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Purpose: Diffusion encoding gradients are known to yield vibrations of the typical
clinical MR scanner hardware with a frequency of 20 to 30 Hz, which may lead to
signal loss in diffusion-weighted MR measurements. This work proposes to mitigate
vibration-induced signal loss by introducing a vibration-matching gradient (VMG) to
match vibrational states during the 2 diffusion gradient pulses.

Theory and Methods: A theoretical description of displacements induced by gra-
dient switching was introduced and modeled by a 2-mass-spring-damper system.
An additional preceding VMG mimicking timing and properties of the diffusion en-
coding gradients was added to a high b-value diffusion-weighted MR spectroscopy
sequence. Laser interferometry was employed to measure 3D displacements of a
phantom surface. Lipid ADC was assessed in water—fat phantoms and in vivo in the
tibial bone marrow of 3 volunteers.

Results: The modeling and the laser interferometer measurements revealed that the
displacement curves are more similar during the 2 diffusion gradients with the VMG
compared to the standard sequence, resulting in less signal loss of the diffusion-
weighted signal. Phantom results showed lipid ADC overestimation up to 119% with
the standard sequence and an error of 5.5% with the VMG. An 18% to 35% lower
coefficient of variation was obtained for in vivo lipid ADC measurement when em-
ploying the VMG.

Conclusion: The application of the VMG reduces the signal loss introduced by hard-
ware vibrations in a high b-value diffusion-weighted MRS sequence in phantoms
and in vivo. Reference measurements based on laser interferometry and mechanical

modelling confirmed the findings.
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1 | INTRODUCTION

Diffusion-weighted (DW) MR is a powerful tool for the non-
invasive assessment of tissue microstructure and is widely
applied in the clinical routine as well as in research applica-
tions.' Sensitizing the MR measurement to diffusion requires
strong diffusion-encoding gradients, bringing up technical
challenges related to increased sensitivity to motion effects,”
eddy currents,” and scanner table vibrations.* Specifically,
diffusion-encoding gradients were shown to yield vibrations
of the scanner hardware (e.g., scanner table vibrations during
diffusion tensor imaging with a frequency of 20-30 Hz and
amplitudes up to 100 um).” The observed vibrations were
so strong that even elastography experiments utilizing the
table vibrations as the main source of mechanical actuation
have been proposed.® The observed influences of additional
vibration-induced motion include reports of signal loss in
brain DW images’® and reports of increased lipid ADC mea-
sures in subcutaneous fat in regions close to the scanner table.*

Multiple research applications require particularly high
b-values diffusion measurements, including high-resolution
diffusion tensor imaging of the brain’ or the assessment of
fat microstructure with diffusion MRI.'%-12 Specifically, mea-
suring the diffusion properties of lipids has been proven to be
challenging because fat has a diffusion coefficient approx-
imately 2 orders of magnitude lower than water due to the
large molecular size.*! The assessment of fat microstructure
is important in the study of adipose tissue and ectopic lipids
in both healthy subjects and subjects affected by metabolic
dysfunction across organs and tissues. The quantification of
lipid droplet size with DW MR is of great interest in skel-
etal muscle research,14 in metabolic research differentiating
brown and white adipocytes,15 and in bone marrow research
aiming at the quantification of bone marrow adipocyte size.'®

Measuring high-resolution diffusion features or diffusion
restriction effects requires the acquisition of an artifact-free
DW signal while employing high b-values. Given that the
gradient strength of clinical MR scanners is limited, high
b-values are typically associated with long diffusion gradi-
ents at the maximum allowed gradient amplitude. Scanner
table vibration effects induced by the long and strong diffu-
sion gradients can become significant at certain frequencies
of the scanner hardware mechanical syste:m.5

Any motion during the diffusion sensitizing period in-
duces an additional accumulated phase and eventually leads
to signal cancellations due to intravoxel dephasing.l7 The
amount of the intravoxel dephasing by motion scales at a
first approximation with the first gradient moment. Tissue
displacements induced by mechanical vibrations introduce
such intravoxel dephasing. The amount of intravoxel dephas-
ing increases in the presence of strong and long diffusion en-
coding gradients. Therefore, tissue displacements induced by
mechanical vibrations at high b-value scanning compromise

the reliability of the measured DW signal for any subsequent
analysis aiming at the extraction of quantitative diffusion
parameters.

