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Abstract

Purpose—To investigate the feasibility of substantially reducing acoustic noise, while
performing diffusion tensor imaging (DTI) on a compact 3T (C3T) MRI scanner equipped with a
42-cm inner diameter asymmetric gradient.

Methods—A-weighted acoustic measurements were made using 10 mT/m-amplitude sinusoidal
waveforms, corresponding to echo-planar imaging (EPI) echo spacing of 0.25-5.0 ms, on a
conventional, whole-body 3T MRI and on the C3T. Acoustic measurements of DTI with
trapezoidal EP1 waveforms then were made at peak gradient performance on the C3T (80 mT/m
amplitude, 700 T/m/s slew rate) and at derated performance (33 mT/m, 10-50 T/m/s) for acoustic
noise reduction. DTI was acquired in two different phantoms and in seven human subjects, with
and without gradient-derating corresponding to multi- and single-shot acquisitions, respectively.

Results—Sinusoidal waveforms on the C3T were quieter by 8.5-15.6 dBA on average as
compared to the whole-body MRI. The derated multi-shot DTI acquisition noise level was only
8.7 dBA (at 13 T/m/s slew rate) above ambient, and was quieter than non-derated, single-shot DTI
by 22.3 dBA,; the scan time was however, almost quadrupled. While derating resulted in negligible
diffusivity differences in the phantoms, small biases in diffusivity measurements were observed in
human subjects (ADC = +9.3+8.8%, FA = +3.2+11.2%, RD = +9.4+16.8%, PD = +10.3+8.4%).

Conclusion—The feasibility of achieving reduced acoustic noise levels with whole-brain DTI on
the C3T MRI was demonstrated.
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INTRODUCTION

Acoustic noise in MRI impacts patient and operator safety of MRI, and is one of the four
main categories considered by the U.S. Food and Drug Administration (FDA) when
considering the significant risk of clinical MR systems. Acoustic noise results from Lorentz
forces between the main magnetic field and conductors carrying time-varying electric
current in the gradient system. This interaction causes vibrations that generate sound
pressure waves [1-2] that could be harmful if not controlled or mitigated. For /n vivo human
MR, regulatory bodies such as the FDA mandate acoustic noise limits for non-significant
risk operation (A-weighted root mean square sound pressure levels less than or equal to 99
dBA with hearing protection in place, and less than or equal to 140 dB peak, unweighted
sound pressure level). Even with hearing protection in place, acoustic noise is a major source
of patient discomfort that increases with field strength [3], affecting both adult and pediatric
populations especially at 3T and above [4]. Furthermore, acoustic noise from the gradients
impedes communication between the patient and the scan operator [5]. Acoustic noise is
potentially a major confound in some brain imaging, and in particular has been shown to
influence results of functional MRI studies [6-7]. In addition, quiet or silent MRI has
distinct advantages when studying pediatric populations, especially for assessing brain
function or brain development.

Brain MRI frequently employs echo-planar imaging (EPI) readout, which can benefit from
acoustic noise reduction. EPI typically employs a train of trapezoidal readouts with short
echo spacing. Data are acquired at high readout bandwidth (+125-250 kHz), and EPI
readouts tend to have higher acoustic noise than their counterparts in standard imaging [8-
9]. Fast gradient switching and high gradient amplitudes, characteristic of EPI, are primary
reasons for the high level of acoustic noise in functional MRI (fMRI), and also in diffusion
imaging of the brain.

