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Abstract

Purpose: To demonstrate the performance of gradient array coils in minimiz-
ing switched-gradient-induced electric fields (E-fields) and improving periph-
eral nerve stimulation (PNS) thresholds while generating gradient fields with
adjustable linearity across customizable regions of linearity (ROLS).

Methods: A body gradient array coil is used to reduce the induced E-fields on
the surface of a body model by modulating applied currents. This is achieved by
performing an optimization problem with the peak E-field as the objective func-
tion and current amplitudes as unknown variables. Coil dimensions and wind-
ing patterns are fixed throughout the optimization, whereas other engineering
metrics remain adjustable. Various scenarios are explored by manipulating
adjustable parameters.

Results: The array design consistently yields lower E-fields and higher PNS
thresholds across all scenarios compared with a conventional coil. When the
gradient array coil generates target gradient fields within a 44-cm-diameter
spherical ROL, the maximum E-field is reduced by 10%, 18%, and 61% for the
X, Y, and Z gradients, respectively. Transitioning to a smaller ROL (24 cm) and
relaxing the gradient linearity error results in further E-field reductions. In
oblique gradients, the array coil demonstrates the most substantial reduction of
40% in the Z-Y direction. Among the investigated scenarios, the most significant
increase of 4.3-fold is observed in the PNS thresholds.

Conclusion: Our study demonstrated that gradient array coils offer a promising
pathway toward achieving high-performance gradient coils regarding gradient
strength, slew rate, and PNS thresholds, especially in scenarios in which linear
magnetic fields are required within specific target regions.
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1 | INTRODUCTION

Modern MRI scanners have a growing demand for gra-
dient coils with strong gradient fields and fast switching
capabilities.!> These features are crucial to achieve bet-
ter image quality and faster scan times. High gradient
strength is essential for applications such as DWI. As
the gradient strength increases, the duration of the diffu-
sion gradient pulses decreases, leading to shorter TEs, an
improved image SNR, and the potential for higher spatial
resolution.! Moreover, a higher slew rate (SR) is desired,
especially for techniques like EPI, to decrease the acqui-
sition time.® Frequently used DWI sequences incorporate
an EPI readout, and the simultaneous use of strong gra-
dients and elevated slew rates leads to shortened TEs and
echo spacings, increased SNR, and minimized motion arti-
facts, thereby enhancing the overall quality of the acquired
images.”"1°

Whole-body gradient coils typically have a maximum
gradient strength (Gpax) of less than 80 mT/m and a max-
imum SR no higher than 2007T/m/s. Because gradient
coil inductance is proportional to the fifth power of coil
radius,!! pushing Gn.x beyond 80 mT/m would necessi-
tate a considerable surge in peak power (e.g., 8 MVA/axis
to achieve 300 mT/m)."12 Despite the advanced capabili-
ties of such high-performance hardware, the simultaneous
attainment of both high Gn.x and high SR has remained
challenging due to physiological limitations imposed by
peripheral nerve stimulation (PNS).!371° Rapid switch-
ing of strong magnetic fields (B-fields) induces electric
fields (E-fields) within the human body, which can poten-
tially trigger nerve stimulation. As a result, the use of
high-performance gradient coils is markedly restricted by
considerations of PNS rather than hardware limitations.

One of the crucial factors influencing the PNS thresh-
olds of a given gradient coil is the size of region of linearity
(ROL). In whole-body gradient coils with a large ROL, a
large portion of the body is exposed to rapidly switching
magnetic fields, leading to higher induced E-fields per unit
slew rate. Several short-body and specialized head-insert
gradient coils have been developed to enhance the perfor-
mance of gradient coils without causing PNS. For instance,
the compact 3T head-gradient coil?® is capable of achiev-
ing a Gpax of 80 and 700 T/m/s SR. The MAGNUS gradi-
ent coil?! can simultaneously deliver 200 mT/m Gy,ax and
500 T/m/s SR, and the recently introduced Impulse gra-
dient coil?? can achieve 200 mT/m Gmax and 900 T/m/s
SR. Because of their compact design and correspondingly
smaller ROL, these advanced head gradient coils manage
to minimize the exposure of the body to electromagnetic
fields, which enables them to achieve high Gp.x and SR
values without surpassing PNS thresholds. However, these
specialized coils are designed exclusively for brain imaging

applications, thus restricting their utility to other body
parts.

Despite these efforts, PNS characteristics are assessed
after the fabrication of the coil through experimental
investigations conducted on healthy volunteers.?*~> How-
ever, such studies provide only restricted insights into
potential design modifications that could effectively mit-
igate PNS concerns. New gradient design algorithms
have been proposed to incorporate constraints on the
E-fields into the gradient coil design process, leading to
PNS-optimized gradient coils. Davids et al.?® introduced
the PNS oracle, which uses a coupled model that integrates
electromagnetic and neurodynamic aspects,?’-?® establish-
ing a connection between the induced E-fields and the
activation of peripheral nerves. Incorporating the PNS
oracle into the gradient coil winding optimization pro-
cess facilitates the swift evaluation of numerous poten-
tial coil designs, permitting the iterative refinement of
these designs toward an optimal solution with higher
PNS thresholds. Roemer et al.?° developed a computation-
ally efficient method to assess the spatial distribution of
E-fields over homogeneous simplified body models. This
method was subsequently incorporated into the gradient
coil optimization algorithm to achieve a minimum E-field
gradient coil design.*°