The present work proposes the application of an addi-
tional gradient before the actual diffusion sensitizing period
to mitigate signal loss induced by scanner table vibrations.
The benefits of the proposed approach are shown by mod-
eling a simplified mechanical model and the quantification
of the scanner table displacements with and without the ad-
ditional gradient by doppler laser interferometry. Afterward,
the approach is tested measuring lipid ADC with a DW MRS
sequence in water—fat (WF) phantoms and in vivo in the tibial
bone marrow of healthy volunteers.

2 | THEORY

2.1 | Mechanical description

Modulation of magnetic field gradients is an essential element
of most MR pulse sequences. Alterations of the magnetic
gradient strength or polarity are achieved by changing the
current in the respective gradient coil. Time-varying currents
in the strong main magnetic field result in Lorentz forces on
the gradient coil. The mechanical vibrations of the MR hard-
ware components are eventually caused by the impact of the
gradient coils on the mounting during the MR experiment.18
The Lorentz forces on the gradient coils also induce vibra-
tions of the MR scanner table that are subsequently trans-
ferred to the object that is examined. The propagation of the
vibrations within the object and the damping of the displace-
ment amplitude are dependent on the mechanical properties
of the system. Consequently, the forces on the MR gradient
hardware can induce time-varying displacements within the
subject or object being scanned.

However, the exact displacement pattern within the tissue
might be difficult to predict. Although the vibrations do not
originate from the scanner table, the observed vibrations will
be referred to as scanner table vibrations.

2.2 | MR diffusion encoding

Using MR, diffusion properties can be probed using 2 diffu-
sion encoding gradients and a time interval between these 2
diffusion encoding gradients19 (Figure 1). The accumulated
phase during the first diffusion encoding gradient (DG,) is
recovered by the accumulated phase during the second dif-
fusion gradient (DG,) for stationary spins. For moving spins,
any phase dispersion is not recovered and consequently leads
to signal loss. In the absence of any macroscopic motion or
flow effects, the strength of the signal loss reflects the self-
diffusion of the particles; therefore, information about the
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FIGURE 1 Sequence diagram of the DW-STEAM sequence with the proposed VMG (in black) and corresponding dry,, induced by the

strong gradient waveforms. The DW-STEAM magnetization preparation consists of 3 slice-selective 90° RF pulses and monopolar diffusion

sensitizing gradients (in gray). Spoiler gradients (vertical stripes) and slice selective gradients (dots) are also shown. Both the VMG and the

diffusion gradients will lead to tissue displacements. If a VMG is introduced with appropriate timing, the tissue displacement pattern is similar

during DG, and DG,. A, diffusion time; DGy, first diffusion gradient; DG,, second diffusion gradient; dyy,,, theoretical tissue displacement; DW,

diffusion-weighted; TM, mixing time; Ty, timing of vibration-matching gradient; VMG, vibration-matching gradient

tissue microstructure can be extracted. Mathematically, the
accumulated phase ¢ at time ¢ for a spin located at position 7,
at time 7 = 0 can be expressed as:

t

-

G ()7 (Fp.t') dl, M

# ()= |

0

where v is the gyromagnetic ratio; G is the magnetic field gra-
dient; and 7 (7, ') is the location at time ¢ for a spin located
at position 7 at time 7 = 0. The total signal S acquired from a
defined volume of spins can be expressed as:

sz%JfWWM% )

Any additional accumulated phase that is not due to dif-
fusion can lead to additional signal decay and consequently
results in quantification errors.

2.3 | MR diffusion encoding in the
presence of vibrations

The bottom row of Figure 1 depicts a schematic view of the
displacements induced by DG, that will be present during
the presence of DG,. Assuming a simple diffusion encod-
ing scheme with a time separation and a refocusing element
between the 2 diffusion weighting gradients and assuming
rectangular gradients, the phase at the end of the DW can be
expressed as:

8 A+5
¢ (Fr A+6) =G U Gl =[G a’t’] .

0 A

3)

Here, 6 is the length of the DW gradient, and A is the

diffusion time. When the spins are affected only by the mo-

tion due to vibrations (assuming no diffusion or flow effects),

only the displacements from the equilibrium position (d) can

be considered. The second integral can be simplified by a

coordinate transformation:
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Equation 5 shows that signal loss due to vibrational dis-
placements can occur when the displacements during the 2
diffusion gradient durations (DG, und DG,) differ. Larger
voxel sizes and stronger first gradient moments amplify this
signal loss.'” To minimize the phase dispersion within a
voxel, the following condition should be fulfilled for all spins:

d (7y,1) =d (7y,t+4) for 0<1<8. (6)

This condition is not fulfilled in a standard DW sequence.
DG, will introduce tissue displacements that in general are
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different between DG, and DG,. To match tissue displace-
ments between DG, and DG, and mitigate signal loss, an
additional gradient can be introduced to induce vibrations
during DG, similar to the vibrations induced by the first
diffusion gradient during DG,. The additional gradient rep-
licating the vibrational patterns is called vibration-matching
gradient (VMG).

