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Abstract — In ultrahigh (> 7 Tesla) field magnetic
resonance  imaging (MRI), the -electromagnetic
interactions between the coil, its excitation sources, and
the biological load become more significant compared to
low MRI applications. Computational electromagnetic
(CEM) techniques are currently playing a major role in
the evaluation of MRI radiofrequency (RF) coils
(commonly now, within ultrahigh field context, referred
to as transmit arrays).

This work compares the RF power requirements in 4 and
7 Tesla human MRI using CEM. Furthermore, we
demonstrate  that at  ultrahigh  MRI,  high-
quality/homogenous RF excitation fields could be
obtained simultaneously with total RF power deposition
lower than that achieved at lower field strengths. These
results dispel what has been widely accepted from
quasistatic approximations, namely that pushing the
envelope of MRI field strength results in more RF power
requirements and therefore, more RF power absorption in
human tissue. This study is presented using the finite
difference time domain (FDTD) method and a gradient-
based optimization method.

Keywords: MRI, RF coil, transmit array, FDTD,
optimization, RF power, B; field, coupling, and high
filed.

I. INTRODUCTION

Since Magnetic Resonance Imaging (MRI) was first
demonstrated in early 70s, MRI has become the primary
technique in the routine diagnosis of many disease
processes throughout the body. Although it faces some
difficulties, operation at higher magnetic field strength
and therefore higher frequency has been a constant goal
for the advancement of MRI research. High field MRI
brings the promise of high quality MR images as it is
associated with increased signal-to-noise ratio [1],
contrast-to-noise ratio, and high resolution. On the
opposite end of the spectrum however, ultrahigh field (>

7 Tesla) imaging [2-4] is associated with significant
technical complexities, the most notable of which is
designing and building radiofrequency (RF) coils and/or
transmit arrays. At such field strength, the complex
interactions between the electromagnetic waves and the
human head degrade the homogeneity of the MRI
excitation field [5-6] (commonly referred to a B;" field)
and potentially increase the RF power absorption in the

human head [7-8]. In order to analyze the
electromagnetics of  high frequency MRI,
circuit/quasistatic ~ approximations are no longer

appropriate as the human head/body could be on the
order of multiple wavelengths. As a result, full-wave
CEM methods have been widely utilized for designing
and predicting the performance of the RF coils/transmit
arrays [6, 9, 10].

The interest in  experimentally/theoretically
investigating ultrahigh field technical and physical
difficulties has been more academic than practical, since
the technology to build ultrahigh field human systems did
not exist. As field strength of human MRI magnets is
growing at a staggering pace (currently performed at field
strengths reaching 7 [3, 11], 8 [2, 12], and 9.4 [13]
Tesla), accurately predicting and managing the RF power
absorption and B;" field homogeneity, associated with
such operation has become essential to classify their
future research potential as well as clinical practicality. A
major hurdle that limits the clinical potential of ultrahigh
field systems is finding means to improve the
homogeneity of B;" field distribution while maintaining
acceptable RF power requirements to achieve it.

Unless combined with Transmit SENSE [14], for the
purpose of improving the B;," field homogeneity, it has
been widely believed that the use of a phased array [15-
16] (variable phase and variable amplitude) excitation
with transmit arrays results in a significant increase in the
total RF power deposition. In this paper, the FDTD
method combined with a coupled-element coil model
functioning as a transmitting phased array device were
used to demonstrate that 7 Tesla human MRI can be
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potentially achieved with 1) B, field distribution
homogeneity, simultaneously with 2) total RF power
deposition that are better than what is obtained at 4 Tesla
using the same coupled-element coil operating under the
standard quadrature excitation [17].