Several countermeasures have been proposed to reduce acoustic noise. In addition to the use
of hearing protection and noise-cancellation earphones, software-based noise reduction
approaches have been proposed. Zero-echo-time pulse sequences employing three-
dimensional radial k-space trajectories and high-bandwidth [10-11] or frequency-swept [12]
RF excitation employ gently-stepped, rather than rapidly switched gradients, and so are
virtually silent. However, these sequences intrinsically yield proton-density contrast [11] and
generally require relatively fast RF switching. Another strategy is to replace trapezoidal
gradient waveforms during MRI with sinusoidal waveforms [13-16]. Those ‘silent’
approaches effectively attenuate higher-frequency components of the acoustic noise
spectrum. They also apply a degree of gradient derating that result in longer gradient rise
time (i.e., reduced slew rate) in conjunction with lower readout bandwidth, which result in
reduced readout gradient amplitudes, in turn reducing the Lorentz forces. Robust noise
reduction has been demonstrated at 1.5-4T MRI with gradient-echo [13-14, 17], fast spin
echo/turbo spin echo [13-14, 18], and even multi-echo, gradient-echo readouts [19].
Applying the same techniques in EPI, however, has proved to be more challenging, because
it is louder to begin with, and because derating inevitably further reduces the phase-encoding
bandwidth, aggravating the severe image distortion [20]. A notable attempt to reduce
acoustic noise in diffusion-weighted EPI utilized a combination of sinusoidal waveforms,
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gradient derating, and readout-segmented multi-shot EPI. While this achieved a promising
19.1-21.7 dBA noise reduction in whole-body MRI scanners at both 1.5T and 3T [21], when
tested in a clinical imaging protocol at 1.5T, it only achieved a more modest 10.3 dBA
reduction [22]. Another attempt at reducing acoustic noise in gradient-echo EPI for fMRI
combined constant phase-encoding with sinusoidal EPI with a reported 20 dB (unweighted)
noise reduction, using specific frequency troughs in the frequency response function in order
to demonstrate this extent of improvement [23].

While many gradient hardware-based acoustic reduction methods have also been proposed,
only a few methods have been implemented in conventional, clinical MRI scanners,
including mechanical isolation, acoustic foam, acoustic barriers, and force-balancing [24—
25]. Other methods include utilizing torque-balancing [26], vacuum enclosures [27], and
active feedback for vibration control [28]. Interestingly, smaller gradient coil inserts, for
brain-imaging in particular [29-30], generally have quite different acoustic characteristics
[31] than whole-body gradient coils used in conventional MRI. To first approximation, the
harmonic oscillation frequency is inversely proportional to the square-root of mass;
therefore, smaller gradient coils with smaller mass may have a higher range of resonating
frequencies. Smaller gradient coils typically also have greater efficiency or gain, i.e., less
electric current is needed to generate equivalent gradient amplitude [32].

Work on a recent head-only, gradient coil with 26-cm field-of-view, force- and torque-
balanced design [33—34] verified that peripheral nerve stimulation (PNS) thresholds higher
than that in whole-body MRI can be achieved [34-35]. The gradient coil employed
asymmetric design on the transverse axes (i.e., physical X and Y). The higher PNS
thresholds allow for imaging humans /n vivo at much higher peak gradient amplitude (80
mT/m) and slew rate (700 T/m/s) simultaneously, reducing EPI echo-spacing by as much as
two-fold [36]. This gradient was installed in a low-cryogen, compact 3T (C3T) magnet, and
produced acoustic measurements at its peak performance that were within regulatory
guidelines, comparable to that of a whole-body 3T MRI system operating at much lower
performance [37]. The acoustic performance of the C3T at derated gradient performance has
not yet been reported.

In this work, we present initial results investigating the feasibility of using the C3T scanner
to reduce acoustic noise in diffusion-weighted EPI acquisitions. We hypothesize that
diffusion tensor imaging (DTI) will produce significantly lower sound levels on the C3T
than on a whole-body scanner at equivalent gradient amplitude and slew-rate, both for
gradient-derated and non-derated imaging. We apply derating to the DTI acquisition to bring
about further acoustic noise reduction, which will, however, result in undesirable increased
image distortion. We hypothesize that the incorporation of multi-shot DTI with derating will
nevertheless yield substantially lower sound levels without introducing significant bias in
quantitative DTI diffusivity measurements (ADC, FA, etc.).
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Acoustic measurements with sinusoidal waveforms

