Improved diffusion MRI with an ultra-strong gradient head insert
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Abstract—Demyelination and dysmyelination diseases cause
damage to the white matter in the central nervous system by
disrupting the myelin water sheaths on axons. Diffusion MRI
has been suggested to be crucial in uncovering microstructural
alterations in white matter. However, conventional diffusion MRI
methods are unable to detect myelin water due to its short
transverse relaxation time (T2). The use of ultra-strong gradients
can significantly shorten the echo time thereby regaining sensi-
tivity to myelin water, but presents technical difficulties including
expensive setup and risk of peripheral nerve stimulation. In this
work, the potential of using a gradient insert that can be inter-
faced with existing scanners is assessed to boost diffusion MRI
experiments. First, the magnetic force experienced by the cables
that supply power to the coil had to be reduced to enable strong
diffusion weightings. An optimal cable configuration for the
gradient insert coil is presented along with a proposed mechanical
design to reduce the magnetic force on cables. This enabled the
acquisition of healthy human brain images with strong diffusion
weightings. Next, a preprocessing pipeline was developed to
address deviations from the imposed diffusion weighting resulting
from nonlinearities in the ultra-strong coil’s magnetic field, and
to correct image distortions resulting from linear eddy currents
and susceptibility fields. Finally, the feasibility of quantifying
myelin water diffusion with the gradient insert was investigated
in simulations.

I. INTRODUCTION

Demyelination and dysmyelination diseases are medical
conditions that cause damage to the white matter in the central
nervous system. This damage is characterized by lesions that
disrupt the myelin coating on axons, leading to the loss of its
protective and insulating properties [1].

Nuclear Magnetic Resonance Imaging, also known as MRI,
is a method of creating images of soft tissues without invasive
procedures. It is highly valued in neurology and neurosurgery
due to its ability to accurately diagnose various diseases. In
MRI, a powerful magnet (main magnet) generates a strong
magnetic field (BO), which aligns the protons in the body.
During the acquisition, a radiofrequency (RF) pulse is applied
to excite the protons within the body, causing them to tem-
porarily spin out of alignment and resist the pull of the BO
field. When the RF field is turned off, the RF receivers can
detect the energy released as the protons return to their original
alignment with the main magnetic field. The speed at which
the protons realign and the energy released vary based on the
chemical nature of the molecules and their environment. These
variations are used to construct a detailed image, with contrast
showing micro-environmental differences [2].

Gradient coils are an essential part of MRI scanners as
they generate a secondary magnetic field, causing a systematic

alteration of BO. This provides the ability to encode spatial
information of the MR signal, making possible the application
of diffusion MRI techniques [3].

Diffusion MRI (dMRI) measures the movement of water
molecules in biological tissues [4]. It utilizes gradient fields
to identify the thermal-induced random movement of water
molecules, thereby providing information at a microscopic
level that goes beyond the normal resolution of MRI [5]. The
Pulsed Gradient Spin Echo (PGSE) method (Figure 1 below),
also known as the Stejskal-Tanner method [6], is the most
widely used technique for creating diffusion-weighted (DW)
contrast. This involves a pair of RF pulses, consisting of a 90°
and 180°, with equally sized gradients positioned on both sides
of the 180° pulse. The signal equation for a PGSE experiment
is defined as:

S = Sy exp(—bD) exp <_§2E>, (D

with SO the initial signal intensity with no diffusion weight-
ing, T'FE is the echo time, and T'2 is the transverse relaxation
time [7]. This equation shows the decline of the spin echo
signal, with the signal strength decreasing at an exponential
rate as TF increases due to 72 relaxation. Additionally, the
strength of the signal is influenced by the diffusion of water
molecules in the sample, causing a further decline of the
signal that directly corresponds to the diffusion coefficient
(D). The calculation of apparent diffusion coefficient (ADC)
involves fitting the signal model mentioned in equation 1.
This is possible when at least two or more b-value images
are acquired. b is the diffusion weighting value given by:

b=~2G?52 (A — g) ()

with ~ the gyromagnetic ratio, G the gradient amplitude and

duration J, A is the time interval, as shown in Figure 1 on the
next page [8].

However, conventional diffusion MRI methods are unable
to detect myelin water due to its short 72. The use of dMRI
with strong gradients has been shown to play a crucial role
in improving the specificity and sensitivity of microstructural
measurements [9][10]. This advanced technique enables the
study of diffusion properties at short 72 values. Although,
strong-gradient imaging presents technical difficulties, includ-
ing the high cost of setup and the risk of peripheral nerve
stimulation.

Futura Composites developed an ultra-strong gradient head
insert prototype, designed as an auxiliary piece of equipment.
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Fig. 1: Typical PGSE sequence with EPI (Echo Planar Imag-
ing) readout for diffusion MRI. Adapted from [8].

This single-axis coil (z-axis) boasts a maximum amplitude
gradient strength of 200 mT/m and a maximum slew rate of
1300 T/m/s, resulting in shorter echo times with an increased
signal-to-noise ratio (SNR). In order to avoid stimulation of
peripheral nerves, the field of view (FOV) of the gradient insert
coil was deliberately limited [11]. However, this restriction
resulted in a decrease in image quality. Furthermore, the
coil had to be adapted for diffusion MRI acquisitions. The
application of high currents (greater than 200 A) for DW
imaging at high b-values with the gradient insert coil generated
a magnetic force on the cables supplying power to the coil.
This challenge had to be addressed before conducting the
image acquisition.