I1. METHODS

A. The Coil Model

A l6-element transverse electromagnetic (TEM)
resonator [12, 18] loaded with an anatomically detailed,
18-tissue, human head mesh [19] was utilized in this
simulation study. The coil structure is composed of 16
elements, which are contained in an open cavity with the
dimension of 34.6 cm in diameter and 21.2 cm in length.
Each of the elements consists of coaxial line with a
circular cross section. Two conductor rings are attached
at the top and bottom of the cavity. The human head
mesh is placed in the center of the coil such that the chin
was aligned with the bottom ring. In our FDTD modeling
approach, both the RF coil (including the coaxial rods,
the shield, top and bottom rings, and excitation source(s))
and the human head mesh were modeled as a single
system and therefore accounting for all of the coupling
effects between the TEM resonator and the human head.
The FDTD grid of the coil and human head mesh is
shown in Fig. 1 (a). The in-house FDTD domain is
divided into approximately 8 million cells with a
resolution of 2 mm X 2 mm X 2mm. Perfectly matched
layers (PML) [20] were used as the boundaries of the
domain where 16 PML layers were placed on the 6
boundaries in the x, y, and z planes.

(b)

Fig. 1. 3D FDTD model of the anatomically detailed
human head mesh loaded within a 16-element TEM
resonator (a) and the selected three 28mm slabs (b)

oriented in axial, coronal and sagittal directions,
respectively. In the simulations, the TEM resonator is
completely surrounding the head model.

A stair-step approximation was used to model the coil
shield and the top and bottom rings of the coil and a
modified FDTD algorithm was used where the coaxial
elements were modified into octagon shapes [19] to
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minimize the errors caused by stair stepping and to
maintain an 8-fold symmetry.

B. Excitation and Tuning

The TEM resonator tuning was realized by adjusting
the gap between each of the inner coaxial of elements
with the load present in the coil. According to multi-
conductor transmission line theory [21], there exist 9
modes exist in the 16-element TEM coil. The second
mode (mode 1) on the spectrum is selected since at low
frequencies/small electrical sizes, this mode produces a
linearly polarized field in the center of the load. The
resonating frequencies were set to 170 MHz (4 Tesla for
'H imaging) and 295MHz (approximately 7 Tesla for 'H
imaging). The frequency spectra of the coil response are
shown in Fig. 2.

Mode of Interest

Hormalized Magnetic Fleld
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Fig. 2. Frequency spectra for the 16-element TEM
resonator loaded with the head model system at 4 Tesla
(a) and 7 Tesla (b) by the FDTD method.
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C. Experimental Validation

The aforementioned FDTD modeling technique has
demonstrated excellent agreement with experimental
measurements for this particular coil. Specifically this
was achieved for predicting the 1) transmit and 2) receive
magnetic fields and therefore 3) images as was shown in
[6, 22], and 4) electric fields as was shown in [23] and
therefore specific absorption rate and power deposition.
To demonstrate the validity of multi-port excitation (the
method utilized in this study), a similar highly-coupled
TEM coil (8 elements) was modeled, built, and tested on
a 7 Tesla human MRI system using 2-port
excitation/reception. Arbitrarily chosen phase shifts
(difference of 30 degrees between the coil
excitation/reception ports) were implemented on the coil
ports using costume made coaxial cables that are cut to
these specifications. Figure 3 shows an excellent
agreement between the FDTD calculations and the
experimental images.

D. B;" and Power Calculations

In MRI applications, the excitation magnetic field
(typically referred to as B, field) is a circularly polarized
component (in this study was chosen to possess
clockwise rotational sense) of the total transverse, B,
field as shown below,
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le+ j*Bly
V2

where Bx and B,y are the x and y components of the B,
field, respectively. A homogenous B, field in a
biological region of reset is needed in order to achieve
useful MRI clinical information. In this study, a
coefficient of variation (COV) is used to evaluate the
homogeneity of B," field distribution. The total real input
power entering the coil can be evaluated as,

o= P P :gﬂﬁzdwiﬁ(ﬁxﬁ*)-& @)

B = ; (1)

where P, and P4 are the absorbed and radiated power,
respectively while [[], is the volume integral of the object
to be imaged and [[; is the integral of a closed surface that
encloses the coil structure and the imaged object. The
volume integration is done over the human head model.
The surface integration is done by choosing a surface that
encloses the coil and the sample and then performing the
numerical integration over that surface.