If the VMG is placed before DG, with appropriate timing,
the tissue displacement pattern can become similar during
both diffusion encoding gradients. The introduction of the
VMG is shown in Figure 1 (see upper row). The VMG is
applied before the RF excitation pulse of the diffusion sen-
sitizing module and does not interfere with the transverse
magnetization but solely induces a mechanical vibration state.
When the time interval between the VMG and DG, is equal
to the diffusion time, the tissue displacement caused by scan-
ner table vibrations during the 2 diffusion gradients should
be similar. Therefore, the accumulated phase during the dif-
fusion encoding is similar, and the occurring signal loss can
be mitigated. The mechanical vibrational pattern during the 2
diffusion gradients may become similar for other timings of
the additional gradient. However, the exact optimal timing,
which is when the time interval between the VMG and the
DG, is not equal to the diffusion time, will depend on the fre-
quency of the vibration, the coupling of the components, and
the damping of the vibrations; thus, it is not easily predictable.

2.4 | Mechanical modeling of a
2-mass-spring-damper system

Most biological soft tissues can be modeled as viscoelastic
materials.”” The viscoelastic material model comprises of an
elastic (spring-like) and viscous or damping (dashpot-like)
response to an external force. Mathematical models have
been developed to predict the dynamics and the response of
viscoelastic materials.”' The field of MR elastography de-
ploys these models and tries to map tissue properties after
intentionally applying a defined actuation to the investigated
tissue during a special MR examination.”” However, there are
also involuntary actuations due to the MR scanner table, as
described above. To illustrate the behavior of a viscoelastic
material that is excited by an external force, the displacement
of 2 masses that are connected in a spring-damper system
was investigated in 1D. The system is decribed in Figure 2B,
where the 2 masses could represent 2 isochromats within
the viscoelastic material. They should be embedded in the
material; therefore, both are connected to a larger pool rep-
resented as a fixed boundary. The excitation of the system
by scanner table vibrations was represented by instantane-
ous force impulses on mass 1 whenever there was a gradient
switching in the gradient pulse sequence shown in Figure 2A.
A different direction of the impulse was assumed for differ-
ent polarities of the gradient slope. It was assumed that there

(A) Simulated displacements of spring-damper system with VMG
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FIGURE 2

Simulated displacements during diffusion gradients assuming a 2-mass-spring-damper system (schematic B). Plot A shows

the strong gradient waveforms within the pulse sequence and the corresponding simulated displacement of m; and m, when the VMG and the 2

diffusion gradients are simulated. Plot C shows the displacement of the 2 masses during DG, and DG,. The displacements of the 2 masses are

different without the VMG, whereas the displacements of the 2 masses are very similar with the VMG. m,, mass 1; m,, mass 2
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was no additional force on mass 2. In the pulse sequence
shown in Figure 2, the system was consequently excited by
4 Dirac impulses when no VMG was applied and was ex-
cited by 6 Dirac impulses when the VMG was employed. A
mathematical derivation of equation of motion is given in the
Supporting Information following Voeth et al.*” The magni-
tude of the stiffness parameter of an unknown material can be
estimated by the frequency of the induced vibration assum-
ing an undamped oscillation (c & 47*mf*). To the best of the
authors’ knowledge, the mechanical parameters for adipose
tissue assuming a simple 1D spring-damper system are not
available in current literature.

The following parameters were assumed: mass m = 0.5 kg;
stiffness ¢ (25 Hz undamped oscillation) = 12,337 %; damp-
ing d was selected to be 5 k?g to achieve a similar damping as
observed in the interferometer measurements; and the ampli-
tude of the force impulse was selected to give a displacement
amplitude equal to 10 um. The system was solved for the gra-
dient pulse sequence shown in Figure 2A with and without
the VMG by means of numerical integration (Figure 2A).