For the acquisition, a PGSE sequence with EPI readout
was used to acquire images of healthy human brain. EPI is
beneficial for its high signal-to-noise ratio per unit time, en-
abling fast acquisition of multiple dMRI image scans. Despite
this advantage, EPI is known to have challenges, including
its vulnerability to BO field inhomogeneities and the creation
of eddy currents during the fast switch of strong diffusion-
weighted gradients. [12].

In this research, an approach for reducing the magnetic force
generated by the insertion of the ultra-strong gradient coil
into the scanner bore is analyzed. This work also includes
a proposal to address this issue in the Discussion section.
Additionally, a preprocessing pipeline is implemented to im-
prove the quality of the images and correct deviations in ADC
values caused by gradient insert field nonlinearity. Finally, a
simulation of an inversion recovery pulse acquisition protocol
was conducted, demonstrating the feasibility of modeling
diffusion properties at short echo times.

II. METHODS

This section begins by discussing the magnetic force and
its effect on the gradient insert coil. Next, data acquisition
for two different gradient settings is presented. Afterwards, a
preprocessing pipeline is proposed to correct for linear eddy
currents, susceptibility-induced distortions, and to perform B-
matrix correction. The last step in this section presents a

simulation aimed at modelling diffusion parameters of myelin
water.

A. Experimental Setup with the cables

Initially, the setup with the cables was not meant for DW
imaging. The intensity of the current that has to enable the
gradient insert coil is higher than 630 A for DW scans, which
exceeds the maximum tested current [11]. When testing this
setup, it was visible that the cables encounter a magnetic
force that can break the connector. The main challenge is
limiting this force to stop the motion of the wires and keep
the connector intact.

The gradient insert coil is introduced into the main magnet
at the scanning time. Part of the cables that supply power
to the coil is affected by the magnetic field produced by the
main magnet, as shown in Figure 2 on the next page. B is the
magnetic field produced by the main magnet, and its field lines
direction is indicated with dark blue arrows. The sketched light
blue rectangle illustrates the bore of the 7T scanner. L is the
length (meters) of the cables which interact with the magnetic
field 5. When a dedicated amplifier is turned on, current ¢
flows through the cables and reaches the gradient insert coil
through the connector. The current is described by moving
charges [13] from + to - through the cables represented by red
and black lines. For length L of the current-carrying cables,
the large magnetic field B creates a significant magnetic force
Fj.

This interaction is defined by the Lorentz Force Law [14]
and can be written as [15]:

Fg =iLBsind [N] 3)

Angle 6 represents the angle in degrees between the current
i and B. We assume a uniform magnetic field B in the
direction illustrated in Figure 2. Since the cables are not
perfectly parallel with B, each will be moved by the magnetic
force FT;3 no matter the direction of the current [13]. The
magnitude of the force can only be suppressed when 6 = 180°
or 0° [14].

In addition to the large magnetic field é, each current-
carrying cable produces individual circular loops of magnetic
fields in the direction of current ¢, as shown in Figure 3 on
the next page. Those local magnetic fields will act as additive
magnetic fields to B. However, the primary cause of the strong
movement of cables is the contribution of B when the angle
# is not equal to 180° or 0°. To minimize the movement of
cables, it is necessary to arrange them as closely as possible
to being parallel with the main magnetic field Bin region L.

According to equation (3), to reduce the magnetic force
P:;g, one can reduce the intensity of the current i, lessen
the magnitude of B or adjust the angle between the current-
carrying cables and B. The most practical way in this scenario
is adjusting the angle, as the magnetic field B is fixed at 7T by
the main magnet and the current ¢ will always match with the
desired gradient waveform to be transmitted by the gradient
insert. For this to be achieved, various cable configurations
have been tested to minimize the magnetic force.
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Fig. 2: The magnetic force Fg (see the enlarged region for each cable) produced by the magnetic field B (generated from the
main magnet) when interacting with a current-carrying cable/wire.

ANA
=T )
VAYA
VR,

CURRENT i—

w ([0

MAGNETIC =— > —>
) FIELD

J —

MAGNETIC FIELD—

Fig. 3: Circular magnetic fields produced by the current-
carrying cables (represented with red and blue cylinders) and
the net magnetic field between them. Adapted from [16].

B. Data Acquisition

Diffusion MRI scans were acquired on a 7T Achieva
system (Philips, Netherlands). The data collected consists of
in vivo human brain images of one healthy individual. Two
acquisitions were performed, one using the gradient insert
(ultra-strong gradient head insert) coil and another without this
auxiliary coil (whole-body gradient). The first set was obtained
using a maximum gradient amplitude strength of 200 mT/m
and a slew rate of 900 T/m/s. The second set was obtained
using a maximum amplitude strength of 40 mT/m and 200
T/m/s slew rate. Additionally, dynamic field camera scans were
acquired for both situations. The need for additional field scans
is to correct for eddy currents distortions, which is explained
in subsection C.1. The corresponding acquisition parameters
are presented in Table 1.

The gradient insert is a plug and play lightweight coil
(45 kg). Two people place the coil on the bed, and it gets
positioned in the bore of the 7T scanner by automatically
moving the bed before the acquisition. This coil is a single-
axis (z-axis) gradient coil; therefore, the diffusion gradients
were played along the z-direction [11].