FDTD Simulations

7 tesla Experiment
(a) (b)

Fig. 3. FDTD calculations (a) and experimental sagittal
image (b) obtained using a 7 Tesla whole body system.
The excitation/reception is performed in two ports using
a TEM resonator loaded with 17-cm in diameter spherical
phantom that posses dielectric constant = approx. 79 and
conductivity = 0.46 S/m.

Because the percentage of the coil’s radiated power (and
therefore efficiencies) varies at different frequencies, the
comparison of power requirements at different field
strengths is unclear even for the same (geometry and
dimensions) RF coil. More importantly, the absorbed
power is associated with tissue dissipation and heating
concerns. As a result, the absorbed power rather than the
total power entering the coil was used in determining the
power requirements in this study. In the FDTD domain,
power absorbed was calculated from equation (3).

Power =Y 3" Z%Ga,im(Eim +E; +E; )] 3)
i ] K k) (iLj.k) (i..k)

where ojij k) (S/m) is the conductivity of the FDTD cell at
the (i,j,k) location; Ex, Ey and Ez (V/m) are the
magnitudes of the electric field components in the x, y,
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and z directions, respectively; the summation is
performed over the whole volume of the human head
mesh.

E. Comparison Studies for the B, Distribution and
Total Power Deposition

Using the FDTD mode, comparisons between 4
Tesla and 7 Tesla imaging were focused on homogeneity
of the B, field and the power requirements to achieve the
same excitation. By exciting all the elements of the coil
in a phased-array fashion at 7 Tesla, variable
phase/variable amplitude phased-array excitation was
applied to achieve: 1) a coefficient of variation (COV) of
the B," field in the region of interest with 2) total (in the
whole human head mesh) RF power deposition lower
than that obtained with 4-port fixed phases/amplitude
(quadrature) excitation at 4 Tesla.

In the 4-port quadrature condition, all the 4
excitation sources were set with the same amplitude and
/2 phase shift between every two adjacent sources. 16-
port optimized condition was carried-out by applying
variable amplitude and phase for each excitation signal to
achieve a better B," field distribution homogeneity within
the region of interest and lower total power absorption.
The optimization routine uses gradient algorithms were
32 unknown inputs (amplitude and phase variables) are
varied to lower 1) the COV of B," field over slices and
slabs with various orientations as well as 2) total power
absorption by the human head mesh. In our calculation,
B," field was normalized to 1.174uT, which is the field
strength needed to produce a flip angle of n/2 with a 5-
msec rectangular RF pulse; the power requirement is the
scale to obtain the same B, " field intensity.

I11. RESULTS AND DISCUSSION

Optimization of the B;" field was done on the slices
(2mm thickness) and slabs (28mm thickness) oriented in
the axial, coronal, and sagittal directions (as shown in
Fig. 1 (b)) at 7 tesla in order to obtain more homogeneous
B," field distribution (target is the 4Tesla/4port
quadrature excitation COV) and lower total RF power
absorption by the whole head mesh (target is the
4Tesla/4port quadrature excitation total power absorption
for a fixed average B;" field intensity in the region of
interest). Similar to fluid-dynamics Mach number [24],
the optimization target combines these two parameters
into a non-linear relationship and was constantly
changing throughout the iterations.

A. B;" Field Distributions and Total RF Power
Absorption

Figure 4 and Table 1 show the results including the
B," field distributions and the associated RF power
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deposition using 4-port quadrature excitation at 4 and 7
Tesla and 16-port variable phases/amplitude excitation
for 2mm/28mm axial, coronal and sagittal slabs.

Table 1. The coefficient of variations and the total RF
power absorption for the B;" field distributions shown

in Fig. 4.