3 | METHODS
3.1 | DW-MRS pulse sequence and
spectrum analysis

To test the proposed method, the diffusion properties of li-
pids were measured with a bipolar DW STEAM MRS se-
quence (Figure 1). The sequence was based on a standard
single-voxel STEAM MRS, with gradients added after the
first and third RF pulse to induce diffusion-weighting. Half
of the DW spectra were acquired with positive diffusion gra-
dient polarity and half with negative. The DW spectra with
opposite diffusion gradient polarity were used to estimate and
compensate for eddy-current effects.” To mitigate the effect
of vibration-induced tissue displacements on the DW signal,
the VMG with identical gradient duration and amplitude
properties to the diffusion sensitizing gradients was placed
before the actual sequence. The data processing included
zero order phasing and Gaussian apodization. The single av-
erages were frequency-aligned, and averages with a deviation
of the methylene peak amplitude of more than 2 SDs from the
mean methylene peak amplitude were identified as outliers
and excluded from the subsequent analysis. The remaining
averages for both polarities were combined and corrected for
eddy currents. Peak area quantification was performed on the
real spectrum fitting 8 fat peaks assuming Voigt peak shapes.
The fat peaks included were methyl at 0.90 parts per mil-
lion (ppm), methylene at 1.30 ppm, p-carboxyl at 1.60 ppm,
a-olefinic at 2.02 ppm, and a-carboxyl at 2.24 ppm, diallylic
methylene at 2.75 ppm, glycerol at 4.20 ppm, and olefinic at
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5.29 ppm.23 Water signal was not detectable due to the strong
diffusion-weighting. Only the methylene peak area (at
1.3 ppm) was used for further analysis because of the large
peak area. ADC was determined by an exponential fitting of
the methylene peak area as a function of b-value.

3.2 | Laser interferometer setup

To quantify the scanner table vibrations during the MR
measurements, the displacements of the scanner table were
measured by utilizing laser doppler interferometry (PSV-
500-3D-Xtra, Polytec GmbH, Waldbronn, Germany). The
interferometer setup was placed within the scanner room
with a sufficient distance from the MR scanner such that the
local magnetic field did not exceed 1 mT. The interferom-
eter used infrared light with a wavelength of 1550 nm and
a specific power of P < 10 mW. This way, it was possible
to measure the table surface as well as the relative structural
vibrations of the phantoms surface. With the setup at hand,
a measurement sensitivity of 0.1 pm/s of the surface velocity
could be realized. A schematic setup is shown in Figure 3.

3.3 | Laser interferometer measurements

Three different phantoms were utilized in the phantom meas-
urements. For the lipid diffusion property measurements,
2 WF phantoms with 80% fat fraction were produced (content:
800 mL sunflower oil, 200 mL water, 4 mL Tween80, and
1 g of sodium benzoate). Emulsification was carried out with
a colloid mill at 6000 and 11,000 revolutions per minute
(rpm). The obtained phantoms yield different lipid droplet
sizes and consequently different viscosities. However, the
content of the WF phantoms was fluid. For the interferom-
eter measurement reflective spray had to be attached to the
phantom surface, and the experiment had to be performed
with an open lid to directly measure on the phantom material.
Therefore, the experiments with the laser interferometer were
performed with an agar phantom (4% agar) that consisted of a
solid material. All MR phantom experiments were performed
with a 3 Tesla scanner (Ingenia Elition, Philips, Best) using
an 8-channel wrist coil with the following common sequence
parameters: Volume of Interest = (15 mm)3, TE = 60 ms,
TM = 300 ms, TR = 1800 ms. The experiments were per-
formed on the scanner table and on a decoupling table made
of wood (Figure 3B) that decoupled the sample from the
vibrating scanner table. The following 2 interferometer ex-
periments were performed with the interferometer setup to
quantify the effects under investigation.

First, the agar phantom was placed on the scanner table,
and a high b-value DW MRS experiment with a b-value of
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(A) Scenario 1: sample on scanner table
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FIGURE 3 Experimental setup of the
doppler laser interferometer measurement. 2
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In the first scenario, the sample was
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50,000 s/mm? was performed while varying the timing of the
VMG from 50 ms to 650 ms in 5 ms steps.