A PGSE sequence with EPI readout was applied for all

b-values | Phase encoding TE
Datasets dMRI | [s/mmA2] direction [ms]
0| RL(rightleft) |21,83
0| LR (leftright) |21,83
Gradient insert 500 28,83
Slices/Scan: 20 1000 31,57
3000 RL 37,73
6000 43,2
10000 48,25
0| RL(rightleft) |36,98
0| LR (leftright) |36,98
Whoale-body 500 62,62
Slices/Scan: 40 1000 71,17
3000 RL 90,98
6000 108,1
10000 123,6

TABLE 1: Acquisition Parameters Overview:
For all b-value scans: TR (repetition time) is 10000; half-scan (reducing EPI
readout time by filling only a part of k-space) is 0.805; SENSE (sensitivity
encoding) is 1, which means no SENSE acceleration. Gradient direction is
IS (inferior-superior), matrix size is 112x112, and the voxel size is 2 mm.

scans. For RF transmission, the birdcage coil integrated into
the gradient insert is used, and for receiving, a 32-channel
head coil (Nova Medical, USA) is used [11]. For the whole-
body gradient scans, a different RF transmission coil was used.
This resulted in a reduction of B1 inhomogeneities artifacts in
whole-body scans.

C. Preprocessing pipeline

1) Field camera correction for linear eddy-current-induced
distortions: In electromagnetism, the Faraday-Lenz Law ex-
plains that electrical currents are created in conductors in
proximity to a changing magnetic field. In MRI, rapidly
changing magnetic fields through gradient coils or RF coils
generate eddy currents in any metallic parts of the scanner, as
well as in wires or the patient themselves. These eddy currents
can have negative effects on both the scanner and image



EPI with linear eddy currents K-space Distorted images Ref. images
= Im Y m = —
Gre ~ Gay U U J U U 5
Gpp AAANANAAA D <
GSS FE lines

AA A A A A A

length change

i ="
GSS PE gaps increase
C.
A M M
Grx VAW AW AR AW/
AN A MNAANA
GPE
i -«
GSS Gaiff linear phase

i
translation

Fig. 4: a) distorted waveform with eddy currents in the frequency encoding direction. Lines are shifted in k-space, and the
output is a sheared distorted image, b) eddy currents in the phase encoding direction, increasing space between k-space lines,
and results in a stretched(scaled) distorted image, ¢) eddy currents in the slice selection direction produce a linear phase shift
in the phase-encode direction, which subsequently results in a translation artifact in the final image. Adapted from [17].

quality [18]. They create undesired magnetic fields that alter
the magnetic field created by the source and produce time-
dependent gradients, which can lead to image distortion like
Nyquist ghosts or geometric distortions. The intensity of these
artifacts is directly proportional to the magnetic field change
rate [17]. Additionally, rapid changes in magnetic fields can
stimulate the peripheral nerves in the patient [18]. The focus
of this work is correcting eddy currents induced in the scanner
itself.

In all types of echo-planar imaging (EPI), eddy currents
generate geometric distortions such as image shearing in the
frequency-encoding direction, image scaling from gradients
in the phase-encoding direction, and global position shift
(translations) from changes in the main magnetic field (BO)
[18]. BO eddy currents are slight variations in the main
magnetic field. These fluctuations are constant in space but
vary in time. When strong diffusion gradients are activated and
deactivated, eddy currents geometrical distortions are created,
resulting in a deviation of the transversed k-space trajectory
from the imposed one. This affects the readout gradients in
the frequency-encode (x), phase-encode (y), and slice-select
(z) directions [17]. As a result, DW-EPI images exhibit visual
deformations as shown in Figure 4 above. Furthermore, in DW
imaging, these currents can also result in incorrect higher ADC
values [18]. This work focuses on correcting first-order (linear)
eddy-currents, with the potential for higher-order correction
presented in the Discussion section.

One current approach to correct for eddy currents is using
FSL Eddy [19], which requires additional reversed phase
encoding data acquisition. FSL Eddy requires a minimum of
10 to 15 gradient directions for lower b-values and increases

to 30 to 40 for higher b-value scans. This constraint increases
the acquisition time for DW imaging as more scans in different
directions are needed. FSL Eddy uses affine transformation to
align images acquired at different gradient directions and can
also perform slice-to-volume motion correction [20]. However,
using FSL Eddy with this one-axis gradient insert coil is not
practical as the number of gradient directions is limited to one.
Therefore, field camera correction seems like a better solution
to achieve eddy currents correction while maintaining a short
acquisition time.

Field cameras are becoming increasingly popular in research
as a solution for correcting eddy current distortions in dMRI
data. This is because field cameras can monitor how the mag-
netic field changes during the EPI readout, and then use this
information to correct distortions during image reconstruction
[12].

In this work, a dynamic field camera (see Figure 5) consist-
ing of 16 NMR probes was used to measure the evolution of
the magnetic field during the EPI readout. A separate session
was conducted for the measurement using the same acquisition
protocol as for the human scans. The camera was placed at
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Fig. 5: Dynamic field camera manufactured by Skope (Zurich)
[21].



the isocenter of the gradient insert coil for the measurement.
This provided gradient fields and k-space trajectories [21].
The output was generated as raw complex data, which was
then retrospectively used as input for a reconstruction MAT-
LAB script. The reconstruction procedure is outlined in the
Appendix section of this work, which includes some general
steps involved in the process.

