparisons among
ss-EPI, standard rs-EPI, and quiet-DWI with two different
GRAPPA factors and PF factors are shown. Depending on
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Fig. 3 Direct comparison of DW ss-EPI DW rs-EPI quiet-DWI quiet-DWI
bral‘i“ images Of,twg héeﬁthyEPI PF 6/8 PF OFF PF 6/8 PF 7/8
volunteers acquired with ss-EPI,

s-EPL, and quiet-DWI (with PF GRAPPA 2 GRAPPA 2 GRAPPA 2 GRAPPA 3
6/8, GRAPPA factor 2 and PF 1.5T 96.1 dB(A) 100.7 dB(A) 80.7 dB(A) 79.9 dB(A)

7/8, GRAPPA factor 3) for both
1.5T and 3T field strengths.
ADC map (fop) and trace-
weighted (bottom) images are
shown. For 1.5T, the acoustic
noise levels are 96.1 dB(A) in
(a) and (e), 100.7 dB(A) in (b)
and (f), 80.7 dB(A) in (¢) and
(d), and 79.9 dB(A) in (g) and
(h). For 3T, the acoustic noise
levels are 98.6 dB(A) in (i) and
(m), 101.6 dB(A) in (j) and (n),
83.4 dB(A) in (k) and (I), and
82.5dB(A) in (0) and (p)

the protocol, different levels of geometric distortion next
to the frontal sinus can be noted. For both field strengths,
the standard DW rs-EPI images are superior to those of
the other methods in terms of image quality and amount of
artifacts. In comparison, the DW ss-EPI images suffer from
susceptibility artifacts. Geometric image distortions next
to the frontal sinus occur due to susceptibility differences
between air and tissue. Image blurring is less prominent at
1.5T than at 3T. The quiet-DWI images show various levels
of geometric image distortion due to susceptibility changes

next to the frontal sinus. These distortions are less promi-
nent than those in the ss-EPI images, but more marked than
those of the rs-EPI. The same applies to image blurring
of quiet-DWI images compared to the ss-EPI and rs-EPI
images.

Figure 4 shows data from a typical patient brain exami-
nation, with a direct comparison between ss-EPI and quiet-
DWI with PF factor 6/8 and GRAPPA factor 2 on a 1.5T
system. The patient was in follow-up treatment of a partial
middle cerebral artery infarction. The pathology is clearly

@ Springer



518

Magn Reson Mater Phy (2015) 28:511-521

DW ss-EPI quiet-DWI
PF 6/8, PF 6/8,

GRAPPA 2 GRAPPA 2
96.1 dB(A) 80.7 dB(A)

Fig. 4 Direct comparison of a patient’s brain images at 1.5T between
ss-EPI (a and ¢) and quiet-DWI (b and d) with PF 6/8 and GRAPPA
factor 2. Corresponding ADC map (fop) and trace-weighted (bottom)
images are shown. The acoustic noise levels were 96.1 dB(A) in (a)
and (¢), and 80.7 dB(A) in () and (d)

visible with both methods. In the trace-weighted images,
frontal tissue interfaces appear to demonstrate a higher
contrast with the quiet-DWI sequence.

Discussion

In general, an acoustic noise reduction in MRI sequences
can be achieved by reducing the sequence’s gradient slew
rates and amplitudes. In EPI, the maximum-gradient per-
formance is typically used, which generates high acoustic
noise levels. A pure reduction in the gradient slew rates and
amplitudes of the sequence will generate longer ETDs (e.g.
192 ms for an ESP of 2 ms). However, image quality in
terms of distortion and image blurring is directly associated
with the ETD.

In this work, we have proposed an acoustic-noise-
reduced DW imaging sequence based on a DW rs-EPI
sequence. In the new approach, an rs-EPI sequence is per-
formed with a longer ESP as necessary to reduce the need
for high gradient amplitudes and high slew rates, since the
k-space is segmented in readout direction. Different strate-
gies can be employed to maintain fast k-space coverage and
short TE at reduced acoustic noise levels in quiet-DWI:
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e Increasing the GRAPPA factor from 2 to 3 reduces the
total echo train length, albeit at the expense of lower
SNR, mainly due to g-factor effects.

e Increasing the PF factor reduces the total number of
echoes, but also at the expense of lower SNR.

e Increasing the number of readout segments reduces
gradient amplitudes, at the expense of increased meas-
urement time. However, in this case, the SNR is also
increased.