Next, the laser was placed on a point in the middle of the
phantom surface (Figure 3D), and the displacements in all
3 dimensions were acquired with 2 averages per timing. The
2 averages were combined, and the displacements during
both diffusion gradients were extracted for each timing of
the VMG. As a next step, the total accumulated phase was

calculated based on Equation 3. The experiment was repeated
with the 6000 rpm WF phantom without measuring displace-
ments using the laser interferometer, and the methylene peak
amplitude was extracted for different timings of the VMG.
Second, the timing of the VMG relative to DG, was set
to match the diffusion time, and the displacements were
acquired on the whole 2D surface of the agar phantom
(70 measurement points) to investigate the phase dispersion
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on a 2D surface. The experiment was repeated for 3 different
measurement scenarios: without VMG and coil placed on the
scanner table, with VMG and coil placed on scanner table,
and without VMG and coil placed on the decoupling table.
The accumulated phase was then calculated for each point,
and the total signal within the 2D surface was calculated sim-
ilar to Equation 5:

N
S= Z e n, (7
n=1

Here, N is the number of total measurement points (mea-
surement points on the edge were excluded to avoid measure-
ment artifacts due to the coupling to the probe holder). The
signal on the scanner table was compared relative to the sig-
nal acquired on the decoupling table.

3.4 | ADC measurements in phantoms

To evaluate the performance of the proposed scheme, the
lipid ADC value was estimated within the WF phantoms
(6000 and 11,000 rpm). The voxel of interest was placed
in the middle of the WF phantom material. The experiment
was repeated for the same 3 different measurement scenar-
ios as performed in the interferometer measurements and
with the same scanning parameters. The utilized additional
sequence parameters were: 16 averages per b-value (half
of the averages with positive and the other half with nega-
tive polarity), 1 startup cycle, b-values = 10,000 — 20,000 —
40,000 — 60,000 s/mmz, 2:48 min scan time per phantom.
Diffusion gradients were applied simultaneously in all
3 axes to minimize TE.

3.5 | ADC measurements in vivo

The bone marrow in the tibia of 3 healthy volunteers (volun-
teer 1: 24 years/85 kg; volunteer 2: 29 years/57 kg; volunteer
3: 28 years/80 kg) was scanned using an 8-channel extremity
coil without and with the VMG and with different additional
weight placed on the scanner table (0/10/20 kg). By changing
the loading of the scanner table, the mechanical vibrations
were altered, and the influence of the vibrations on the DW
measurement could be investigated. Each scan was repeated
3 times to access the reproducibility of the ADC measure-
ment. The DW MRS voxel was placed approximately 1 cm
below the growth plate in the tibia bone marrow and was
performed with the same parameters as the phantom scans
(including the same diffusion directions and b-values).
Afterwards, the lipid ADC was extracted for each loading
without and with the VMG.
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4 | RESULTS
4.1 | Mechanical modeling of a
2-mass-spring-damper system

Figure 2 shows the results of the modeling of the mechani-
cal system when actuated by the gradient pulse sequence de-
picted in the Figure 2A. The amplitude of the displacements
during DG, are smaller compared to the displacements dur-
ing DG, for both masses without the VMG. In addition, the
shape of the displacements is different during both diffusion
gradient durations when no VMG is employed, resulting
in an additional phase accumulation when a magnetic field
gradient is employed in the direction of the displacement.
The amount of accumulated phase is thus different for both
masses because the displacement curves also differ in their
appearance without the VMG. With the VMG, the simulated
displacement curves during both diffusion gradient durations
and for both simulated masses are very similar. Such a phase
accumulation pattern would result in a negligible phase dif-
ference between the 2 masses, inferring a minimal intramass
dephasing when the phase of the 2 masses is combined.

4.2 | Quantification of scanner table
vibrations by laser interferometry

Figure 4 shows the measured displacements on the agar phan-
tom for 3 different measurement scenarios: without VMG on
the scanner table, with VMG on the scanner table, and with-
out VMG on the decoupling table. In general, the displace-
ment in z-direction (feet-head) is small in all 3 measurements
compared to the other components. In x-direction (right-
left), minor deviations in the displacement can be seen in all
3 measurement scenarios. In y-direction (anterior-posterior),
the displacements show an offset during the first and second
diffusion gradient duration when the phantoms are placed on
the scanner without the VMG, whereas the displacement pat-
terns during the 2 diffusion gradients are very similar when
the VMG is additionally employed. On the decoupling table,
the displacements patterns are very similar and small for all
components and show a very low- and very high-frequency
component compared to the 20 to 25 Hz vibration visible on
the results on the scanner table.

In Figure 5, the pulse sequence with the corresponding
displacements during both diffusion gradients (DG, and DG,)
can be seen for 3 different timings of the VMG. Visually,
a great difference in the displacement patterns can be seen
when the timing of the additional gradient is much smaller
or much larger than the diffusion time. Large differences in
the displacements during the diffusion weighting gradients
lead to accumulated phase that is not rephased and can lead
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FIGURE 4 Measured displacements with laser interferometry when the Ty)yq matched the diffusion time (A) (subplot A). Subplot B shows
the x, y, and z displacements during DG, and DG, for 3 different measurement scenarios (different rows). Without the VMG, large differences
between the displacement patterns can be seen compared to the case with the VMG (especially in y direction). Displacements are also visible with
the decoupling table but follow the same patterns during both diffusion gradients

to signal loss. When the timing of the VMG is similar to the
diffusion time, the displacement curves are similar.