2) Susceptibility distortion correction: Since EPI readout is
used in this pulse sequence, it is well-known that this technique
is susceptible to BO magnetic field inhomogeneities caused by
variations in the magnetic susceptibility of the tissues within
the body [12]. These inhomogeneities cause pixels in the
image to appear shifted from their expected location [22]. This
leads to image artifacts, sometimes referred to as stretching or
pile up [23], which can negatively impact the interpretability
of the acquired image scans. To mitigate this issue, FSL topup
is used to enhance the overall image quality.

In order to use FSL topup, b = 0 s/mm?* value scans
were acquired with reversed phase-encode blips (Right-Left,
Left-Right), resulting in the creation of image pairs with
distortions in opposite directions. From the pairs of images,
a susceptibility-induced fieldmap is estimated. Subsequently,
FSL topup employs this estimated fieldmap in conjunction
with a similarity measure to determine any displacement that
occurred between two acquisitions [24][25]. This fieldmap is
furthermore used to correct the other dMRI volumes in a
dataset, as susceptibility distortions have an identical effect
on all b-value scans in the absence of motion [12] [26].
Additional information regarding the parameters utilized for
the FSL topup correction can be found in the Appendix section
of this document.

3) B-matrix correction: To prevent nerve stimulation
caused by rapidly changing magnetic fields, the gradient insert
coil was limited to a field of view of 192 mm [11]. This causes
a spatial nonuniformity, which becomes more pronounced as
one moves away from the center of the image (isocenter).
The drawback of this limitation is that the linearity of the
gradient coil is compromised [12]. Consequently, the readout
gradients and diffusion encoding are impacted by variations
from their intended values, resulting in inconsistencies in the
resulting images. These variations in the expected gradients
lead to geometric distortions and signal intensity deviations in
the resultant images. This is due to the fact that conventional
image reconstruction techniques presuppose that the data has
been spatially encoded using calibrated linear gradients. As
a result, such distortions can pose a significant challenge for
preoperative planning or volumetric studies [12].

The preprocessing pipeline presented in this work focuses
on correcting gradient deviations. To quantify the spatial vari-
ations in the image caused by gradient deviations, a unique B-
matrix is assigned to each individual voxel. However, correct-
ing for gradient deviations can be challenging if the specific
magnetic fields of the coil are not known. While MRI scanner
manufacturers typically have the necessary information for
correction, this information is often not readily available to
users as it is considered sensitive and proprietary information
[12].

It is essential to correct for B-matrix deviations, as they not
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only affect high DW measurements but also lower-to-moderate
DW signals. The latter is because the absolute signal change
is larger at these b-values, making them more susceptible to
these deviations, as noted in the study by Guo et al. (2020)
[27].

The method outlined in the study of Bammer et al. (2003)
[28] was applied to correct for the effects of gradient devi-
ations. Laplace’s equation states that when a gradient coil is
enabled to create a magnetic field in one direction, it also
generates magnetic fields in two other directions. This means
that the magnetic field produced by the gradient insert coil
is different in magnitude and direction from the intended
magnetic field.

By knowing the deviations from the desired magnetic field,
a gradient coil tensor L(r) can be defined to relate the effective
magnetic field produced by the coil at each location r with
respect to the desired gradient field. This tensor contains
space-varying error terms for each gradient axes (x,y,z).
According to Bammer [28], the dependency between the actual
gradient insert, Ginsert,.;(r), and the desired gradient, G, is
therefore written as:

Ginsertee(r) = | Lyz Lyy Ly. | G=L(r)G (4)
LZ(L' L.'Ly LZZ

The L;; matrix element shows how much of the i-direction
magnetic field gradient is produced when a unit gradient in the
j-direction is intended. It’s calculated by taking the derivative
of the effective magnetic field that changes based on location
and dividing it by the nominal gradient strength (G;).

- () i -
ij — [2) 1) =T,Y, 2 (5)

dj

Given the gradient nonuniformity information about the gra-
dient insert coil is known at every point in the defined scanning
volume, the effective B-matrix (B.sr) can be calculated for
each voxel:

Bes(r) = L(r)bL(r)", b= assumed b-value  (6)

After the effective B-matrix for all pixel values is obtained,
the matrix trace will yield the final b value for that specific
location.

Once the b-value for each pixel is correctly calculated,
the ADC and T2 image is computed using Equation 1.
This computation was performed using images with b =
0,500, 1000, 3000 s/mm? . This is implemented through a
second MATLAB script, and the step-by-step procedure of
this algorithm is presented in the Appendix section.

D. Inversion-Recovery pulse sequence simulations

The illustration in Figure 6 on the following page depicts
different water pools commonly modelled in dMRI studies.
The biophysical model used involves multiple compartments
that can identify pathologies such as demyelination or dys-
myelination. The compartments include intra-axonal (repre-
sented in blue), extra-axonal (represented in green) and myelin
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Fig. 6: Cross-section through axon for biophysical modelling
in white matter. Adapted from [29].

water (yellow) areas with different parallel and perpendicular
diffusion. In general, myelin water is not considered a distinct
compartment as its T2 signal is too long to be detected using
a standard PGSE pulse sequence (see Figure 1).