Although these algorithms have succeeded in produc-
ing PNS-optimized gradient coil, they do not fully address
two crucial challenges. First, specific engineering metrics
such as the position, shape, and size of the ROL and the
desired amount of field linearity in this region are con-
sidered fixed parameters during the gradient coil design
process. However, the desired values of these parameters
can change depending on the requirements of a particu-
lar application. Second, the PNS (or E-field) constraints
are influenced by the dimensions of the body model under
investigation and the specific scanning position used in the
optimization process. For instance, PNS thresholds exhibit
variations between male and female body models. Dur-
ing the design of a gradient coil, the size of the body is
unknown; therefore, an average body model is used. Fur-
thermore, a gradient coil design optimized for head imag-
ing might yield lower thresholds for other scan landmarks
not explicitly included in the coil winding optimization.3!
Modifying these parameters leads to a distinct design and
coil winding, consequently affecting PNS thresholds.!”-26

It has already been shown in the literature that incor-
porating additional coil elements®>3? into the gradient
coil configuration can effectively enhance gradient per-
formance while mitigating PNS issues, even after the coil
has been manufactured. Newly developed gradient array
coils,3*3 alternatively referred to as multicoil gradients®’
or matrix gradients,3®° offer an elevated level of flexibil-
ity, allowing for a higher degree of freedom in shaping

858017 SUOWIWOD BAIEaID 3(edlidde ayy Aq peusenob ake sajpiie YO ‘SN Josa|n. 1oy Akl 8ul|UO A8|IAA L0 (SUONIPUOD-pUE-SWBIAL0D" AB|IM"A eI Bu1|UO//ScY) SUONIPUOD PUe SUWLB | 8L 88S *[7202/2T/9T] Uo ARIqI]8UllUO A8]IM ‘PIV 80UBPIAT BURILI0D AoMin L AQ 60TOE WIW/Z00T OT/I0P/LI0Y A8 | 1M Aelq1jeuljuo//Sdny Woiy pepeojumod ‘€ ‘v202 ‘v65222ST



BABALOO and ATALAR

1292 . . . .
—I—Magnetlc Resonance in Medicine

magnetic field profiles. Array coils, consisting of multi-
ple independently drivable channels, can generate tar-
get gradients with flexible linearity across a customiz-
able ROL by optimizing the current amplitudes of the
channels.

In this study, we use a whole-body gradient array coil,
encompassing X, Y, and Z gradients along with their asso-
ciated shields, to minimize the induced E-fields on the sur-
face of a body model, thereby increasing PNS thresholds
by modulating applied current levels to each of the chan-
nels. To accomplish this, we formulate an optimization
problem with the maximum E-field magnitude (|E|max)
as the objective function and the current amplitudes as
the unknown parameters. The coil dimensions and wind-
ing patterns are fixed throughout the optimization pro-
cess, whereas the other engineering metrics, such as ROL,
gradient linearity, torque, magnetic field at the cryostat,
and maximum applied current, remain adjustable. Vari-
ous scenarios are explored by manipulating the adjustable
parameters. Each scenario involves iterating through the
optimization problem, yielding distinct combinations of
currents that produce different E-fields and PNS thresh-
olds. This approach enables a comprehensive exploration
of the interplay between different parameters and their
effect on the gradient coil performance and safety con-
siderations, even after the coil has been manufactured.
Some aspects of this work have already been presented as
abstracts at the ISMRM conferences.*%!

(A)

FIGURE 1

2 | METHODS

2.1 | Body gradient array coil

The present study uses a whole-body gradient array coil
encompassing X, Y, and Z gradients, including the primary
gradient coils and their respective shielding coils. We adopt
conventional coil windings of X and Y gradients, initially
designed using the Sim4Life MRI gradient coil feature,
to develop the gradient array coil. The Sim4Life gradient
coil designer generates the required surface current den-
sity for a given coil geometry using the Boundary Element
Method. The winding pattern is then extracted based on
the chosen number of contours (loops) in the design pro-
cess, assuming a thin wire model. The magnitude of the
currents needed to drive the coil and generate a gradient
field of a specified strength is attached to the windings. We
specifically chose a high number of loops (376 loops for X
and Y gradients) to ease the segmentation of the coils for
the array design. Therefore, the resulting inductances of
the conventional coils were relatively high (3.79 mH for X
and 3.88 mH for Y) compared with common conventional
gradient coils. A design with fewer loops, while maintain-
ing the same surface current density, would indeed lead
to coils with lower inductance. These conventional wind-
ings are divided into multiple channels, each of which can
be independently driven with distinct current amplitudes
when constructing an array configuration (Figure 1).
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(A) Overall view of the body gradient array, including all three gradients (X, Y, and Z, both primary and shield coils) and the

simplified body model. (B) Zoomed-in view of a portion of the X gradient. Each channel in the primary coil has five loops. In the shield coil,
the first two channels of each quarter have two loops, whereas the remaining channels have three loops each. This figure does not show the
arrangement of channels for the Y gradient, as it is similar to the X gradient. (C) Zoomed-in view of only a portion of the Z gradient. Each

channel in the primary and shield coils has five loops.
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The number of channels is determined such that the
total power consumption (volt X ampere) of all chan-
nels in the array design remains comparable to that of a
conventional design (i.e., assuming m channels, the total
power consumption of array design is Y-, Vi X Ix, where
I is the current of kth channel and Vj is the required
voltage to drive that channel); this value is similar to
the total power consumption in all three coils (X, Y, and
Z) of conventional gradients. Here, we consider a total
of 96 channels, consisting of both primary and shield
coils, for each directional gradient. The method for driving
the mutually coupled gradient arrays has been previously
detailed in prior publications.>**? It involves using the
array coil inductance matrix, including self and mutual
inductances, to compute the necessary voltages to drive the
array channels and achieve the desired currents. The max-
imum self-inductance among the channels is 52 pH, and
the maximum pairwise mutual inductance is 32 pH.