Based on the displacement curves and the employed gra-
dients, the phase difference for each VMG timing can be cal-
culated based on Equation 4. Figure 6 shows the additional
accumulated phase by vibrational displacements and com-
pares it to the methylene peak amplitude acquired in a sepa-
rate scan with the WF phantom. In general, areas with high
and low accumulated phase can be observed with a similar
pattern as the methylene peak area. When the diffusion time
matches the VMG timing, a maximum in signal amplitude
with corresponding minimum in the accumulated phase can
be observed.

Figure 7 shows the accumulated phase that was calculated
for a 2D surface on the agar phantom for different scenarios
of phantom placement.

When the phantom is placed on the scanner table with-
out the VMG, the accumulated phase during the diffusion
weighting gradient has larger variations when compared to

the scenario with the VMG. This results in a relative signal of
95% on the scanner table without the VMG compared to the
signal on the decoupling table without the VMG. A relative
signal of 99% on the scanner table with the VMG compared
to the signal on the decoupling table without the VMG is
observed.

43 | Lipid ADC measurements in phantoms

Figure 8 shows the results from the phantom scans. Assuming
that the phantoms on the decoupling table are not affected by
vibration artifacts, the ADC value on the decoupling table
represents the real lipid ADC value. In the 6000 rpm phan-
tom, the DW MRS experiment on the scanner table yields
to a 119.0% overestimation of the ADC value, whereas
only a relative error of 5.5% is observed on the scanner
table with the VMG. In the 11,000 rpm phantom, the ob-
tained lipid ADC value is very similar between the different
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Displacements during diffusion endcoding for different timing of VMG
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measurement scenarios, and only relative differences below
1% are observed.

4.4 | Lipid ADC measurements in vivo

Figure 9 shows the mean obtained ADC value in the tibia
bone marrow, with corresponding SD of the 3 repeated meas-
urements with different loading of the scanner table. Without

the VMG, a dependency of the measured ADC value on the
additional loading of the scanner table is observed, and a
larger SD of the lipid ADC estimation is observed. The ADC
value combined from the different measurement is compara-
ble with and without VMG. However, the coefficient of vari-
ation is reduced by 34.9% (volunteer 1), 18.9% (volunteer 2),
and 24.0% (volunteer 3) in the 3 volunteers, comparing the
measurement without the VMG to the measurement with the
VMG.

5 | DISCUSSION

The present study investigates the influence of mechanical
vibrations on the signal of DW-MR measurements, focus-
ing on the example of a high b-value DW MRS sequence
and proposing a method to mitigate the signal loss by the
application of an additional gradient. The main underlying
concept does not eliminate mechanical vibrations but aims to
approximately match the vibrational states during both diffu-
sion gradients so that the total intravoxel dephasing is small
and will not lead to significant signal loss.

The simplified mechanical system used to illustrate the
transfer of vibrations within the tissue does by no means fully
represent the complexity of soft tissue viscoelastic mechan-
ics. Due to the adopted simplifications and the absence of
accurate values for the mechanical properties, no quantita-
tive analysis was performed, and only qualitative results were
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the VMG compared to the other 2 measurement scenarios. In the
11,000 rpm phantom, the differences between the measured lipid ADC
values were minor. WF, water—fat

shown. The model reveals that the application of the VMG
before the actual diffusion-weighting helps to approximately
match the displacement patterns during both diffusion gra-
dient durations. This is true for the investigated first mass

that is directly excited by the impulse and also for the second
mass that is connected to the first mass. When applying the
VMG, both masses show a very similar displacement pat-
tern during the diffusion encoding gradients, which would
result in a very small accumulated phase during diffusion
weighting. When the displacement pattern is different during
the 2 diffusion gradients (as in the simulated case without
the VMG), phase is accumulated. When this accumulated
phase also varies for different positions within the tissue, the
phase dispersion would result in signal losses within a voxel.
Figure 2 clearly shows this variation of displacement patterns
during the 2 diffusion gradient durations for the 2 simulated
masses when no VMG is employed.