The data from this study (as shown in Figure 11) reveals
that using ultra-strong gradient inserts can result in shorter
echo times (TE) at high b-values if the insert can be used for
diffusion encoding.

The hypothesis in Figure 7 suggests an inverse-recovery (IR)
pulse sequence to model myelin water independently from the
other components.

T'1. Thus, an Inverse-Recovery sequence (as shown in Figure
8) can be used to eliminate the long 7'1 component in white
matter (WM), which is commonly thought to come from non-
myelin water (as mentioned in [30]). The myelin water fraction
(MWEF) is a biomarker in the study of neurodegenerative
diseases, and it is typically defined as the proportion of the 72
distribution originating from myelin water (10 to 40 ms) to the
total T'2 distribution. When suppression is accomplished, the
myelin water fraction can be represented by just one diffusion-
T2 compartment, thereby simplifying the fitting procedure.

180° 9Q0° 180° EPl readout

A A J

Tl TE

Fig. 8: Inversion-DW-EPI pulse sequence. TI is the inversion
time, TE is the echo time. Adapted from [32].

For the simulation, the signal model to fit is:

g = Soe—bgTDge—TE/TQ, (8)

with Sy the measured signal without a diffusion-sensitizing
gradient, .S is the signal which depends on gradient directions,
b describes the pulse sequence, gradient strength (see equation
2) [33]. The dependence on T'E and T'2 is modelled as well.

The protocol set up for the simulations uses minimum echo
times from figure 11 to investigate gradient settings (see Table
3 below).
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Fig. 7: T2 signal of in vivo human brain from myelin, In-
tra/extracellular(Intra/extra axonal) water and the correspond-
ing myelin water fraction. Adapted from [30].

The equation of IR pulse sequence [31] is given by:

S = k[H](1 — 2e~T1/T 4 o= TR/TV) o= TE/T2 7

with K as a scaling factor, H is the spin density, 71 is the
inversion time, T'R is the repetition time, T'F is the echo time,
T2 is the transverse relaxation time and 7'1 is the longitudinal
relaxation time. In this equation, by selecting the right T'I, it
is possible to eliminate non-myelin water pools with a specific

gradient insert
b values [ms/um”2] min TE [ms] max TE [ ms] measurements
b=0 21.83 100 7
b=1 31.57 100 7
b=2 36 100 7
bh=3 37.73 100 7
whole-body gradient
b values [ms/umA2] min TE [ms] max TE [ ms] measurements
bh=0 36.98 100 7
bh=1 71.17 100 7
h=2 80 100 7
bh=3 90.98 100 7

TABLE 3: Table showing simulation settings for gradient
insert and whole-body gradient

For both scenarios, three gradient directions were consid-
ered: [1,0,0]; [0,1,0] and [0,0,1]. Ground truth values for S,
dy (parallel diffusivity), d (perpendicular diffusivity), and 72
were set to: 1, 0.37 um?/ms, 0.13 um?/ms and 14 ms. T2
was arbitrarily chosen to be 14 ms, within the range of 10 to
40 ms (see figure 7).

The values for d) and d, are taken from Andrews et. al.,
2006 [35]. In their experiment, the mean ADC of myelin water
in an excised sciatic nerve from a frog was computed.
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Fig. 9: Cables Arrangements: A) starting setup with four twisted pairs (a pair = two current-carrying cables), B) creating a
distance between the pairs, C) functional pairs are separated and untwisted, D) functional pairs are twisted again with a half
twist of length L, E) pairs are twisted better with a smaller length for the half twists.
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Fig. 10: A) Image overview for scanning with a gradient insert coil. Cables’ configuration included. Adapted from [34], B)
Image with the gradient insert coil, C) Image zoomed on the mechanical fixation.

The fitting was done using lsqnonlin function in MATLAB
[36]. The initial guess parameters were set to: 1, 1 qu /ms,
1 pm?/ms and 20 ms, based on the ground truth values
previously mentioned. In the simulation, Gaussian-distributed
noise with a standard deviation of 0.01 (SNR equal to 100)
was added to signal .S (equation 7). This process was repeated
500 times to account for multiple noise iterations.

ITI. RESULTS
A. Experimental Setup with the cables

To acquire DW images, the starting setup had to be modified
to limit the magnetic force that move the cables considerably.
Different cable arrangements have been tested to maintain the
connector’s integrity, as shown in Figure 9 above.

The default configuration had four pairs (Figure 9, A).
Each pair has two current-carrying cables, and in Figure 9,
it is represented by one red and one black line. The colours
represent the direction of the moving charges (the direction of
the current) through the cables. The first two configurations
contained two redundant cable pairs not used to supply power

to the coil (illustrated by black twisted pairs in Figure 9 A
and B). Therefore, they were removed in the third arrangement
(C) for efficiency. In the second arrangement (B), the distance
between the pairs was increased, but there was no change in
the magnitude of the magnetic force, which showed forceful
cables movement. The third arrangement aimed to test when
the functional pairs were not twisted but isolated with black
tape. The outcome was not positive. The motion of the cables
was powerful enough to make DW scans at low b-values
impossible.

