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Abstract
Purpose: Driven by the Lorentz force, acoustic noise may arguably be the next
physiological challenge associated with ultra-high field MRI scanners and pow-
erful gradient coils. This work consisted of isolating and mitigating the main
sound pathway in the NexGen 7 T scanner equipped with the investigational
Impulse head gradient coil.
Methods: Sound pressure level (SPL) measurements were performed with and
without the RF coil to assess its acoustic impact. Vibration measurements were
carried out on the gradient coil, the RF coil, and on the patient table to distin-
guish the different vibration mechanisms and pathways. Vibrations of the RF
coil were modified by either making contact with the patient bore liner with
padding material or by changing directly the RF shield with phosphor bronze
mesh material.
Results: SPL and vibration measurements demonstrated that eddy-currents
induced in the RF shield were the primary cause of acoustic noise. Replacing the
conventional solid copper shield with phosphor bronze mesh material altered
the vibrations of the RF shield and decreased SPL by 6 to 8 dB at the highest fre-
quencies in EPI, depending on the gradient axis, while boosting the transmit B1

+

field by 15%. Padding led to slightly less sound reduction on the X and Z gradient
axes, but with minimal impact for the Y axis.
Conclusion: This study demonstrates the potential importance of eddy-current
induced vibrations in the RF coil in terms of acoustic noise and opens new
horizons for mitigation measures.

K E Y W O R D

acoustic noise eddy-currents RF shield vibrations

1 INTRODUCTION

The quest for higher spatio-temporal resolutions in MRI
has been a driving force for the development of more
powerful magnets1,2 and gradient coils.3–5 After major

engineering efforts and achievements, one fundamental
obstacle remains physiological. In this context, the abil-
ity to reduce peripheral nerve stimulation (PNS) using
head-only gradient coils without covering the thorax and
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heart pushes further the limits of MR capabilities.5 Acous-
tic noise yet remains inevitable and is driven by vibra-
tions induced by the Lorentz force (i.e. the product of
current times the main magnetic field B0). Despite encour-
aging results regarding vibrations or sound pressure levels
(SPLs) versus field strength,1,6 fdue to increased damp-
ening effects7 or other gradient-magnet interactions,8
acoustic noise in general increases with gradient strength
and slew rate as well as magnetic field strengths and
requires hearing protection combined with careful engi-
neering at the design stage to remain under the regulatory
limits. Modeling based on finite elements or statistical
energy analysis tools9,10 can aid scanner design, but can
also be difficult given the multi-physical aspects of the
problem involving vibrations, acoustics, and electromag-
netism. Practical mitigation measures, besides the usual
hearing protection, include foam rings around the patient
bore liner for sound attenuation, active noise control,11,12

mechanical isolation or decoupling,13 sequence adjust-
ments,14–16 and special gradient inserts.17 Strong acoustic
noise levels can interfere with the stimulation paradigm
of an fMRI experiment, lead to subject’s discomfort or, in
the worst case, to hearing loss.18 In Feinberg et al.,5 levels
of 131 dBA were reported when running an EPI sequence
at an echo-spacing (ES) of 0.56 ms. With the 33 dB atten-
uation commonly provided by earplugs, users now graze
the 99 dBA regulatory threshold19 and can push the ES no
further without mitigating the acoustic noise.

Acoustic noise in MRI is often believed to originate
mostly from the vibrations of the gradient coil.11,20 The
strong switching of currents within the gradient tube are
immersed in a magnetic field and undergo Lorentz forces
that grow linearly with field and current.8 When hitting
the mechanical resonances of the gradient tube, larger dis-
placements and accelerations occur generating stronger
sound pressure waves. Sound from the gradient vibration
can then propagate toward the patient’s ear by different
transmission pathways10 such as via air to the patient
bore liner and the RF coil, which can radiate sound,
or via mechanical transmission to the cryostat, patient
bore liner, table, and RF coil, themselves emitting sound.
Although identified in Edelstein et al.,10 the influence of
vibrations induced by the oscillating eddy-currents in the
cryostat and in the shield of the RF coil are often over-
looked.6,11 Perception of sound is logarithmic, as measured
in dB, making it crucial to isolate the dominating source to
reduce the sound level, otherwise secondary noise contri-
butions are masked.10