Figure 1B illustrates the configuration for the X gra-
dient, where each quarter (out of eight quarters, four in
primary and four in shield) is divided into 12 channels. In
the primary coil, each channel accommodates five loops;
however, in the shield coil, the first two channels of every
quarter contain two loops, whereas the remaining chan-
nels have three loops each. The Y gradient follows the
same arrangement as the X gradient. When equal cur-
rents are applied across all channels, the X and Y gradient
arrays function as conventional gradient coils. For the Z
gradient, the conventional design is replaced by uniformly
distributed circular loops along the z-axis, covering the
entire surface of the coil former as described in earlier
publications.3*35 Figure 1C depicts the Z gradient array
configuration, consisting of 96 channels, each with five
loops. Itisimportant to note that while the winding pattern
of the Z gradient array differs from that of a conventional
Z gradient, it can still be programmed to operate as a con-
ventional coil with typical functionality. The primary coil
diameters for X, Y, and Z are 69cm, 71cm, and 73 cm,
respectively, whereas the shield coil diameters for X, Y, and
Z are 83 cm, 85cm, and 87 cm, respectively. The length of
the primary coils is 110cm, and the shield coils have a
length of 120 cm.

2.2 | Body model

In the current study, we adopt the same family of body
models introduced in Roemer et al.?” From this set of mod-
els representing the 2.5th, 50th, and 97.5th percentiles of
both male and female adult populations, we selected the
50th percentile male model (Figure 1A). It has been previ-
ously established that PNS thresholds can be reliably pre-
dicted using such simplified body models. One advantage
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of using this simplified upper body model (rather than het-
erogeneous body models) is that the induced peak E-field
occurs at the surface of the body model due to the uniform
interior electrical properties. Consequently, only the sur-
face sample points need to be considered, streamlining the
computational calculations and significantly reducing the
time required for optimization processes.

2.3 | Optimization problem

In conventional gradient coil design approaches (e.g.,
Boundary Element Method), a set of basis functions
(stream functions) with a particular shape and unknown
amplitude are optimized to determine the efficient coil
winding pattern. In the context of array configura-
tions, these basis functions take the form of an array of
coils (channels) with a predefined winding pattern but
unknown current amplitudes, represented by a vector
I=1i i, in]’, where m signifies the number of
channels.

Before optimization (finding the optimal weight set I),
a series of precomputations are conducted to assess the
influence of each channel on various design metrics, such
as B-fields, gradient fields, E-fields, and torques. This is
achieved by applying a 1-kHz sinusoidal current wave-
form (1 A amplitude) to a specific channel while keep-
ing the others at zero. For instance, the contribution of
the gradient field (the spatial derivative of the magnetic
field’s z-component) to each sample point within the tar-
get region is calculated for every channel (basis). These
contributions are then assembled into a matrix denoted
as G, in a way that the product of GI yields a description
of the complete gradient field generated in the ROL. Sub-
sequently, the E-field distributions corresponding to each
channel are computed at the points located on the surface
of the body model. As the E-field vectors generated by indi-
vidual channels may vary in direction, separate matrices
are constructed for each E-field component, namely E,, E,
and E;. The following equation is used to determine the
overall E-fields at a given set of sample points:

E = B)i + (BD)J + (BDk 1)

We rely on low-frequency magneto quasi-static solvers
provided by Sim4Life (Zurich Med Tech) for conducting
field calculations in this study.

The optimization problem is formulated by determin-
ing current amplitudes that minimize the |E|max on the
surface of the body model while satisfying a set of con-
straints. The constraints are placed on the gradient lin-
earity error at specific points across the target region
(located on the surface of the ROL and the center point),
the maximum tolerable magnetic field at the cryostat
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(a cylindrical shell in the z-direction with 92-cm diame-
ter), the maximum current that the hardware can deliver,
and considerations related to torque.

mIin max(|E|)
s.L. |GI _gtarget| fa
Geenter] = 8target (2)
|Bcryostat1 | <B.
|ik| <imax Vk=1,...,m
TI=0

Where girger denotes the vector of desired gradients at
the specified sample points, and « represents the allow-
able peak gradient linearity error within the target ROL.
Here, we specifically constrain the gradient field error, not
the magnetic field (B;) error, which allows the addition of
uniform concomitant fields (B, and B,) for the X and Y
gradient coils and a uniform B, field for the Z coil. B, is a
threshold value that sets a limit on the magnetic field gen-
erated on the cryostat. This factor is crucial, as it accounts
for the impact of eddy current effects. Although we define
a threshold here, more advanced methodologies, such as
those that calculate the total power dissipation within the
cryostat, can also be implemented.** The torque constraint
is specifically relevant for the X and Y gradient channels.
When time-varying currents flow through them within a
strong uniform magnetic field (By), they experience a rota-
tional force that can lead to vibrations and instability in
the system. The matrix T includes the torque of the assem-
bly when a unit current is applied to the gradient channels
within a unit uniform magnetic field.