The cables were twisted again with the fourth configuration
(D), but the structure was unstable enough for low currents
such as 200 or 300 Ampers. Finally, the solution (E) was to
make the length L of the half twists smaller. For this operation,
two people are needed at the ends of two cables to stretch after
every roll, making the half twists more compact. Additionally,
the cables were tied together to keep them stationary at
high currents. Cables have opposite polarities in neighbouring
half twists, and this causes the net magnetic field (Figure
3) between them to cancel out [16]. The conclusion is that
increasing the distance between the cables produces a greater



local magnetic field and an inconvenient angle 6 between
the current i and B. Twisting cables allows DW imaging
since it helps align the cables parallel with the direction
of B and reduces the electromagnetic interference between
cables. Otherwise, the connector can break at a mighty move.
However, the magnetic force is not eliminated since the best
angle 6 is hard to obtain due to mechanical limitations inside
the bore. Still, the magnetic force is limited enough to enable a
limited number of DW acquisitions using this gradient insert
coil. Possible improvements are presented in the Discussion
section.

The cable movement also impacted the gradient insert coil
itself to shift slightly during scanning as the cable pulled on
the coil. Therefore, a mechanical support was created to keep
the coil fixed to the bed. Moreover, the RF receive coil of
the main magnet had to be placed on an improvised support
to protect it from pressing the cables (see Figure 10 on the
previous page).

B. Data Acquisition

The benefits of using a gradient insert coil compared to a
whole-body gradient are shown graphically in Figure 11. The
echo times of the gradient insert scans are lower for the same
b-value scans, leading to a reduction in scanning time and
improved comfort for patients.
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Fig. 11: DW Acquisitions.

C. Preprocessing pipeline

1) Field camera correction for linear eddy-current-induced
distortions: Figure 12 shows multiple DW scans obtained
for the same slice at varying b-values for gradient insert
data. The b = 0 s/mm? image is not affected by eddy
currents, and it is used as the reference. The edges of the
b = 0 s/mm? are superimposed onto other DW images
[37], resulting in spatial deviations where the edge mask does
not fully overlap with the expected pixel information. The
output shown in Figure 13 reveals that the MATLAB 1 (see
Appendix) post-processing script successfully corrected the
geometric deformations created by the linear eddy-currents.
In Figure 14, the same quality control is applied to the whole-
body data. However, unlike before, we have fewer eddy current
effects because the gradient amplitude strength is lower.

Figures 16 and 17 show how the dynamic field camera
measures gradient fields and k-space trajectories. A shear
deformation can be identified for the gradient insert gradient
when looking at the k-space measured trajectories. In contrast,
the k-space measurement for the whole-body image data
almost matches the ideal case.

2) Susceptibility distortion correction: Figures 18 and 19
show the correction of the b = 0 s/mm? image and the
estimated field map for the gradient insert and whole-body
gradient data scans, respectively. It can be concluded that FSL
Topup effectively reduces distortions.

3) B-matrix correction: The findings depicted in Figure 20
demonstrate the largest corrections at the edges of the brain
and in the lateral ventricles. The B-matrix correction is applied
only to the gradient insert images because of the nonlinearity
of the gradient coil. For comparison, ADC has been calculated
for the whole-body images in Figure 21. When comparing the
ADC values obtained from gradient insert scans, higher values
of ADC are spotted in the whole-body images for the selected
region of interest. The mean absolute value of corrected ADC
for gradient insert is 0.7472 pum?/ms, which is lower than
0.9647 um?/ms for the whole-body.

D. Inversion-Recovery pulse sequence simulations

The data presented in Figures 22 and 23 show that using
whole-body settings for acquisition is not a viable option. The
values for parallel and perpendicular diffusivities are too far
from the reference values. Additionally, the T2 values for the
whole-body approach are estimated at higher values than the
maximum expected (40 ms, see Figure 7).

On the other hand, the gradient insert approach provides
much closer estimates to the ground truth values for diffusivity
metrics, as well as modelling T2 signal in the desired range
(10 to 40 ms). To facilitate a clearer comparison, the Root
Mean Squared Error (RMSE) was calculated and presented
in Table 2. The results demonstrate that simulation errors
are significantly higher when using the whole-body gradient
settings as opposed to the gradient insert settings.

In Figure 24, the SNR was varied in increments of 10
for the gradient insert settings in order to study the effect
of different noise distributions on the model. The exponential
trend indicates that as the SNR improves, the predicted errors
decrease.

RMSE| gradientinsert |whole-body gradient
S0 0.4095 0.7817
d| 0.0651 0.3352
di 0.0338 0.1281
T2 8.008 24.380

TABLE 2: RMS metric comparison between gradient insert
and whole-body diffusion properties.
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Fig. 12: Gradient insert images before eddy-current correction. Edges of b = 0 s/mm? head image are superimposed onto
other b-value scans images with a cyan colour [37]. Blue arrows indicate deviations with respect to the b = 0 s/mm? reference
image.

b = 0 s/mm? b = 500 s/mm? b = 1000 s/mm?
50
100
250
40
80
200
30
150 ®
100 40 20
50 20 10
0 0 0
b = 3000 s/mm? b = 6000 s/mm? _ b = 10000 s/mm?
20 8
,
15 6
5
10 4

0

Fig. 13: Gradient insert images after eddy-current correction with a field camera. Edges of b = 0 s/mm? head image are
superimposed onto other b-value scans images with a cyan colour [37]. Blue arrows indicate no deviation with respect to the
b =0 s/mm? reference image.



b = 0 s/mm? x105 b = 500 s/mm? x10% b = 1000 s/mm? %104
2.5
2
1.5
1
0.5
0
b = 3000 s/mm? x10% b = 6000 s/mm? b = 10000 s/mm?