This work reports the investigation and mitigation of
the primary acoustic noise pathway in the NexGen 7 T
scanner equipped with the investigational Impulse gra-
dient coil developed by Siemens Healthineers (Siemens
Healthcare). The study is largely driven by acoustic and

vibration measurements that ultimately converge toward
eddy-current–induced vibrations in the shield of the RF
coil. Based on these observations, two different methods
to reduce them were investigated. The first method is
mechanical and consists of coupling the fiberglass former
of the RF coil with the patient bore liner to attempt con-
straining its vibrations. The second method is electromag-
netic and aims at reducing directly the eddy-currents in
the shield of the RF coil, thereby minimizing its vibrations,
while maintaining good RF shielding properties.

2 METHODS

Measurements were performed on the NexGen 7 T Terra
scanner with the investigational Siemens Impulse head
gradient coil (maximum gradient strength and slew rate of
200 mT/m and 900 mT/m/ms, respectively). Other char-
acteristics for the gradient coil include: weight= 1060 kg,
length= 1.19 m, inner diameter= 44 cm, outer diame-
ter= 81 cm, inductance= 315/383/315 (X/Y/Z) μH and DC
resistance= 55/59/48 (X/Y/Z) mΩ.5 Vibration measure-
ments were performed with five mono-axial accelerome-
ters (4507-C) connected to a dedicated front-end and soft-
ware (Bruël and Kjaer). Gradient frequency sweeps were
performed with chirp pulses separately for each gradient
axis for 2 min over the 0 to 3.2 kHz interval and at 5 mT/m.
Accelerations were measured in real-time and transfer
function spectra were computed with Fourier analysis.
SPL measurements were performed either at fixed EPI
ES or frequencies using an optical probe (Optoacoustics)
or with a condenser 4188–1-021 microphone (Bruël and
Kjaer), depending on the availability of the equipment, for
the same frequency sweeps as for the vibrations and com-
bined with Fourier analysis. During a ramp down of the
magnet, a gradient sweep along each axis was performed
at 0 T (i.e., with no vibrations) with the microphone to
verify negligible signal leakage because of the electromag-
netic field generated by the currents running through the
gradient coil. Background acoustic noise (mostly from the
cold heads) was recorded at∼70 dB for frequencies smaller
than 200 Hz. Above this frequency, background sound lev-
els were ∼40 dB. The acoustic probe was taped at the ear
locations of an anthropomorphic phantom (weight= 8 kg)
(Figure 1A).21

2.1 Isolating the primary noise pathway

Given some preliminary measurements, and consistently
with Edelstein et al.,10 the SPL was measured with and
without the main RF coil used in the lab. It is an 8Tx-64Rx
RF coil (MR CoilTech) whose specifications can be found

 15222594, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

rm
.30211 by C

ochrane Poland, W
iley O

nline L
ibrary on [19/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BOULANT et al. 3

F I G U R E 1 Experimental
setup. (A) Acoustic noise
microphone sensor attached to
the right ear of an
anthropomorphic head
phantom. (B) Photograph of the
reference double layered RF
shield realized using flexible
PCB. There are a total of 34
longitudinal strips of width
32 mm each. (C) Photograph of
the phosphor bronze mesh
(PBM) shield with 16 strips.
The adjacent strips are bridged
with 1000 pF capacitors.