The “fmincon” function from the MATLAB optimiza-
tion toolbox is used to solve the optimization problem.
This function is designed to locate a constrained mini-
mum of a scalar function involving multiple variables,
starting from an initial estimate. This process is com-
monly known as constrained nonlinear optimization or
nonlinear programming. The final solution is a local min-
imum that meets the specified constraints. We use the
interior-point algorithm with a random initial point, and
the optimization procedure terminates when the objec-
tive function displays non-decreasing behavior in feasible
directions. This function allows us to find an optimized
solution that adheres to the constraints and minimizes the
target objective function.

2.4 | Performance validation

The gradient array design introduces a range of distinc-
tive features, including the ability to control the magnetic

field profiles dynamically, adjust the shape and position
of the ROL, and tailor gradient linearity according to the
application’s requirements. These features all contribute
to the potential alteration of the induced E-fields, directly
affecting the PNS thresholds.

To assess the efficacy of the gradient array in minimiz-
ing induced E-fields compared with the conventional coil,
we explore four different scenarios. The first is a spheri-
cal ROL with 44-cm diameter. This is a standard mode of
operation and the typical range of ROL for conventional
body coils. Second is a spherical ROL with a smaller diam-
eter (24 cm). Unlike conventional coils, the gradient array
offers the flexibility to adjust the ROL size. This case is par-
ticularly suitable for dedicated body part imaging, such as
head, cardiac, breast, or prostate imaging, where a smaller
ROL is sufficient. However, it is crucial to note that merely
reducing the imaging region in larger portions of the body
(e.g., torso) might lead to artifacts and affect image qual-
ity. This potential issue can be assessed and addressed at
the system design level, where it could influence sequence,
coil, and reconstruction aspects. The gradient array design
introduces flexibility in the gradient linearity, a param-
eter typically fixed in conventional designs and remains
unchangeable after coil fabrication. In this scenario, we
perform a sweep analysis of the gradient linearity error to
demonstrate its influence on the induced E-fields. Third
is a disk-shaped (slice) ROL. We consider circular disks
in the z-direction (transverse slice, 2-cm thickness) at dif-
ferent positions as target linear regions, and the gradients
are generated across all three spatial axes (X, Y, and Z).
This example of dynamic ROL can be modified during
a scanning session. The position and orientation of the
disk can be adjusted in various directions. Finally, we con-
sider oblique gradients within a 44-cm diameter spherical
ROL. This case highlights the gradient array’s versatility,
indicating that it is not limited to the Cartesian directions.

In each of the outlined scenarios, the gradient array
design can function comparably to the conventional coil
in various aspects, including B-fields, target gradient
strength, gradient linearity error, induced E-fields, and
eddy currents. However, the practical aspects of construct-
ing array coils pose challenges compared with conven-
tional coils, such as dealing with input-output cabling,
interconnects, insulation, and power dissipation from
multiple channels. During the optimization process, we
specifically define the target gradient strength, peak allow-
able gradient linearity error, and the maximum magnetic
field at the cryostat to match the conventional coil perfor-
mance. However, we retain flexibility in the other param-
eters. Our simulations use a target gradient strength of
40 mT/m. This particular value is chosen as an example
for conducting the optimization process, and it can be
adjusted by scaling the feeding current (output of the
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optimization) at a constant SR. The peak linearity errors
for X, Y, and Z conventional gradient coils are 28%, 29%,
and 23.75%, respectively. The same values are used to set
the parameter « in the optimization. The peak gradient lin-
earity error is computed from the coil’s gradient field at all
sample points and the target gradient via

_ max(|geoil — target|)

max(|garger|)

(3)

The maximum magnetic fields generated at the cryo-
stat by the X, Y, and Z conventional coils are 2.1 mT,
2.9mT, and 1.1 mT, respectively, for the currents that gen-
erate 40 mT/m gradient strength. The same values are
used to determine the parameter B, within the optimiza-
tion. It is essential to highlight that the induced E-fields
depend on the gradient direction and the body position
within the imaging volume. In our evaluation, we focus
on positioning the head at the iso-center, individually
examining all three spatial directions (x, y, and z) and
combinations thereof.

Furthermore, we conduct -calculations of PNS
parameters for the four scenarios mentioned earlier to
demonstrate the gradient array design’s capability to
increase PNS thresholds. According to the IEC 60601-2-33
safety standard,** one of the methods to determine
PNS thresholds is computing PNS threshold parameters
from the peak E-field on the surface of a uniform body
model. This method relies on a principle known as the
strength-duration relationship, which establishes a corre-
lation between the minimum E-field required for a spec-
ified duration (At) to induce nerve stimulation. The key
factors in this relationship are rheobase (rb), representing
the minimum electric field needed to elicit nerve stimu-
lation, and chronaxie (ch), representing the time constant
for nerve stimulation. In accordance with the Interna-
tional Electrotechnical Commission’s regulations,* rb is
set to 2.2 V/m and ch to 360 ps for determining PNS thresh-
olds from the E-fields produced by body gradient coils.
Translating the E-field strength—duration relationship to a
linear magneto-stimulation formula,* where PNS metrics
are characterized by an intercept and slope, results in

AGstim = AGnin + AtSRpyin (4)

The PNS parameters AGpin and SRpi, are the min-
imum gradient strength that induces stimulation at any
switching time, and the minimum slew rate that causes
stimulation at any gradient strength, respectively, and is
given by®

rb rb

—— c¢h, SRyjp= —— (5

AGpin =
|E|max SR IElmax/SR
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where |E|max/SR is the maximum E-field magnitude per
unit slew rate calculated on the body surface.