Acoustic me

Acoustic noise measurements on the C3T were made, using a conventional, whole-body, 3T
scanner as a reference. To analyze the fundamental frequencies of the trapezoidal EPI
waveforms that would be used later in imaging, sinusoidal gradient waveforms at 18 discrete
frequencies were played for ten-second durations at 10 mT/m amplitude. These frequencies
ranged from 100 to 2000 Hz with increments of 100-200 Hz, corresponding to EPI echo-
spacing (ESP) of 250-5000 ps (0.5-10.0 ms periodicity). Identical gradient waveforms were
generated on the conventional whole-body 3T MRI scanner with gradients capable of 50
mT/m peak amplitude and 200 T/m/s slew rate (MR750, GE Healthcare, Waukesha WI,
USA) and on the head-only C3T MRI scanner (80 mT/m, 700 T/m/s). Each physical
gradient axis (X for right-left, Y for anterior-posterior, and Z for superior-inferior direction)
was pulsed separately.

Acoustic measurements were made using a Model G4, Type 2250 handheld analyzer and
Type 4189 microphone (Briel & Kjer, Nerum, Denmark). The A-weighted, equivalent
continuous sound level was recorded in decibels (dBA), resetting the measurement
immediately before each pulse sequence or waveform and taking the median between two
measurements made immediately upon completion of each pulse sequence or waveform.
The ambient noise level was also recorded before and after each measurement session.

asurements of DTI with trapezoidal EPI readout

An axial DTI pulse sequence was prescribed with a 24 cm-field-of-view, 2.5 mm-isotropic
spatial resolution, one T2-weighted (b-value=0 s/mm?) acquisition, ten diffusion directions
(b-value=1,000 s/mm?), fat-saturation, and single-spin-echo trapezoidal EPI readout with
ramp-sampling in the physical X (left-right) direction. Without derating, the peak gradient
performance of each MRI scanner was applied, abiding by first-level controlled mode PNS
limits. On the C3T, the PNS limit was set to that of the most PNS-restrictive axis (X, or left-
right) [34]. With derating, the peak gradient amplitude on the C3T was additionally limited
to 33 mT/m and the EPI gradient slew rate was also reduced and varied in eight steps
between 10 and 50 T/m/s. The TR was fixed at six seconds, maximizing the number of
allowable slices for each run based on the minimum allowable TE for each slew rate setting.
The ESP for each slew rate was recorded. Acoustic measurements were performed after the
calibration “reference” scan and the first TR, so that all the gradient waveforms including
phase-encoding blips and diffusion-encoding gradients contributed to the acoustic noise
measurement.

Phantom acquisition on compact 3T MRI

To evaluate robustness to SNR and measurement repeatability, the DTI data were first
acquired using a 16-cm diameter, spherical MR spectroscopy phantom (GE Healthcare,
Waukesha W1, USA). The phantom temperature was equilibrated to ambient temperature in
the scanner room (20 °C) overnight prior to each scan. Imaging was performed using two
different receive-only brain coils — an 8-channel phased-array coil (Invivo Diagnostics, FL,
USA) and a 32-channel phased-array coil (Nova Medical, Inc., MA, USA). The acquisition
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on the 32-channel coil was repeated on a separate day at the same ambient temperature.
Square 7.1-7.9 cm regions-of-interest (ROIs) were drawn on three central slices for analysis.