In Figure 4A, the measured displacements with VMG and
Tymg equal to the diffusion time in a real experimental set-
ting are shown. The displacement pattern is similar but more
complex than shown in the simplified model (Figure 2A). In
Figure 4B, the displacements during the 2 diffusion gradients
are depicted. The displacements differ when the phantom is
measured on the scanner without applying the VMG and be-
come more similar when the VMG is applied before the DW.
This effect is especially prominent in the y-direction (anterior-
posterior), whereas the x-direction (right-left) seems to be
less affected by the application of the additional gradient. In
z-direction (feet-head) the measured displacements are small
compared to the other directions.

Displacements are also visible during the diffusion gradi-
ent durations when the coil is placed on the decoupling table.
However, the displacements when the coil is placed on the
decoupling table seem to be very similar during the diffusion
gradients and represent much lower frequencies of the system.
The decoupling table was manufactured with wood, which
could result in low eigenfrequencies of the system. However,
high vibrational frequency components can also be observed
in anterior-posterior direction. This could potentially reflect
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table in 3 healthy volunteers. Without the VMG, the measured ADC is dependent on the extra loading of the scanner table, and a larger ADC SD
is observed. When all measurements are combined, the coefficient of variation is reduced by 34.9% (volunteer 1), 18.9% (volunteer 2), and 24.0%

(volunteer 3) comparing the measurement without the VMG to the measurement with the VMG

the first natural resonance of the wooden decoupling table
that is predominately present in anterior-posterior direction.
The energy to excite this natural resonance vibration could
also be transferred from the gradient coil to the decoupling
table via sound waves.

Not only the employment of the VMG is important but
also the timing of this additional gradient. Figure 5 shows
that the displacement patterns differ greatly (even more com-
pared to the absence of the VMG) when the VMG timing
is much shorter or longer than the diffusion time. When the
VMG replicates the shape and strength of the DW gradients
and the timing of the diffusion preparation, the similarity of
the displacement curves is very high.

Based on the measured displacements, the accumulated
phase can be estimated and compared to the signal amplitude
of a DW MRS scan. The results shown in Figure 6 represent
a merging of 2 experiments, which could not be performed
simultaneously. Therefore, although the location of the min-
ima in the accumulated phase and maxima in the methylene
peak area do not fully match, the pattern in the 2 curves of
Figure 6 appears similar. Figure 6 shows that a maximum in
the signal amplitude is obtained when the VMG timing rel-
ative to DG; is equal to the diffusion time. This high signal
value corresponds to a minimum in the accumulated phase.
The above finding is another illustration of the idea that the
signal loss in a DW MR experiment due to vibrational arti-
facts can be reduced when the displacements during the 2 dif-
fusion gradients are similar and eventually the accumulated
phase is small. Figure 6 shows multiple minima in the accu-
mulated phase or maxima in the signal values. However, the
occurrence of these extreme values is not easily predictable
without the knowledge of the exact mechanical properties of
the system. Nevertheless, it can be postulated without any

knowledge of the object properties that a minimum in the ac-
cumulated phase occurs when the VMG timing relative to the
first diffusion gradient is equal to the diffusion time.

Solely accumulated phase is not sufficient to induce sig-
nal loss by intravoxel dephasing. For this effect, a phase dis-
persion over the 3D voxel needs to be present. To quantify
the phase dispersion for more than 1 point, the accumulated
phase was calculated on a 2D surface on top of the phantom.
The surfaces shown in Figure 7 represent the accumulated
phase in each point for different measurement scenarios.
Signal loss will occur in DW MR experiments when a large
spatial variation of phase is present in 1 acquisition voxel.
The phase variation in a 2D surface can already give a hint
to the expected signal loss in a 3D volume. When the phan-
tom was scanned on the scanner table without the proposed
scheme, a signal loss of 5% already could be observed in
the 2D surface, whereas it was only 1% when the VMG was
employed. It would be expected that the signal loss in a 3D
volume on the scanner table will be higher without the VMG
compared to the case with the VMG.