3 | RESULTS

Figure 2 illustrates the gradient field errors in the central
and off-center planes as well as the magnitude of the
E-fields on the surface of the body model for the con-
ventional and array X gradients when the target field
is generated within a 44-cm-diameter spherical ROL.
This information is depicted for the Y and Z gradients in
Figures 3 and 4, respectively. Although the contour plots
of the gradient linearity error exhibit differences between
the conventional and array coil designs, the peak gradient
linearity error within the target ROL remains consistent
for both configurations. The optimization procedure in
the array coil design minimizes the induced E-fields by
manipulating the B-field profiles while preserving the tar-
get gradient. The reduction in the |E|p,x for the X, Y, and
Z gradients, as compared with the conventional coils, are
10%, 18%, and 61%, respectively.

The E-field reductions when using the X and Y gradi-
ents are not as substantial as the Z gradient, because the
winding patterns of the X and Y gradient arrays are iden-
tical to the conventional designs. This particular design
limits the extent of possible reductions in the E-fields.
Moreover, the X and Y gradients necessitate torque bal-
ance, meaning that the E-fields cannot be further reduced
without compromising this balance. Conversely, the signif-
icant reduction observed in the E-fields of the Z gradient
can be attributed to the differences in its winding pattern
from the conventional one. As such, the Z-gradient array
offers more flexibility in minimizing E-fields.

Figure 5 compares the conventional and array coils’
ability to generate the target gradient within a com-
pact spherical ROL (24-cm diameter) with flexible gra-
dient linearity error. The conventional coils demonstrate
nearly perfect linear gradient fields inside this ROL (4%
peak linearity error). The array coil can produce gradi-
ents that maintain the same peak linearity error while
reducing induced E-fields. Although lower gradient lin-
earity errors are preferable for imaging purposes, relaxing
the constraint on peak gradient linearity error («) during
optimization can lead to even further reductions in the
E-fields. Each green diamond in Figure 5 corresponds to
a solution obtained from the optimization problem with a
specific peak linearity error (up to 28%). For instance, by
increasing the peak linearity error from 4% to 28% in the
X gradient, it is possible to achieve a 38% reduction in the
|E|max compared with the conventional X coil. Similarly,
extending the acceptable peak linearity error from 4% to

858017 SUOWIWOD BAIEaID 3(edlidde ayy Aq peusenob ake sajpiie YO ‘SN Josa|n. 1oy Akl 8ul|UO A8|IAA L0 (SUONIPUOD-pUE-SWBIAL0D" AB|IM"A eI Bu1|UO//ScY) SUONIPUOD PUe SUWLB | 8L 88S *[7202/2T/9T] Uo ARIqI]8UllUO A8]IM ‘PIV 80UBPIAT BURILI0D AoMin L AQ 60TOE WIW/Z00T OT/I0P/LI0Y A8 | 1M Aelq1jeuljuo//Sdny Woiy pepeojumod ‘€ ‘v202 ‘v65222ST



BABALOO and ATALAR

1296 . . . .
—I—Magnetlc Resonance in Medicine

Center slice (y=0)

Dl

Conventional

>
©
e
< Encodlng
—10
29| / ;;3&
-2 —10 -20
x(cm)
FIGURE 2

Off-center slice (y =16 cm)

E-fields magnitude

mV/m
20
10
0 0
20
€
S
—40 -
—
-9 -10

/J’/c e \(’((\\
m)
1E max = 23.81 mV/m

mV/m

&

10
0

-10
X (cm) | E]max = 21.25 mV/m

Performance comparison of the conventional and array coils while generating the target gradient in the x-direction within a

44-cm-diameter spherical region of linearity (ROL). The contour plots of the gradient linearity error (%), the normalized error between the

induced and target gradient fields, are shown in center and off-center x-z planes. Although the overall pattern differs for the conventional

and array coils, the peak gradient linearity error within the target ROL is identical (28%) for both designs. The magnitude of E-fields in units

of mV/m for a unit slew rate of 1 T/m/s are shown for the conventional and array designs, with the array design exhibiting a 10% reduction in

the |E|max-

24% for the Z gradient leads to a remarkable reduction of
73% in the |E|max-

Figure 6 illustrates the induced E-fields when the
desired target gradient fields are generated within a circu-
lar disk in a transverse plane at three different positions,
z=0,z=+6cm, and z=—12cm. At the z=0 position, the
peak gradient linearity errors for X, Y, and Z gradients
are 7%, 6%, and 1.7%, respectively. In this case, the |E|nax
experiences reductions of 25% for the X gradient, 17% for
the Y gradient, and a significant 77% for the Z gradient.
Shifting the disk to positive z results in lower E-fields due
to reduced exposure of the body area to electromagnetic
fields. Conversely, moving the disk to negative z increases
the E-fields compared with the other two positions, as
expected.