To evaluate the effects on quantitative diffusivity values, another acquisition was performed
with a Quantitative Imaging Biomarkers Alliance (QIBA) diffusion phantom (High
Precision Device, Inc., Boulder CO, USA). This 19.4-cm diameter phantom [38] was filled
and temperature-controlled at 0+0.2 °C with de-ionized ice-water bath during image
acquisition. It contained thirteen 3-cm diameter cylindrical vials with varying concentrations
of polyvinylpyrrolidone (PVP) [39] as madifiers of diffusivity. The vials were arranged in
two concentric rings with PVP concentration ranging from 0-50% in 10% increments.
Comparisons were made against referenced diffusivity values [40] previously obtained with
DTI. The 8-channel coil was used, as the 32-channel coil was too small to accommodate the
phantom. The phantom was placed at the center of the coil for axial acquisition of the cross-
section of the vials. Quadrilateral ROIs of area 45-144 mm? were drawn on the cross-section
images of each vial and on three central slice locations for analysis. The variation in ROI
area was to avoid highly distorted regions due to the small size of the vials and associated
EPI susceptibility effects.

DTI acquisitions were performed on the C3T with both standard (i.e., non-derated), single-
shot DTI and derated, multi-shot DTI. A slew rate of 13 T/m/s (ESP = 2.0 ms) was used in
the derated, multi-shot acquisition, corresponding to a sound pressure level of 8.7 dBA
above ambient. TR/TE was kept fixed in both acquisitions at 6000/83.3 ms, matching the TR
and minimum TE for the derated, multi-shot DTI. For the standard, non-derated single-shot
DTI, a slew rate of 700 T/m/s was applied, resulting in an ESP of 332 ps. Parallel imaging
(ASSET, acceleration=2) was applied to the standard DTI to reduce image distortion. For the
derated DTI, multi-shot acquisition (four shots) was used to reduce image distortion; this
yielded a maximum of 45 slices for 11.25-cm slice coverage. The scan time (including a TR
for relaxation equilibrium) was 1.2 minutes and 4.5 minutes, respectively for the standard
and the four-shot derated DTI. Fig. 1 shows a composite of the gradient waveforms of the
standard and derated DTI on the readout-axis, showing the effects of derating on both the
diffusion and EPI waveforms.

An iterative image reconstruction scheme was developed on MATLAB (Mathworks, Natick
MA, USA), similar to [41] to account for phase inconsistencies [42] that typically occur
with multi-shot DTI /n7 vivo. Standard images reconstructed on the scanner were also used
for the phantom multi-shot EPI.

Human subject acquisition on compact 3T MRI

Seven human subjects with no known neurological disease (age=31.9+10.3 years, 5F/2M)
were recruited and scanned on the C3T in accordance with an IRB-approved protocol, after
providing written, informed consent. All subjects were scanned with the same DTI protocol
as the phantom studies, but only with the 32-channel coil. As before, the number of slices
per TR was maximized to give 11.25 cm axial slice coverage. The iteratively-reconstructed
images were used for DTI processing and analysis. Eddy-current-induced distortion was
corrected using the real-time field-adjustment feature [43] on the scanner. Correction for
susceptibility-induced distortion was not applied.
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All acquisitions on the C3T employed real-time gradient pre-emphasis [44] and By
compensation [45] to account for additional concomitant field terms due to the asymmetric
gradient design of the transverse (physical X- and Y-) gradients on the C3T. For DTI
processing, an independently-validated tenth- and even-ordered spherical harmonics-derived
gradient field map [45] was used to correct for gradient nonlinearity of both spatial
distortion and diffusivity-encoding [46—47].

Standard DTI metrics — apparent diffusion coefficient (ADC), fractional anisotropy (FA),
radial diffusivity (RD) and parallel diffusivity (PD) were computed. Six ROIs were drawn
for analysis in the following anatomical regions — corpus callosum frontal/occipital (CCF/
CCO), the primary motor regions corresponding to the feet (left and right), and in the left
and right cerebral peduncles in the brain stem (BS) that encompass the corticospinal tracts.
Statistical analysis was performed by paired t-test (P<0.05 considered as statistically
significant), with normalized percentage differences between derated and non-derated DTI
denoted as AADC, AFA, ARD and APD. In the phantom study, AFA was not normalized to
avoid division by zero because the phantoms used were isotropic (expected FA=0).