12000 10000

10000 8000

8000
6000

6000
4000
4000

2000 2000

0 0

Fig. 14: Whole-body images before eddy-current correction. Edges of b = 0 s/mm? head image are superimposed onto other
b-value scans images with a cyan colour [37].
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Fig. 15: Whole-body images after eddy-current correction. Edges of b = 0 s/mm? head image are superimposed onto other
b-value scans images with a cyan colour [37].
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Fig. 18: Susceptibility distortion correction for gradient insert b = 0 s/mm? image with FSL topup. The last image shows the
field map estimated by FSL topup, with each pixel representing the value of the off-resonance field, expressed in units Hz.
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Fig. 19: Susceptibility distortion correction for whole-body b = 0 s/mm? image with FSL topup. The last image shows the
field map estimated by FSL topup, with each pixel representing the value of the off-resonance field, expressed in units Hz.
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Fig. 20: ADC with and without B-matrix Correction for the gradient insert images; b = 0,500, 1000, 3000 s/mm? images
were used to obtain this result. The upper limit of the scale is set to the maximum pixel value.
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Fig. 21: ADC without B-matrix correction for the whole-body gradient images. The upper limit of the scale is set to the
maximum pixel value. The last two images show the estimated T2 image of gradient insert and whole-body gradient images;
b = 0,500, 1000, 3000 s/mm? images were used to obtain this result. The scale for the last two images is set to 0-100 ms.
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IV. DISCUSSION
A. Experimental Setup with the cables

In this harness, pairs are not shielded. The usage of coax-
ial straight cables can drastically reduce the electromagnetic
interference between the pairs [38]. This is because shielded
cables have positive and negative conductors in the same wire
[39]. More important, the magnitude of the magnetic force
can be reduced more if the direction of the moving charges is
closely aligned with the magnetic field produced by the main
magnet [13][14]. Figure 25 illustrates a proposal where a rigid
support could be attached to the gradient insert coil before the
scan starts.

| [
| Gradient Insert Coil

.I"x.__{_________...___./’{ |

| Connector

Fig. 25: The sketched light blue rectangle depicts the bore of
the 7T scanner. B is the magnetic field created by the main
magnet. The cyan line represents a single coaxial cable used to
supply power to the gradient insert coil. The red lines depict a
rigid support designed to hold the cable in a parallel alignment
with respect to the main magnetic field.

The results of these experiments predict the need for fur-
ther investigation to determine the optimal configuration for
making this gradient insert coil prototype suitable for longer
diffusion-weighted acquisitions at high b-values.

B. Data Acquisition

In the acquisition process, only 20 slices were obtained
using the gradient insert coil due to magnetic force limitation.
These cables still moved for scans at the values of b =
6000, 10000s/mm?. To overcome this limitation, improving
the cable setup and verifying the magnitude of the force before
retesting with more slices is crucial.

The estimation of T2 yields inaccurate values for the given
protocols, hence, the computation of T2 for both datasets is
not possible. To accurately estimate different echo times with
varying b values, it is necessary to use protocols incorporating
more b value scans with longer TE. Therefore, acquiring a
b = 0 s/mm? scan for each echo time is crucial for obtaining
accurate T2 values.

C. Preprocessing pipeline

In this work, EPI readout was used. With spiral readout,
echo times can be reduced, leading to a boost in image SNR.
Spiral MRI differs from EPI in that it cannot use EPI-phase

correction techniques to account for encoding perturbations
caused by short-term eddy currents. Therefore, in this scenario,
the ability of dynamic field monitoring to deliver accurate en-
coding information is of great significance [21]. Static BO oft-
resonance is another factor that can result in blurring in spiral
MRI due to encoding inaccuracies. This static off-resonance
is usually determined through multi-echo gradient sequences.
Dynamic field monitoring can improve the accuracy of field
mapping during imaging studies by capturing slow dynamic
field changes that occur during the scanning process, even
though it cannot directly measure static off-resonance in the
subject. Obtaining precise measurements of both dynamic and
static encoding fields leads to high-quality DW images with
improved SNR in comparison to EPI [40][41][42].

This work employs field camera correction to address linear
eddy currents, and it has the capability to be extended to
correct for higher order eddy currents as well [43].

The correction of susceptibility-induced distortions relies on
the assumption that the susceptibility field remains constant
throughout the acquisition process. As a result, either the
same deformation field or its rotated version (depending on
motion) is applied to all DW images. However, this method
neglects the relationship between the susceptibility fields and
head orientation and thus ignores the effect of subject motion.
A new method for estimating susceptibility fields per volume
was recently introduced by Andersson et al., 2018a [44]. This
technique adjusts the estimated fieldmap based on the impact
of subject motion on the susceptibility-induced distortions, as
movement can change the spatial location and strength of the
field. This approach has demonstrated improved anatomical
accuracy of computed diffusion metrics and increased data
reproducibility, especially in situations where the subject expe-
riences significant movement, such as when scanning patients
or children [12].