Figure 7 presents the E-field comparisons between
the conventional and array coils when generating oblique

gradients in different directions (X+Y, X+Z, and Z-Y)
within a 44-cm-diameter spherical ROL. In all three
oblique gradient directions examined, the induced E-fields
through the array coil are notably lower than those asso-
ciated with the conventional coil, even while maintain-
ing the same peak linearity error. Specifically, the array
coil demonstrates the most substantial reduction of 40%
for |E|max in the Z—Y oblique gradient direction. For the
X +Y and X + Z oblique gradient directions, the array coil
achieves 17% and 39% reductions, respectively.

In Figure 8, the PNS curves corresponding to the dif-
ferent scenarios are presented. The PNS parameters are
computed using Egs. (4) and (5) to plot these curves. The
dashed black line on the graph represents a hypotheti-
cal hardware limit, in this case, the human connectome
gradient.! This figure illustrates that the array coil con-
sistently yields higher PNS thresholds across all scenarios
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Performance comparison of the conventional and array coils while generating the target gradient in the y-direction within a

44-cm-diameter spherical region of linearity (ROL). The gradient linearity error (%) contour plots are shown in center and off-center y-z
planes. Although the overall pattern differs between conventional and array coils, the peak gradient linearity error within the target ROL for
both designs is the same (29%). The array design reduces the |E|y.x by 18% compared with the conventional one.

than the conventional coil. The increase in the PNS thresh-
olds is particularly pronounced in the case of the Z gra-
dient (2.7-fold for 44-cm ROL and 4.3-fold for disk ROL),
where the array coil permits the use of the hardware’s
full performance without causing PNS. The summary of
results, including the |E|max and PNS parameters (AGmpin
and SRyiy), is provided in Table 1.

4 | DISCUSSION

In this study, we demonstrated the potential of a
whole-body gradient coil designed in an array config-
uration to reduce induced E-fields on the surface of a
simplified body model while producing a target gradient
field with specific linearity error within a customizable
ROL. Designing for minimal E-fields implies achieving
higher gradient strengths and slew rates without surpass-
ing PNS thresholds if the required hardware is available.

Our results illustrated that the gradient array coil not only
operates on par with the conventional coil but outperforms
it in performance across different scenarios.

It is crucial to emphasize that our study does not
aim to design a gradient array coil from the ground up.
Parameters such as coil dimensions, X and Y coil winding
patterns, shielding performance, and power consumption
were selected in a manner similar to a conventional gra-
dient coil (designed via Sim4Life software). Specifically,
we did not modify the winding pattern of X and Y gradi-
ents to illustrate that driving even an existing conventional
winding in the array mode can achieve better performance
in terms of PNS thresholds. However, it is also possible
to consider the other multicoil designs, like matrix gra-
dient,* and compare their induced E-fields to the con-
ventional coils, which is left for future investigations. We
anticipate that by applying advanced gradient design tech-
niques, it is possible to achieve further reductions in the
induced E-fields.
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Off-center slice (x = 16 cm)
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Performance comparison of the conventional and array coils while generating the target gradient in the z-direction within a

44-cm-diameter spherical region of linearity (ROL). The contour plots displaying the gradient linearity error (%) are presented in the center
and off-center y-z planes. Although there are variations in the overall patterns between the conventional and array coils, the peak gradient
linearity error within the target ROL for both designs is the same (23.75%). For the Z gradient, the array design exhibits a remarkable 61%

reduction in the |E|y,x compared with the conventional design.

Engineering metrics like ROL size and allowable gradi-
ent linearity error are often dynamic and vary depending
on the specific imaging requirements of each scan. The
array design allows for the optimization of currents tai-
lored to a specific application, enabling the generation of
gradients suitable for that application. In head imaging
applications, for example, the gradients within a large ROL
(44-cm diameter) are no longer required. Optimizing the
feeding currents to produce the required gradient within
a smaller ROL (24-cm diameter) reduces the induced
E-fields, as demonstrated in Figure 5. The array coil can
minimize unnecessary exposure, reduce induced E-fields,
and improve performance during imaging by customizing
the ROL to a specific region.

Additionally, the acceptable linearity error in the array
design can be adjusted as needed. For instance, by relax-
ing the peak linearity error, as depicted in our simula-
tions, substantial reductions in the |E|yax can be achieved

(Figure 5). In the case of generating gradients within a
disk-shaped ROL (ideal for applications like DWI), the
gradient array coil demonstrated an impressive 77% reduc-
tion of the |E|n.x for the Z gradient compared with the
conventional coil (Figure 6).

In the optimization, we focused on the gradient fields
rather than magnetic fields, because the gradient of the
magnetic fields primarily influences the spatial encoding
in MRI. In conventional gradient coils, the magnetic field
is typically zero at the origin, and higher magnetic fields
are required toward the edges of the ROL to achieve the tar-
get gradient. Therefore, some body parts (chest and lower
body) experience increased exposure to magnetic fields,
leading to higher induced E-fields. The gradient array coil
effectively reduces the E-fields by manipulating the mag-
netic field profiles while preserving the desired gradient.
This manipulation can involve introducing uniform mag-
netic fields, such as having a nonzero magnetic field at
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FIGURE 5 The E-field results for 24-cm-diameter spherical region of linearity (ROL). The induced E-fields for two different peak

gradient linearity errors is shown. On the plots in the right column, each green diamond represents an optimization problem solution with a

particular peak linearity error (up to 28%). The |E| .y is reduced by allowing higher linearity error within the target ROL. For example,
extending the acceptable peak linearity error from 4% to 28% for the X and Y gradients reduces the |E| . by 38% and 31%, respectively.
Furthermore, increasing the peak linearity error from 4% to 24% in the Z gradient substantially reduces the E-fields by 73%. The E-field
distributions on the surface of the body model are shown for different cases. Note that E-field color scales differ for the X, Y, and Z gradients.