Acoustic measurements with sinusoidal waveforms

Without accounting for differences in ambient noise, the sinusoidal waveforms at 10 mT/m
amplitude on the C3T MRI scanner were quieter than on the whole-body scanner by
12.2+12.0 dBA, 15.6+11.9 dBA, and 8.5+7.2 dBA on the X-, Y- and Z-axes respectively.
The ambient noise was louder on the C3T system by 2.8 dBA, which increases these
differences when considered. Fig. 2 shows the acoustic noise level above ambient for both
scanners with all three gradient axes as a function of the corresponding ESP. With all axes,
the C3T was quieter than the whole-body MRI; in particular, on the X-axis (the primary axis
used for EPI in brain imaging), a 27-36 dBA advantage was observed on the C3T in the
range of ESP=500-625 ps. When the ESP was increased to over >2000 ps, the noise was <1
dBA over ambient on the C3T.

Acoustic measurements of DTI with trapezoidal EPI readout

Fig. 3a shows the effects of derating the gradient slew rate on ESP. A very short ESP of 332
us was obtained with the maximum slew rate of the C3T (700 T/m/s). Reducing the slew rate
to the 10-50 T/m/s range increased ESP to the range of 1.0-2.3 ms. Fig. 3b shows the
resulting acoustic noise measurements, where the sound pressure level over ambient was
reduced at increased ESP, down to <10 dBA at ESP=2 ms. Therefore, for phantom and /in
vivo imaging, the slew rate was derated to 13 T/m/s, resulting in ESP=2.0 ms the acoustic
noise was 8.7 dBA above ambient. As compared to non-derated DTI, the noise level was
reduced by 22.3 dBA in the derated DTI.

Phantom acquisition on compact 3T MRI

Fig. 4 shows a summary of the results on the MRS phantom. For every permutation of
receiver coil, day and method for image reconstruction (standard or iterative), there was no
statistically-significant difference in the diffusivity metrics between the derated multi-shot
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and non-derated single-shot DTI. The mean differences in the metrics were small, with
AADC=-1.0% to 0.0%, AFA = +0.008 to 0.024, ARD=-1.8% to 0.6%, APD=-0.1% to
1.8%. With iterative reconstruction, these differences were slightly closer to zero, but this
effect was not statistically significant. These differences were in the range of test-retest
reproducibility; the day-one minus day-two ADC on the 32-channel coil were —0.6+0.1%
for non-derated, —1.0+£1.3% for non-derated with standard reconstruction, and —1.4+0.8%
for non-derated with iterative reconstruction. For FA, the reproducibility numbers were:
-0.002+0.006, —0.013+0.012, and —0.005+0.003. For RD, the corresponding values were:
-0.5+0.1%, —0.3+0.7%, and —1.1+0.6%. For PD, these were —0.7+£0.2%, —2.2+2.3%, and
-1.9+1.0%.

Fig. 5 summarizes the results on the QIBA diffusion phantom. The ADC, RD and PD
measurements with standard image reconstruction were about identical between derated and
non-derated DTI; the constant of proportionality (and Pearson’s correlation coefficient) was
found to be 1.03 (+>0.99) for ADC, 1.00 (+>0.99) for RD and 1.09 (r>0.99) for PD. With
iterative reconstruction on the derated DTI, the proportionality results were slightly closer to
unity at 1.02 (r>0.99) for ADC, 1.00 (r>0.99) for RD and 1.06 (+>0.99) for PD. The FA
measurements in the majority of the compartments were under <0.2, except for 5/13 of the
vials which had the lowest diffusivity values and the highest PVP concentration (40-50%).
The corresponding proportionality (and correlation) for FA obtained with standard
reconstruction of derated DTI vs that from standard reconstruction of non-derated DTI was
1.8 (=0.93), and that vs iterative reconstruction of non-derated DTI was 2.2 (+=0.97).