In quiet-DWI, the number of RF excitation pulses is
higher than in the ss-EPI sequence. A navigator echo
allows for phase corrections. However, in the case of non-
correctable motion, a reacquisition mode is possible. In
general, the advantage of reduced distortion in rs-EPI is
traded for acoustic noise reduction. The imaging param-
eters in quiet-DWI remain the same order of magnitude as
in the ss-EPI protocol, with the exception of the beneficial
shorter TE and lower readout bandwidth. The smaller read-
out bandwidth may cause undesired fat—water shift effects.
However, in all three sequences, fat saturation pulses are
applied prior to excitation to suppress unwanted contribu-
tions from fat. While the SPL drops for longer ESP, the
imaging parameters would exceed those of the ss-EPI pro-
tocol in terms of TE and ETD.

The measurement time of quiet-DWI increases by
27-54 % compared to ss-EPI, depending on the protocol
used. Hence, the proposed method is not to be recom-
mended for emergency-case applications. The minimum
required measurement time is determined by the number of
readout segments. A shorter measurement time may be fea-
sible if only three readout segments are used, but comes at
the cost of lower SNR.

Acoustic noise measurements

A recent study [34] showed that acoustic noise is highly
dependent on the subject and microphone location within
the scanner bore. For this reason, the microphone location
in this study was spatially averaged, which is less interpret-
able as the true exposure to the patients but it is less prone
to acoustic resonances within the bore. The averaged value
is believed to be a good acoustic noise-specific value. The
maximum deviation was 1.9 dB(A), which is acceptable
compared to the overall SPL levels.

In addition, the gradients with high amplitude are
switched more slowly, and scanner vibrations on the patient
table are notably reduced. This is particularly beneficial,
since systematic scanner vibrations have been found to
cause signal loss in partial-Fourier EPI readouts [35]. How-
ever, typical signal-loss artifacts were not observed in this
study. We would expect the 16-20 dB(A) reduction in SPL
to be considerably more comfortable for the patient, but a
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larger study would be necessary to fully characterize the
subjective changes in patient experience.

To determine the optimal ESP to be used in the
sequence, basic initial experiments were performed to char-
acterize the underlying hardware-dependent mechanisms.
As demonstrated, the acoustic noise level depends on the
frequency-dependent mechanical transfer function which
describes the transfer between sequence timing and result-
ing noise. However, in quiet-DWI, the required slew rates
and amplitudes decrease for longer ESPs. The system is
excited with less energy, and the frequency dependence of
the SPL on ESP decays. For an ESP of 0.36-0.90 ms, the
acoustic noise behavior is non-linear due to dependence
on resonance frequencies. Starting from an ESP of 0.92-
0.94 ms, the acoustic noise level decays linearly, since the
frequency of the EPI readout gradients is of minor impor-
tance compared to the slew rate of the EPI readout gradi-
ents. For ESP longer than 1.0 ms, the SPL remains almost
constant, as non-readout gradients start to dominate the
acoustic noise level. A further reduction in the slew rate
of all gradients may lead to a further reduction of acous-
tic noise, but would require a longer TE. Reasonable ESP
values corresponding to the scanner frequencies with fewer
resonances were chosen as a tradeoff. Hence, it must be
determined once for every gradient system and bore type.
A reasonable ESP of 0.9 ms for 1.5T and 0.98 ms for 3T
was found for the two MR systems tested. Different values
in the same order of magnitude would be expected for other
systems.

The feasibility of DW rs-EPI has been shown for 7T DW
imaging [36]. However, because of reduced T, and 7,%,
shorter TEs are typically used compared to those for 3T.
For 7T, the ESP of quiet-DWI might be similar to the ESP
of an ss-EPI at 7T in order to match an equal TE. Since
gradient moments are reduced substantially due to the read-
out segmentation, the quiet-DWI approach should allow for
a reduction in acoustic noise compared to ss-EPI and rs-
EPI. However, the image quality would be on the level of
an ss-EPI sequence.