B-matrix correction is usually performed towards the end
of a preprocessing sequence, after the correction of subject
motion or eddy currents. However, if the subject underwent
any movement, the L(r) matrix (as per equation 4) corre-
sponding to their original position in the scanner must be
considered. Therefore, the B-matrix can change both spatially
and temporally. Rudrapatna et al. (2021) have devised a
method for computing B-matrices that takes into account
both spatial and temporal variations [45]. They use estimated
motion parameters to trace the temporal changes in gradient
amplitudes for each location, resulting in a spatiotemporal
B-matrix. Their findings indicate that the spatiotemporal B-
matrix approach could result in more reliable parameter esti-
mations in circumstances of high gradient nonlinearities and
excessive movement [12].

The results of the B-matrix correction show that the mean
ADC value obtained using the whole-body gradient is higher
compared to the one obtained using the gradient insert acqui-
sition. This difference is expected, as the amplitude strength
of the whole-body gradient is lower. This may suggest the
presence of T2 signals from multiple tissues. Nonetheless,
using ultra-strong gradient coils leads to shorter ADC values,
but it provides valuable T2 information, particularly important
in the context of modelling myelin water tissue.



D. Inversion-Recovery pulse sequence

In this study, an IR pulse was proposed to model the diffu-
sion characteristics of myelin water. The research conducted
by Andrews et al. utilized a Double-Inversion-Recovery (DIR)
protocol in combination with PGSE to determine the ADC
of myelin water [35]. IR sequences can be used to null the
signal of one tissue by choosing TI. In a practical application,
a more thorough signal suppression may be required. The
implementation of a double inversion recovery (DIR) sequence
can help achieve this goal by suppressing signals of two tissues
(can be from both grey and white matter tissues) [46].

V. CONCLUSION

In conclusion, this work presented a preprocessing pipeline
for dMRI images that were obtained with and without an
ultra-strong gradient insert. To resolve the technical challenges
associated with cable arrangement, a solution was offered.
Additionally, a simulation of diffusion parameters that took
into account an inverse-pulse sequence was carried out. The
simulation showed the capability to model myelin water T2 at
short TE with an ultra-strong gradient insert coil, highlighting
the usefulness of the IR pulse sequence. The presented work
makes a step forward in the examination of demyelination
and dysmyelination through improved image quality. This
improvement opens up the potential for strong diffusion
MRI to become a diagnostic tool for Alzheimer’s disease
[471[48][49][50] but also for other neurodegenerative diseases
in the future [30].



APPENDIX

Preprocessing Pipeline Steps:

1. Field camera processing. For each set of data (image data
and k-space trajectories from the dynamic field camera), the
following steps were followed:

MATLAB 1

1: Load complex raw image data

2: Load k-space trajectories derived from field camera data

3: Generate Nonuniform Fast Fourier Transform (NUFFT)
using measured k-space trajectory to compensate for eddy
currents from gradient-insert.

4: Use NUFFT in Conjugate-gradient SENSE reconstruction
to obtain images

Contact Edwin Versteeg for additional information about
this script.

2. The second step is to correct the susceptibility-induced
distortions using FSL topup. Following the instructions from
FSL topup website [26], b = 0 s/mm? RL and LR images
have to be mixed into one file. Onto this file, the next step is to
call "topup” command with parameter - - estmov=0". Without
this setting, the information on the first and last slice is lost,
and in this situation, we wanted to make use of all slices. This
function applies least-squares restoration for the b = 0 s/mm?
image, which yield the results shown in Figures 18 and 19.
Additionally, it estimates the field map used to correct the
other DW images. The correction itself is made by calling
“applytopup” command function with the right acquisition
parameters set in the text file: 1, 0, 0 TE for the RL image;
-1, 0, 0 TE for the LR image. For the other DW images,
only RL acquisitions are available, therefore, when running
the ”applytopup” command, it is necessary to specify the - -
method=jac” option.

3. Step-by-step approach for B-matrix correction and com-
puting ADC and T2 images.

Before applying the correction, the skull is removed from
the selected slice by using ROI (region of interest) selection.
This method is more efficient and faster than using FSL bet
because, with eddy-currents corrected and other DW images
aligned with the reference b = 0s/mm? image, one mask
can be effectively applied on all b-value scans on the selected
slice. arrShow [51] can be used to generate the positions of
the ROI and then are imported in the MATLAB 2 script.

a) B-matrix correction: described in MATLAB 2 pseu-
docode.

MATLAB 2

1: Load parrec images for getting TE values from DICOM
and offcenter positions.

2: Load nifti images corrected by FSL topup

3: Calculate nominal gradient field from linear regions of the
gradient insert coil.

4: for of fcenter =1,2,... do

5: Compute a grid with coordinates based on the FOV,
the voxel size and the offcenters.

6: For the new grid, compute the X,y,z components of the
magnetic field.

7: Normalize the magnetic field components with the
nominal gradient field.

8: Compute Lij matrix elements for the current offcenter
(the current slice) by computing the gradient in x,y,z
direction with a 2mm step (depends on voxel size).

9: end for

10: Build the L matrix (equation 4), given the Lij matrix
elements.

11: Calculate B-matrix for every pixel (using equation 6), for
all the b-value scans included in the processing.

12: The final b-value for the specific pixel is the trace of every
B-matrix.

b) computing ADC and T2: Using equation 1, compute
ADC and T2 images with iterative weighted LS fit (12
iterations), with weight = pizelvalue? [52].
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