Table 1 summarizes results of the measured ADC values as compared against the published
reference [40]. Both the non-derated ADC and derated ADC with iterative reconstruction
did not have any vial with a statistically-significant difference against the reference value.
For derated ADC with standard reconstruction, small but statistically-significant positive
biases (11-28%) were observed in two of the vials with the highest PVVP concentration and
lowest diffusivities.

Human subject acquisition on compact 3T MRI

Fig. 6 shows representative diffusivity maps (trace, ADC and FA) obtained from the derated
DTI scan from one subject (M, 39 years). The brain major brain structures can be well
visualized, including the corpus callosum, motor cortex and brain stem regions that were
selected for analysis.

Fig. 7 compares diffusivity maps (ADC, FA, RD and PD) between the derated and standard,
non-derated axial DTI in another subject (F, 23 years), reformatted in the sagittal orientation.
Visually, the intensity and colorized orientation of the major brain structures appeared
similar. However, increased EPI distortion in the phase-encoding direction was discernable
in the derated DTI images. As compared to standard single-shot DTI with ESP=332 us
(parallel imaging factor of 2), the multi-shot derated DTI with ESP=2 ms (four shots) had
increased effective echo spacing by approximately three-fold, corresponding to theoretically
increased distortion by also approximately three-fold.
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Fig. 8 summarizes the comparison of the diffusivity analysis. In the CCF, CCO and BS
regions, ADC, RD and PD were mostly higher in the derated multi-shot DTI than in the non-
derated single-shot DTI. However, these results were statistically significant only in the CCF
(AADC=+11.2% with P=0.026 and APD=+10.0% with P=0.022) and in the right BS
(AADC=+15.4% with P<0.001, ARD=+18.4% with P<0.001, and APD=+14.5% with
P=0.021). The AFA was not statistically different from zero in any region.

DISCUSSION

We believe that these initial results demonstrate the feasibility of substantially reducing
acoustic noise in whole-brain DTI on the compact 3T (C3T) MRI scanner. The C3T was first
found to be significantly quieter (by 8.5-15.6 dBA on average) than the whole-body scanner
at EPI-relevant frequencies. Relative to non-derated DTI on the C3T, a noise reduction of
22.3 dBA (8.7 dBA above ambient) was achieved with the derated DTI without the use of
sinusoidal waveforms, albeit at the cost of quadrupled scan time and at about tripled image
distortion despite using multi-shot EPI. In isotropic phantoms, the diffusivity metrics were
repeatable and comparable to published reference values. However, there were some small
differences in some diffusivity metrics between non-derated and derated DTI that were
found in human subject studies.

With the exception of FA, excellent agreement in ADC, RD and PD was observed between
standard and derated DTI in the phantom studies. It is likely that the discrepancy of FA
results in the phantom was due to the fairly isotropic phantom medium, which could be more
susceptible to shot-to-shot phase variation and bias from the image reconstruction technique
used. Several reasons may explain the discrepancies observed in human subject study
measurements of ADC, RD, PD but not in the phantom studies. With derating, the diffusion
pulse widths were increased by approximately 2.5 times, given that the diffusion-encoding
gradient amplitude were reduced (33 mT/m vs. 80 mT/m). The derated DTI also used multi-
shot EPI and iterative reconstruction for phase recovery, which seemed to improve the
quantitative accuracy of diffusivity values; standard DTI was single-shot and did not require
iterative reconstruction. We speculate that that incomplete phase recovery in multi-shot DTI
could result in signal cancellation that would artificially increase the computed diffusivity.
The derated DT also had lower readout bandwidth allowed by the lower readout gradient
amplitude than that of the non-derated DTI, which in theory would result in about 2.3 times
higher SNR. Although the SNR in the 2.5 mm-isotropic acquisition was deemed adequate, it
is known that lower SNR can artificially reduce measured diffusivity (in non-derated DTI)
[49]. In addition, there would be differences in ROI selection due to residual eddy-current-
induced distortion in the derated DTI. While distortion was higher by about three-fold in the
derated DTI (after considering the number of shots and acceleration factor of parallel
imaging), the C3T scanner typically has only half the image distortion as compared to
whole-body scanners [36]. Therefore, as compared to non-derated DTI on a whole-body
scanner, the derated DT on the C3T has only approximately 1.5-fold worse distortion. In
addition, standard methods to correct for the EPI-related geometric distortion were not
applied, as the primary focus of this work was to demonstrate the feasibility of achieving
substantial acoustic noise level reduction with the prototype C3T scanner. However,
correction of gradient-nonlinearity in diffusivity [46] had been found to be necessary on the
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C3T [50] in order for diffusivity values to be compared quantitatively as was done in this
work.