(A)

(B) (C)

in Feinberg et al.5 The reference RF shield was a con-
ventional two-layered design consisting of 34 longitudinal
strips in each layer with a strip width of 32 mm and cop-
per thickness of 18 μm (Figure 1B). After establishing the
importance of the presence of the RF coil in generating the
acoustic noise, further measurements targeted the identifi-
cation of the main sound transmission pathway: mechan-
ical transmission from the gradient coil to the patient
table and RF coil or vibrations induced by eddy-currents
in the shield of the RF coil. Vibration measurements on
the gradient coil (for the three gradient axes, accelerations
measured along the X and Y directions on the back flange),
on the RF coil, and on the patient table were performed to
visualize potential similarities with the SPL spectra. To dis-
criminate between the two scenarios and isolate the most
likely sound pathway, mechanical coupling between the
RF coil and the table was modified using either a soft foam
pad (used by default in the laboratory), with Sylodyn (Get-
zner) pads of medium softness and hard wooden wedges.
Invariance of the vibration results between these three dif-
ferent conditions would suggest that mechanical coupling
is not responsible for the acoustic noise, but that vibrations
induced in the RF coil by eddy-currents would most likely
be the primary cause.

2.2 Mitigating the acoustic noise
problem

After confirming that the primary pathway of acoustic
noise originates from eddy-current induced vibrations of
the RF coil, two mitigation strategies were investigated.
First, sponge seal materials (M-D Building Products) were
taped around the circumference of the fiberglass RF coil
to contact with the patient bore liner (inner diameter of

39 cm) and constrain its vibrations. SPL measurements
were then performed at both ear locations on an adult
volunteer (male, 82 kg) who provided informed consent,
with and without the padding material. The measure-
ments were carried out with EPI sequences with ES at 0.56,
0.61, 0.66, 0.71, 0.76, 0.81, 0.96, and 1.01 ms on all gradient
axes separately with an amplitude of 86 mT/m to match
the high-resolution fMRI scans in Feinberg et al.5 The 0.81
to 0.96 ms interval was skipped following Siemens instruc-
tions because of mechanical resonances that could damage
the gradient coil.

The second strategy consisted of reducing vibrations
of the RF shield by changing its material. For that pur-
pose, we tried the phosphor bronze mesh (PBM) material.
It was reported in Lee et al.22 that such material could pos-
sess valuable properties that reduce eddy-currents while
protecting electronic equipment in PET-MRI. Its shield-
ing properties were also investigated in Weyers et al.23

The PBM shield, therefore, consisted of 380 mesh count
per inch (Shandong Xingying Technology) and was seg-
mented into 16 longitudinal strips with a 2 mm gap. The
adjacent strips were bridged together with 1000 pF capac-
itors to make the shield continuous for the RF field (see
Figure 1C). The SPL spectra were measured on the head
phantom with the reference and the PBM shields with seg-
mentation. They were complemented with EPI measure-
ments for further confirmation and to provide effective
SPLs for useful MR sequences. The sound measurements
with EPI pulse sequences were first performed with no
segmentation (slits) on the PBM shield. To verify that
reduction of acoustic noise with the PBM shield with
segmentation was not at the detriment of the B1

+ field
efficiency, individual transmit field maps were measured
on a 15.6 cm diameter spherical agar saline gel phantom
using a turbo-FLASH sequence at 5 mm resolution and
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4 BOULANT et al.

the circular polarization (CP) mode was reconstructed.
Unless specified explicitly, all experimental results with
PBM presented in the manuscript (SPL, B1

+ field) are with
segmentation of the shield (16 longitudinal strips bridged
by capacitors).

3 RESULTS

Figure 2 reports the SPL measurements with and without
the 8Tx-64Rx RF coil with initial solid copper shield (top
row). The bottom row shows for the three gradient axes
the vibration spectra measured on the gradient coil in rela-
tion to the SPL, both in linear scale. Although some peaks

sometimes coincide (e.g., at 1900 Hz on the Y axis) the cor-
respondence between the two is poor. One can see also a
trend of acoustic noise level growing with frequency in the
presence of the RF coil, which is not consistent with the
acceleration spectrum of the gradient coil, but consistent
with eddy-currents (Faraday’s law).22

Figure 3 reports the accelerations measured for the
three gradient axes and five accelerometers located on the
RF coil with the solid shield. Here, the vibrations of the
RF coil show more similarities with the SPL spectra of
Figure 2 (bottom row) with higher amplitude trend versus
frequency.