The phantom results in the 2 measured WF phantoms need
to be discussed separately: In the 6000 rpm WF phantom,
the lipid ADC value is greatly overestimated when the phan-
tom is measured on the scanner table without the proposed
method. When the VMG is employed, a great improvement
in the measurement of the lipid ADC value can be observed.
In the 11,000 rpm WF phantom, the ADC measurement
seems to not be affected a lot by vibrations; therefore, the
3 measurement scenarios give very similar lipid ADC val-
ues. The differences in both phantoms can be explained by
different oil droplet sizes within the 2 phantoms,12
ing in different viscoelastic properties of the phantoms: the
11,000 rpm phantom is more viscous than the 6000 rpm

result-
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phantom. Therefore, the effect of the vibrations on the overall
signal loss is highly dependent on the tissue properties and
can vary a lot between different tissue type. However, it
should be noted that the VMG does not cause artifacts in
the ADC quantification when the estimation without the ad-
ditional gradient is already sufficient (as can be seen in the
11,000 rpm WF phantom). Therefore, the application of the
VMG overall improves the accuracy of the measured lipid
ADC value in phantoms.

The coefficient of variation for the estimation of in vivo
lipid ADC decreased significantly when the VMG was em-
ployed in all 3 volunteers. A correct estimation of the diffu-
sion properties of lipids is particularly important when high
order effects such as diffusion restriction effects are investi-
gated.12 The ADC value changes in an 80-um diameter fat
cell in vivo by approximately 1% per 100 ms diffusion time
increase.

Therefore, a high accuracy in the DW signal acquisition is
needed. The presented method could be used to improve the
quality of DW MR measurements and eventually the accu-
racy of lipid droplet size estimations.

The proposed study has the following limitations: First,
the laser interferometer data and the DW-MRS data were ac-
quired subsequently and not in the same phantom. However,
experimental limitations did not allow a simultaneous ac-
quisition in the same phantoms. Consequently, the slight
mismatch between the accumulated phase curve and the
methylene peak amplitude in Figure 6 could most likely be
explained by the different phantom materials with different
viscoelastic effects. This difference in the material properties
leads to differences in the observed displacement with dif-
ferent frequencies and damping. However, the overall trend
is also visible in this merged dataset based on different ex-
periments. Second, the phase dispersion was only measured
on a 2D surface and not in a 3D volume. For an accurate
estimation of the intravoxel dephasing effect with the corre-
sponding signal loss, the accumulated phase should be calcu-
lated for each point in a 3D volume. However, the employed
laser interferometer methodology only allows measurements
on a surface without depth information. Because phase dis-
persion effects are even visible on a 2D surface, phase disper-
sion effects are expected to be present and may be even more
severe if the measurements would have been extended to a
3D analysis. The presented measurements do not allow for an
accurate quantification of the 3D intravoxel phase dispersion;
however, based on the 2D surface information, conclusions
can be drawn that the signal loss should be reduced when the
VMG is applied.

Another way of reducing vibrational artifacts in diffusion-
weighted sequences would be the reduction of acoustic noise
produced by the applied gradients. This could be achieved
by either matching the frequency of the time-varying diffu-
sion gradient to minima of the scanner gradient response

function® or by reducing the slew rate of the diffusion
gradients. However, the above approaches would lead to less
flexibility in the selection of sequence timing and most proba-
bly to prelonged TEs.

The proposed approach can be theoretically applied
in other DW MR sequences with minor or negligible time
penalty by adding the VMG before the start of the diffusion
preparation.

An even better matching of the vibrational states might be
achieved by extending the VMG and also adding additional
other gradients (e.g., slice selection gradients or spoiler gra-
dients) in the gradient prepulse. The proposed approach could
be also of interest in DW imaging of the brain, where vibra-
tion induced artifacts were reported previously.7 Especially in
pediatric cases, vibration effects could be even more severe
due to the light weight of the patients and the typical opti-
mization of the scanner hardware toward adult weights and
dimensions.® The general trend toward high b-value brain dif-
fusion that allows high-resolution diffusion tensor imaging
with fiber tracking comes with the cost of stronger and longer
diffusion gradients.9 Such more demanding requirements on
the gradient scanner hardware are expected to increase the
occurrence and strength of vibration artifacts. The proposed
VMG is not able to completely recover the lost signal but
can reduce the artifact with minor penalty on the acquisition
time. Further studies should focus on the application of the
proposed technique on other DW measurements to reduce
artifacts.

6 | CONCLUSION
A method was proposed to mitigate signal loss in DW meas-
urements induced by scanner table vibrations. The benefit
for placing an additional gradient before the DW module in
a DW MRS sequence was shown by mechanical modeling
and by measuring the actual displacements on the surface
of a phantom during a DW MRS measurement. When using
the additional gradient, the displacements during the dif-
fusion gradients were more similar, which would result in
less signal loss by intravoxel dephasing. The application of
the proposed method showed an improvement in lipid ADC
quantification in WF phantoms and in the tibia bone marrow
of 3 healthy volunteers.
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