Excite 1-- 4T/AP | 2-- 7T/AP |3-- 7T/16Pt
Condition Qua Qua Opt
Parameter |COV Power COoVv Power Cov Power

(w) (w) (w)

A (axial 6 161089 [030] 2.22 |0.18] 0.80
Slice)

C (Coronal 1751 117 |0.30| 2.44 |0.24] 0.99

Slice)

S Sagittal 5,41 109 {025] 2.16 |0.23] 1.04

Slice)

A Slab
(Axial siaby | 18] 0:92 [031| 244 J0.18] 0.77
C_Slab

(Coronal slaby| 024| 1118 [030 262 |0.24] 0.1

S Slab

(Sagittial slab| 0.24 | 1.10 [0.25] 2.22 [0.24] 1.01
)

The results from a 4-port quadrature excitation
at 4 and 7 Tesla demonstrate that the increased
electromagnetic wave interactions in high field strength

(7 Tesla) cause a decrease of By field uniformity under
the same excitation conditions. Additionally, the power
required to obtain the same average B;" field intensity
(over a slice/slab of interest) increases at 7 Tesla
compared to 4 Tesla. When a 16-port variable
phases/amplitude excitation is applied however, the B;"
field wuniformity can be greatly improved while
significantly reducing the total absorbed power. From the
data shown in Table 1, under 7 Tesla/16 port optimized
conditions, 1) the B;" field homogeneity over 2D slices
and 3D slabs were improved to the same level of the ones
under 4Tesla/4port quadrature conditions, with 2) the
associated total RF power absorptions at 7 Tesla lower
than that at 4 Tesla.

B. Distributions of the RF Power Absorbed in Tissue

To compare the effects of homogenizing the B;"
field homogeneity on RF power absorption, the
distributions of the power deposition inside the head
model were calculated and are displayed under different
excitation conditions in Fig. 5. Coefficient of variations
(COV) of the RF power distributions (corresponding to
each subfigure in Fig. 5) are given in Table 2. This set of
results show that, with similar total absorbed power, the
power deposition (and therefore potential temperature
rises) inside the head mesh varies under quadrature and
optimized excitation conditions. Compared to quadrature
excitation, the power absorption by tissue is more
uniformly distributed with optimized excitation.
Spreading the energy deposition through the whole head
reduces the probability of local spots.

A_Slab1

A_Slab2

A_Slab3 ;

S_Slabiq S_Slabgn S_Sla b31
4

1- 4Tesla/4Port Quadrature
2— TTesla/4Port Quadrature
3- 7Tesla/16Port Optimized

NE D
PR

C_Slab1 C_Slab2 C_Slab3

Fig. 4. The B;" field distributions over axial (A1-A3), coronal (C1-C3) and sagittal (S1-S3) slices as well as axial
(A_Slab1-3), coronal (C_Slab1-3) and sagittal (S_Slab1-3) slabs at 4 Tesla and 7 Tesla under different excitation
conditions. 1, 2, and 3 represent the different excitation types as annotated in the figure.
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Fig. 5. Power distributions (dB) over the whole head mesh under different excitation conditions.

Table 2. The coefficient of variations for the RF power
distributions (over the whole head mesh) shown in Fig.
5.

Excit- | 4T/4P | 7T/4P | 7T/16P | 7T/16P | 7T/16P
ation | Qua. | Qua. A Slab | C_Slab | S_Slab
Types Opt. Opt. Opt.
COV_]0.56 0.50 0.45 0.41 0.40

As such with the optimization scheme presented in
this work, compared to 4 Tesla 4-port quadrature
excitation, more homogeneous B;" field (as denoted by
lower COV) simultaneously with lower total RF power
absorption could be obtained at 7 Tesla. The presented
results dispel what has been widely accepted from
quasistatic approximations namely that pushing the
envelope of MRI field strength results in more RF power
requirements and therefore more RF power absorption in
human tissue. The numerical simulations presented in this
work indicate that the severe inhomogeneity associated
with quadrature excitation at 7 Tesla is resultant from the
lack of a B," field but not necessarily from the lack of
electromagnetic energy. The rearrangement of B;" field
distribution or increase of B;" field intensity affects only
a component of the total RF magnetic field and does not
necessarily cause increases in total RF power absorption.

IV. CONCLUSION

In high and ultra high field human MRI applications,
computational electromagnetic techniques are playing a
significant role in the design of the needed RF
coils/transmit arrays and excitation approaches to obtain
high quality images and manage the RF power
deposition. Utilizing FDTD method, this work
demonstrates that homogenous excitation can be
achieved at 7 Tesla MRI for human head applications
with a lower than the amount of RF power required for 4
Tesla MRI.
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