Applying the quiet rs-EPI sequence for the purpose of
blood-oxygen-level dependent (BOLD) fMRI with reduced
acoustic noise would be an interesting application. How-
ever, the application of this multi-shot technique to BOLD
fMRI may require changes in acquisition and/or reconstruc-
tion strategies, since BOLD fMRI is usually performed in a
single-shot mode with high temporal resolution.

The impact of sinusoidal readout gradient shape on the
acoustic noise level was measurable. The maximal ampli-
tudes and slew rates remained on the same order of mag-
nitude as on the trapezoidal readout. However, the effect
of 4.7 dB(A) was limited in comparison to the proposed
method. This can be explained by the required high gra-
dient moments during the EPI readout. In addition, high

readout amplitudes such as 30 mT/m occur during read-
out and may cause peripheral nervous system stimulation.
However, the sinusoidal readout gradient shape may be
more efficient for smaller matrix sizes. Image reconstruc-
tion may be challenging for constant phase-encoding gradi-
ents in combination with GRAPPA.

An analysis of the contribution of each gradient axis
to the acoustic noise level of the rs-EPI and quiet-DWI
sequence was performed. The main contribution originated
from the readout gradient, which was confirmed by the sec-
ond measurement, where no noticeable difference in SPL
was noted between b = 0 s/mm? scans and b = 1000 s/mm?>
scans. In all three » = 1000 s/mm? scans, all three logical
gradient directions are run simultaneously, and therefore
the deviation in SPL is relatively low, since all gradients
are employed during all three diffusion direction scans. The
loud EPI readout was successfully addressed in quiet-DWI
by increasing the ESP. Measurements with GRAPPA fac-
tor 2 were up to 0.9 dB(A) louder than those with GRAPPA
factor 3, which was due to the higher number of noise-gen-
erating EPI echoes in GRAPPA factor 2 imaging. As shown
in the subsequent experiments, the second-loudest contri-
bution originated from the diffusion-preparation gradients,
which could be addressed by reducing the slew rate. In addi-
tion, the acoustic noise contribution of the phase-encoding
gradient could be reduced to less than 80 dB(A). The slice
selection gradients could benefit from gradient shape opti-
mization. Overall, the experiments showed that acoustic
noise reduction requires simultaneous optimization of both
the diffusion-preparation gradients and EPI readout.

In vivo measurements

Both in vivo volunteer experiments and patient measure-
ments were performed to test and compare the quiet-DWI
sequence with standard clinical sequences. Images of
healthy volunteers acquired with the proposed DWI meth-
ods are shown in Fig. 3. The images were assessed by three
trained radiologists. All acquired images provided identical
diagnostic information and sufficient image quality. Image
quality should be evaluated in further clinical studies.

Conclusions

Diffusion-weighted imaging with an EPI readout typi-
cally exposes patients to high acoustic noise. This paper
describes a software-based method for significantly reduc-
ing acoustic noise in DWI without the need for hardware
modification. For this purpose, the maximum gradient
slew rates of a DW rs-EPI sequence were reduced by over
82 %. The image quality was addressed in healthy volun-
teer and patient measurements at 1.5T and 3T, and were
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maintained at the level of a standard ss-EPI while requir-
ing an increase of 27-54 % in scan time. The results shown
here were achieved at around 79-83 dB(A). A significant
acoustic noise reduction of 84-92 % in sound pressure was
achieved. This corresponds to a twofold to fourfold reduc-
tion in acoustic perception. In conclusion, DW EPI meas-
urements were successfully performed with a reduction in
acoustic noise levels.
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Appendix

The scans in the OR have the following temporal sequence
activity:

OR1 (ss-EPI): dummy scans (1-14 s), ACS scans (14—
20 s), interleaved averages of b = 0 s/mm? scans and three
b = 1000 s/mm? scans (20-102 s).

OR2 (rs-EPI) and OR4 (quiet-DWI GRAPPA factor 3)
are conceptually identical: dummy scans (1-5 s), phase-
correction scans (5-10 s), ACS scans (10-15s), b = 0 s/
mm? scans (15-50 s) and three » = 1000 s/mm? scans (50—
85s,85-120's, 120155 s).

OR3 (quiet-DWI GRAPPA factor 2): dummy scans
(1-6 s), phase-correction scans (6—12 s), ACS scans (12—
18 s), b = 0 s/mm? scans (18-48 s) and three b = 1000 s/
mm? scans (48-76 s, 76-106 s, 106136 s).
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