Figure 4 shows the vibration results of the patient
table, with and without the RF coil, together with a

(A) (B) (C)

(D) (E) (F)

F I G U R E 2 Continuous wave sound pressure level measurements at 5 mT/m with and without the RF coil. Sound pressure levels
(SPLs) are shown for the three axes versus frequency (A–C) in log scale (20 μPa reference) (same color coding). The SPL with the RF coil is
displayed again in (D–F) in linear scale and is aligned with measured acceleration spectra of the gradient coil (G= 1 mT/m), showing poor
correspondence.

(A) (B) (C) (D)

F I G U R E 3 RF coil vibration measurements for G= 5 mT/m. The acceleration spectra are shown in (A–C) for the three gradient axes
respectively along with a drawing and picture showing the placement of the accelerometers. The sensors are labeled 1–5 and correspond to
the placement shown in (D).
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BOULANT et al. 5

(A) (B) (C) (G)

(D) (E) (F)

F I G U R E 4 Table vibration measurements with and without the RF coil. The acceleration spectra are shown in linear scale at gradient
strength of 5 mT/m in (A–C) for the three gradient axes, respectively, with the RF coil and (D–F) without. The sensors are labeled 1–5 with
their respective placements shown in (G).

photograph illustrating accelerometer placement. The
spectra with versus without the RF coil are plotted on the
same scale to highlight the differences. In the absence
of the RF coil, the patient table vibrates much less. Yet,
this still does not completely prove that the table does not
drive the motion of the RF coil by mechanical coupling,
a small oscillating force being able to generate large vibra-
tions through resonance. With the RF coil, the vibration
spectra of the patient table again show some similarities
with the ones acquired on the RF coil (Figure 3).

Figure 5 shows the RF coil vibration measurement
results for the five sensors located on the RF coil with the
solid shield (placement shown in Figure 3D) when sweep-
ing along the X gradient axis at 5 mT/m for the three
support materials tested: gray soft foam pad, green Sylo-
dyn pads, and wooden wedges (shown in Figure 5F). The
vibration spectra barely changed with the configurations,
suggesting that the mechanical coupling between the table
and the RF coil was not the leading factor for most of the
RF coil vibrations. One exception was observed for sensor
3. It was later found that the sensor in these experiments
could make contact with the patient bore liner, depend-
ing on the material thickness. These data led to the idea
of altering RF coil vibrations using padding materials to
establish contact with the bore liner.

Following this observation, strips of sponge material
were placed on the outside of the RF coil fiberglass for-
mer. The thickness was varied iteratively until reasonably

firm contact with the patient bore liner could be estab-
lished. A picture of the setup is shown in Figure 6 together
with the SPL measurements for EPI sequences at differ-
ent ES. Despite a few ES where the SPL was worse with
the padding (by 2 dB at the most, e.g., Y axis, right ear,
ES= 0.96 ms), there was a consistent sound level reduc-
tion with the sponge materials at both ear locations,
especially for the X and Z axes, reaching up to 10 dB at
the shortest ES of 0.56 ms. The effect appears smaller at
longer ES (i.e., lower frequencies), which is consistent
with eddy-currents decreasing with decreasing frequency,
thereby allowing the contribution of other acoustic noise
sources.

Figure 7 reports the acoustic noise spectra measured
with the head phantom with frequency sweeps on the
three different gradient axes at amplitude of 5 mT/m with
no RF coil, with the RF coil but no RF shield, the mod-
ified shield made of segmented PBM material, and with
the reference solid RF shield. The results illustrate the
improvements made with the PBM shield compared to the
solid shield configuration. Interestingly, the sound levels
with the PBM shield in fact are comparable to the no shield
configuration, but still higher than with no RF coil at
all, indicating potential remaining vibrations of other ele-
ments inside the RF coil structure or acoustic resonances
induced by the RF coil.

These data are consistent with further EPI measure-
ments showing substantial sound reduction of SPL with
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6 BOULANT et al.