Although the application of derated EPI resulted in increased EPI distortion as compared to
that achievable with whole-body MRI, the images may still be usable in clinical practice. In
this work, we did not evaluate the clinical utility of the quieter, derated DTI sequence, which
would be one goal of our future work. To bring about further reduction in image distortion, it
is possible to increase the number of EPI shots. However, there will be increased image
reconstruction challenges due to the shot-to-shot variation of phase in diffusion-encoded
images [42]. In addition, a higher shot factor would increase the contribution of noise due to
increased area of phase-encoding waveforms. A more detailed comparison of noise
contributions of frequency-encoding vs. that of phase-encoding waveforms at varying shot
factors would be needed.

Although substantial sound pressure level reduction down to 8.7 dBA above ambient was
achieved in this work, there would be at least three other ways to improve further on the
acoustic performance. The TR and TE on the standard DT were matched to that of the
derated DTI, that is they were longer than the minimum possible TR/TE. Therefore, a
TR/TE-optimized DTI on the C3T would potentially be louder than that in this study; so the
22.3 dBA improvement demonstrated here is possibly a slight under-estimation of the
potential acoustic noise improvement from derating. It is also possible to lengthen the TR of
the derated DTI to further reduce the mean sound pressure level. However, increasing the TR
will only have an incremental effect on the mean sound pressure level, and will have
negligible effect on peak sound pressure level. In this work, the number of slices per TR was
maximized in order to maximize the packing of gradient waveforms that is done in many
clinical protocols. For these reasons, the A-weighted equivalent continuous (root mean
square) sound level reported in this work was a reasonable depiction of the sound
experienced by a human subject. Another way to potentially further reduce noise would be
to replace trapezoidal EPI with sinusoidal EPI [21-22], as well as using constant phase-
encoding waveforms and measurement of the frequency response function to identify
specific frequency troughs [23]. Doing so is likely to reduce noise in EPI either with or
without derating. The differences in ambient noise between the two systems (the C3T
ambient was louder by 2.8 dBA) could be attributed to differences in the magnet, cold-head
and shroud of the C3T system for which the ambient acoustic noise considerations were not
of primary importance in its design.

In addition, since the C3T system is capable of a higher peak gradient amplitude of 80
mT/m, the TE of the derated sequence may be shortened by allowing for the peak gradient
amplitude to be applied in the diffusion waveforms while derating the EP1 waveforms. This
relies on diffusion waveforms having a smaller acoustic contribution than EPI, which had
been observed in the literature [21]. This TE reduction is expected to be more significant for
larger b-values.

The 42-cm inner diameter asymmetrical gradient design on the C3T system has higher PNS
thresholds in brain imaging [34] and provides superior gradient performance to whole-body
gradient designs for applications such as DTl and fMRI [36]. Reduced acoustic noise

Magn Reson Med. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tan et al.