the origin. The X and Y arrays primarily contribute uni-
form fields in B, and B, components (concomitant fields);
however, the Z array introduces a uniform B, field, which
affects the NMR signal in the imaging region. However,
this effect primarily manifests as a spatially uniform fre-
quency shift, which can be addressed through RF mod-
ulation and basic signal processing methods. The B-field
profiles of some cases are provided in Figure S1.
Considering a non-zero B, at the center in array con-
figuration may prompt a discussion that a conventional

coil could also be designed with a non-zero B, at the cen-
ter and incorporate uniform fields in the design process.*?
This could potentially yield comparable results in reduc-
ing E-fields as observed in the array design (44-cm ROL).
However, the advantage of the array lies in the flexibility of
ROL shape and linearity error adjustment even after coil
fabrication, affecting the induced E-fields. Using the array
configuration eliminates the necessity to construct mul-
tiple coils for different applications. The current weight-
ings of the array coil can be optimized offline for various
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E-field distributions of the array coil when generating the gradients within a circular disk (2-cm thickness) in the transverse

plane at =0, z=+6cm, and z=—12 cm. For the disk at z=0, the |E|,y is reduced by 25%, 17%, and 77% for the X, Y, and Z gradients,

respectively.

applications, and the resulting current combinations can
be stored as lookup tables. Users can then conveniently
select the operation mode based on specific application
requirements. This flexibility underscores the adaptability
and versatility of the array coil design.

In the context of gradient array design, providing coil
performance per unit current becomes complicated due
to the absence of a single current. In this case, the RMS
of currents can be used to report such information. How-
ever, because different scenarios lead to different current
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FIGURE 7 The comparison of E-filed distributions for the conventional and array coils when producing the oblique gradients within a

44-cm-diameter spherical region of linearity. Three different directions are evaluated: X + Y, X + Z, and Z — Y. The array coil demonstrates the
most substantial reduction of 40% for |E|,y in the Z — Y oblique gradient direction.

RMS values, providing a single performance value that
is not applicable. For example, the field efficiency for
the conventional X coil is 0.16 mT/m/A. However, for
the X array coil in the 44-cm ROL case, the field effi-
ciency is 0.14 mT/m/Ans, and for the 24-cm ROL case
(28% peak linearity error), it is 0.17 mT/m/Ays. A similar
method can be used to report the shielding performance.
For instance, the shielding performance of the conven-
tional X coil is 8.75 uT/A; again, for the array mode with a
44-cm ROL, it is 7.36 pT/Apms; and for the 24-cm ROL, it is
8.9 uT/Ams. The current amplitudes of array channels for
some scenarios are depicted in Figure S2 (color coded).
One limitation of our optimization is the considera-
tion of the maximum current that the hardware can deliver
(imax)- We conducted a study by varying the ip,y value and
repeating the optimization to determine the optimal value

that produces the lowest E-field. The results of this study
can be found in Figure S3. We used a maximum current
value of 500 A for the presented scenarios. This maximum
current value may vary based on the specific hardware
setup. Because of the low inductance of the array channels,
this value can be reached using low-level voltages. We also
forced the adjacent channel currents not to have opposite
directions, which may reduce the efficiency of the gradient
array design.

Although our preliminary work did not address the
array design manufacturability, a few key points should
be highlighted. To implement the investigated design, 288
gradient power amplifiers are required. We are in the
process of designing low-cost, custom-built power ampli-
fiers, and the methodology for using these amplifiers to
drive the gradient array design has been outlined in the
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gradient directions. It is clear that the array design consistently yields higher PNS thresholds than the conventional design across all

scenarios (ROL, region of linearity).

literature.>**? In this preliminary investigation, the DC
resistance, wire spacing, connection cables, and heat dis-
sipation in the windings have not been explored. The
heating of the gradient coil (power deposition) is associ-
ated with the surface current density. Therefore, parame-
ters such as peak current, wire diameter (cross-sectional
area), and wire length can be optimized during the design
phase of the array coils. Despite using a peak current
of 500 A, which flowed through only a limited number
of channels (as shown in Figure S2), the RMS currents
remain comparable to those of conventional coils. Cool-
ing systems similar to those used in existing setups*
can be used to manage heat dissipation in gradient array
coils.

Roemer and Rutt® explored the E-field limits for
body-sized gradient coils optimized for a head ROL, sug-
gesting the potential for generalized coil patterns that
could approach the PNS performance of head coils. In
our study, the X and Y gradient arrays did not achieve
these lower E-fields when optimized on a 24-cm ROL.
A likely explanation for this discrepancy is the fixed
z-symmetric winding patterns of our coils (adopted from
conventional coils), which are unable to generate a gen-
eral current distribution. Exploring more general solu-
tions would undoubtedly necessitate a more complex array
design with overlapping wires or panels. Although such

potential solutions should be explored in future research,
they fall beyond the scope of our current work.