(A) (B) (C)

(D) (E) (F)

F I G U R E 5 RF coil
vibration measurements with
different support materials. The
sensors are labeled 1–5 and
correspond to subplots (A–E),
whereas the support materials
are shown in (F).

(A) (B)

F I G U R E 6 Sound pressure levels (SPLs) obtained in vivo with the padding approach and RF coil with solid copper shield. The SPLs are
shown for the three different gradient axes (left to right) for the left (top) and right (bottom) ear locations in (A). The setup is illustrated in
(B). The 0.56, 0.61, 0.66, 0.71, 0.76, 0.81, 0.96, and 1.01 ms echo-spacings (ES) correspond respectively to 893 (2679), 820 (2459), 758 (2273),
704 (2113), 658 (1974), 617 (1852), 521 (1563), and 495 (1485) Hz for the main (third harmonic) frequency of the EPI echo train.

the RF shield made of PBM, reaching up to 9 dB (Figure 8).
One data point remains (i.e., on the Y axis at ES= 0.61 ms
at the right ear location) where the PBM made it worse.
The gain was otherwise systematic. Table 1 summa-
rizes the gains made with the PBM shield for different

ES. Sound level measurements for EPI with PBM, but
with no segmentation (no slits) revealed worse perfor-
mance (Figure S1 in Supporting Information) than for
the standard shield, indicating still the importance of this
feature.
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BOULANT et al. 7

(A) (B) (C)

F I G U R E 7 Sound pressure level spectra measured on an anthropomorphic phantom (average of responses at right and left ear
locations) for the three gradient coil axes. Measurements are shown for G= 5mT/m (R1.13) and for the following configurations: no RF coil,
RF coil with no shield, RF coil with segmented phosphor bronze mesh (PBM) shield, and RF coil with conventional solid shield.

F I G U R E 8 Sound pressure levels (SPLs) measured at the two ear locations of an anthropomorphic head phantom for EPI versus
echo-spacings (ES), for the standard shield versus the segmented phosphor bronze mesh (PBM) shield. The SPLs are shown for the three
different gradient axes (left to right) for the left (top) and right (bottom) ear locations. The 0.56, 0.61, 0.66, 0.71, 0.76, 0.81, 0.96, and 1.01 ms
ES correspond respectively to 893 (2679), 820 (2459), 758 (2273), 704 (2113), 658 (1974), 617 (1852), 521 (1563), and 495 (1485) Hz for the
main (third harmonic) frequency of the EPI train.

Finally, Figure 9 reports the CP mode reconstructed
from the B1

+ field map measurements, showing an
increase in transmit field efficiency of 15% when using the
PBM versus the reference shield.

4 DISCUSSION

To enhance the B1
+ field while reducing eddy-currents,

the RF shield must be quasi-continuous for RF fields
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8 BOULANT et al.

T A B L E 1 Acoustic noise reduction with PBM versus solid copper shield.

Axis\ES (ms) 0.56 0.61 0.66 0.71 0.76 0.81 0.96 1.01

X 6.25 3.5 3.75 1 2 3.5 2.9 5.2

Y 0.85 1.6 1 2.5 6 3 0.5 2

Z 8.35 4.5 7.3 3.5 6 5.25 5.5 6

Note: Results are provided in dB for EPI versus ES for the different gradient axes. Results were calculated as the average of the values at the left and right ear
locations on the anthropomorphic phantom. A positive value represents a SPL reduction when using the PBM shield (still with segmentation) versus the solid
copper shield.
Abbreviations: ES, echo spacing; PBM, phosphor bronze mesh; SPL, sound pressure level.