Page 10

especially at EPI-relevant ESPs provides an added advantage to the C3T — improving patient
comfort and safety, as well as avoiding possible physiologic confounding effects in
neuroscience studies. In preliminary tests comparing acoustic sound pressure levels at the
same maximum gradient amplitude and slew rate as in a whole-body 3T system (33 mT/m
and 120 T/m/s), the asymmetric head-gradient was observed to have between 3-9 dBA
lower acoustic sound pressure levels in EPI, fast gradient echo, and steady-state free-
precession pulse sequences. It is likely that other “silent” or ‘quiet’ pulse sequences will also
be quieter on the C3T than on whole-body 3T systems when operating at the same gradient
performance. Alternatively, the C3T may be able to provide equivalent noise performance as
whole-body scanners but at higher gradient strengths and slew rate that can improve key
parameters such as TR, TE, ESP and scan time. The force- and torque-balanced design of
the C3T’s head-only gradient may also help to reduce lower-frequency vibrations common
in diffusion-weighted imaging; vibration measurements are planned as part of future work.

In conclusion, the feasibility of acoustic noise reduction on diffusion-weighted EPI was
demonstrated on the head-only compact 3T MRI scanner. That, together with its high
gradient performance gradients and its light weight, low-cryogen magnet that simplifies
siting, makes this scanner a suitable platform for advancing the state-of-the-art for
neuroimaging.
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TE

Figurel.
Gradient waveforms used in phantom and in vivo imaging for (a) underated, single-shot DTI

(diffusion amplitude = 80 mT/m, EPI amplitude = 35 mT/m, ESP = 0.33 ms) and (b)
derated, single-shot DTI (diffusion amplitude = 33 mT/m, EPI amplitude = 6.4 mT/m, ESP
= 2.0 ms). The echo times (TE) of both sequences were matched to the minimum TE of the
derated sequence.
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Figure2.

Acoustic noise measurements on a whole-body 3T scanner vs. the compact 3T scanner using
10 mT/m amplitude sinusoidal gradient waveforms, of half-periodicity matching the EPI-
relevant echo spacing (ESP), on the (a) X (left-right), (b) Y (anterior-posterior), and (c) Z
(superior-inferior) axes.
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Figure 3.
Effects on EPI echo spacings (ESP) from (a) varying gradient slew rates via derating, and in

turn (b) on the measured acoustic noise (in dBA). The ambient noise level measured on the
compact 3T scanner (dashed) and the selected ESP for imaging (arrow) are shown.
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derated) single-shot DTI in an MRS sphere phantom for various scans,

with standard non-

iterative reconstruction and with iterative reconstruction (indicated as “Recon”). The
differences in (a) ADC, (b) FA, (c) radial diffusivity and (d) parallel diffusivity are shown,

normalized as percentage differences with the exception of FA.
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Figure5.
Plots of diffusivity measurements in a multi-compartment, diffusion ice phantom between

derated multi-shot and standard (non-derated) single-shot DTI for standard (non-iterative)
reconstruction and iterative multi-shot reconstruction. Plots for (2) ADC, (b) FA, (c) radial
diffusivity and (d) parallel diffusivity are shown, with the line of proportionality also shown
(dashed).
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ADC Trace

FA

Figure6.
Axial maps (trace diffusivity, ADC and color-encoded FA) from derated multi-shot DTI

from subject #1, with selection ROI regions for motor, corpus callosum frontal/occipital
(CCF/CCO), and brain stem (BS) indicated on the color-encoded FA maps.
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Figure 7.
Sagittal reformat of axial DTI maps from subject #5, showing comparable diffusion maps

between derated multi-shot DT and standard single-shot DTI and increased spatial
distortion in the derated DTI in the phase-encoding direction (anterior-posterior, horizontal
direction in this figure).
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Bland-Altman plots of diffusivity measurements across seven normal subjects in various
brain ROI regions, with differences for the metrics obtained from derated DTI minus that
from standard DTI shown. Plots are shown for (a) ADC, (b) FA, (¢) RD and (d) PD. The
vertical axes are normalized to show percentage differences.
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