In our study, we used a simplified body model with
uniform interior electrical properties. Therefore, the max-
imum induced E-field always occurs on the surface of
the body model; however, this is not the case for het-
erogeneous body models. It is reasonable to expect that
the performance of the gradient array coil in reducing
E-fields would translate to similar benefits when applied
to more realistic, heterogeneous body models. Using het-
erogeneous body models and considering the E-fields at
precise nerve locations?® would enhance the optimization
performance. Targeting the optimization process to min-
imize the E-fields in regions critical for PNS is possible.
However, this approach requires extensive knowledge of
the body’s nerve atlas.

The body position within the scanner greatly affects
induced E-fields and, consequently, PNS thresholds.?!
Our simulations were conducted explicitly with the head
placed at the iso-center. However, this can be broadened
to accommodate various body positions by pre-calculating
the E-field matrices for those positions and subse-
quently running the optimization. In such cases, the only
required changes would be to the current combinations
without physical hardware modifications. We anticipate
achieving comparable E-field reduction performance with
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TABLE 1  |E|pax> AGmin, and SRy, values for the conventional and four array coil scenarios.

Gradient
direction

X

X+Y

X+Z

z-Y

Conventional

Array (44-cm ROL)

Array (24-cm ROL, 4% peak lin. error)
Array (24-cm ROL, 28% peak lin. error)
Array (disk ROL)

Conventional

Array (44-cm ROL)

Array (24-cm ROL, 4% peak lin. error)
Array (24-cm ROL, 28% peak lin. error)
Array (disk ROL)

Conventional

Array (44-cm ROL)

Array (24-cm ROL, 4% peak lin. error)
Array (24-cm ROL, 24% peak lin. error)
Array (disk ROL)

Conventional

Array (44-cm ROL)

Conventional

Array (44-cm ROL)

Conventional

Array (44-cm ROL)

|E|max (mV/m) per
unit slew rate

AGmin (mT/ m)

SRpin (T/m/s)

23.81 33.26 92.4
21.25 37.27 103.52
21.03 37.66 104.61
14.7 53.87 149.65
17.73 44.67 124.08
37.89 20.9 58.06
30.96 25.58 71.06
31.49 25.15 69.86
26.21 30.21 83.94
31.55 25.1 69.73
25.02 31.65 87.92
9.72 81.48 226.33
9.14 86.65 240.7
6.68 118.56 329.34
5.7 138.94 385.96
28.81 27.49 76.36
23.72 33.39 92.75
25.03 31.64 87.89
15.26 51.9 144.16
30.8 25.71 71.42
18.41 43.02 119.5

Abbreviations: ROL, region of linearity; SR, slew rate.

the gradient array coil across different body positions,
although this remains a topic for future exploration.

The optimization problem can be modified to maxi-
mize the gradient strength while ensuring that induced
E-fields remain below certain thresholds. E-field thresh-
olds can be set as nonlinear inequality constraints within
the optimization framework. Alternatively, the gradient
array coil can be optimized to deliver the highest possible
gradient strength and slew rate while ensuring that PNS
thresholds are not exceeded.

5 | CONCLUSION

We demonstrated the performance of the gradient array
coil in reducing switched-gradient-induced E-fields and
improving PNS thresholds. The gradient array technology
provides a higher degree of freedom for field profiling,
enabling the generation of desired gradients with flexi-
ble linearity across an adjustable ROL while minimizing

the induced E-fields. We illustrated the array coil’s ability
to outperform a conventional coil in various imaging sce-
narios through extensive simulations and optimizations.
Our study emphasized that gradient array design offers a
promising pathway toward achieving high gradient perfor-
mance, especially in scenarios in which linear magnetic
fields are required within specific target regions. Addition-
ally, the adaptability of the array design for different body
positions within the scanner, even after coil construction,
indicates its potential for personalized imaging.
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FIGURE S1. The left column illustrates the B-field pro-
files of conventional gradient coils. The middle column
shows the B-fields of the array coil with a 44-cm region
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of linearity (ROL) (same as the conventional coil). How-
ever, direct comparisons of magnetic-field values between
the array and conventional coils are not appropriate due
to the optimization relying on the gradient of these fields.
Thus, the magnetic-field values might vary compared with
the conventional coil, particularly evident in the Z gradient
profile. The right column displays the B-fields of the array
coil when generating the target gradient within a 24-cm
ROL with a 28% peak linearity error. All profiles are shown
in the center plane.

Figure S2. The color-coded current amplitudes. The first
row illustrates the currents of array channels for the X coil
in three scenarios (44-cm ROL, 24-cm ROL with 28% peak
linearity error, and the disk ROL at z=0). The second row
depicts the currents for the Z coil. Despite the winding pat-
terns having z-symmetry, the resulting optimized currents
can be nonsymmetric.

Figure S3. Maximum E-field magnitude corresponds to
imax for the first scenario (44-cm ROL). The red stars rep-
resent the peak E-fields induced by the conventional coils,
in which the driving currents for the X, Y, and Z gradi-
ents are 240 A, 252 A, and 138 A, respectively. Each green
diamond represents a solution for the optimization of the
array coil. As shown in the plots, by increasing the im. up
to 500 A, it is possible to reduce the E-fields. However, fur-
ther reduction in the E-fields is not achieved beyond this
point. Although the maximum allowable current of 500 A
is used in this study, the RMS of currents required to gen-
erate the target gradient by the array coil is as follows: 285
A for the X gradient, 334 A for the Y gradient, and 149 A
for the Z gradient.
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