F I G U R E 9 B1
+ map field distributions in CP mode (axial

view) on a spherical agar gel phantom. Left: reference solid shield.
Right: segmented phosphor bronze mesh (PBM). Volts here are
defined per transmit channel.

and discontinuous at kHz frequencies to disturb the
eddy-currents induced by gradient activity.23 A contin-
uous solid copper sheet has attractive properties for the
former, but must, therefore, include slits to reduce eddy
current loops.22,23 Adjacent strips are then connected with
capacitors to re-establish continuity at RF frequencies.
Reducing the eddy-currents with the PBM material22 led
to less vibrations in the RF coil and, therefore, SPL. In our
setup, the nature of the PBM allowed reducing the number
of slits compared to the reference solid copper shield and
thereby increased the shielding performance, which could
be confirmed by an increased transmit field efficiency
of 15%. Figure S1 indicates that slits remained necessary
for more acoustic performance. Given the improvements
shown in Figure 7 with the PBM shield in terms of acous-
tic noise and the fact that the results with the PBM shield
are somewhat similar to when there is no RF shield at all,
it is not clear if much more acoustic performance could
be obtained with further shield modifications, although
stainless steel could be another material candidate.23 How-
ever, given the remaining acoustic gap with the no RF coil
scenario, there is still room for improvement considering
other components in the RF coil possibly vibrating and/or
acoustic resonances induced by the coil geometry. These
measurements establish that, in addition to the RF shield,
the structure of the RF coil itself plays a role in increasing
the acoustic noise. It is important to note that the 8Tx-64Rx
RF coil used in this study has a sliding mechanism to

easily position the subject in the coil. This means that the
coil structure incorporated two movable assemblies—the
anterior half of the receive array and the transmit array.
In such designs, only the front and rear end of the coil
structure are mechanically coupled to the patient table,
whereas in RF coils without the sliding mechanism, the
entire coil body can be one single piece and is sitting
on the patient table, allowing possibly fewer degrees of
freedom to vibrate.

As motivated here, padding on the RF coil could be
combined with the PBM material to further attenuate
sound. This was not attempted because a more long-term
and elegant solution was sought, given the sponge seals
partially wore off each time the RF coil was moved in the
scanner. With the woven nature of the PBM material taken
together with the slit arrangement in our final setup, SPL
measurements revealed a substantial drop by up to 8 dB at
some EPI ES (Table 1). This is due mostly to the reduction
of the high frequency sound response (Figure 7) in concert
with a reduction of eddy-currents in the shield of the RF
coil. At lower frequencies, other sound transmission path-
ways may dominate and the modifications of the shield in
our case may not make any difference. Gradient amplitude
and slew rate limits, recruitment of axes and their respec-
tive spectra and duty-cycles are unique to different MRI
sequences. Therefore, it is difficult to draw general conclu-
sions with respect to regulatory acoustic limits based on
the acoustic transfer function alone (Figure 7). Therefore,
it remains advised to perform net acoustic measurements
for every RF coil and protocol to ensure it meets regulatory
standards.

Given the interplay between magnet design, gradient
coil mechanical resonance modes, the gradient stray field,
and the RF coil, it would be premature to extrapolate our
results to other setups. Yet, eddy-current induced noise
in the inner bore of the cryostat and in an RF body coil
were found to be some of the main acoustic noise sources
in a 1.5 T GE scanner.10 For a similar scanner design,
the relative dominance of different noise sources in any
case should not depend on the B0 field as they should
all scale similarly (Lorentz forces). In head-only scanners,
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BOULANT et al. 9

with easy access to the RF head coil, users should perform
SPL measurements with and without its presence to con-
firm its impact and possibly investigate similar mitigation
measures.

5 CONCLUSION

We identified with SPL and vibration measurements the
primary pathway of acoustic noise in the NexGen 7 T scan-
ner that incorporates a high performance head gradient
coil. After determining the impact of eddy-current induced
vibrations in the shield of the RF coil, we altered its vibra-
tions either by introducing padding material or by modify-
ing the shield of the RF coil, reducing acoustic noise by up
to 10 dB. The results pave the way for future improvements
to further push MR investigations at higher field and with
more powerful gradient coils.
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SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

Figure S1. Sound pressure levels in EPI for different read-
out axes and versus ES, with the reference RF shield and
with the PBM shield but with no segmentation (no slits).
Results are available for the right ear location only. The

absence of slits in the PBM shield yielded higher sound
pressure levels.

How to cite this article: Boulant N, Ma S,
Walker E, et al. Acoustic noise reduction in the
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