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Abstract

This paper presents a complete overview of the electromagnetics (radiofrequency aspect) of MRI
at low and high fields. Using analytical formulations, numerical modeling (computational
electromagnetics), and ultrahigh field imaging experiments, the physics that impacts the
electromagnetic quantities associated with MRI, namely (1) the transmit field, (2) receive field,
and (3) total electromagnetic power absorption, is analyzed. The physical interpretation of the
above-mentioned quantities is investigated by electromagnetic theory, to understand ‘What
happens, in terms of electromagnetics, when operating at different static field strengths?” Using
experimental studies and numerical simulations, this paper also examines the physical and
technological feasibilities by which all or any of these specified electromagnetic quantities can be
manipulated through techniques such as B; shimming (phased array excitation) and signal
combination using a receive array in order to advance MRI at high field strengths. Pertinent to this
subject and with highly coupled coils operating at 7 T, this paper also presents the first phantom
work on B4 shimming without B; measurements.
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INTRODUCTION

To RF coil designers, the transition from low to high (=3 T) and ultrahigh (=7 T) field
imaging has resulted in a similar transition from using circuit and transmission line theories
(very specific cases of Maxwell’s equations) to using the more general and complete
Maxwell’s electromagnetic theory. Following this notion, distributed circuit resonators have
been used for human applications at and above 7 T, as exemplified by the transmission line
resonator of Roschmann (1), the transverse electromagnetic (TEM) resonator of VVaughan
(2), and the free element resonator of Wen (3). In contrast to lumped element designs,
distributed circuit resonators utilize and enhance the transmission line properties of
conductors by using the intrinsic reactance of transmission line elements. The
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electromagnetic interpretation of the behavior of loaded ultrahigh field distributed circuit
coils as well as lumped-element based coil is still rather cumbersome due to the presence of
the non-transverse electric/magnetic/electromagnetic (TEM/TE/TM) hybrid modes (4) and
the differences between the transmit and receive fields (5,6).

This work presents a thorough view of understanding and manipulating the electromagnetics
of MRI. The paper will first outline how and which electromagnetic components affect the
MR signal. In the following sections, characteristics of the electromagnetic fields (global/
local polarization and homogeneity) are examined at different field strengths and with
different loading conditions. The paper then examines the modifications that need to be done
on the typically obtained (during ultrahigh field imaging) electromagnetic transmit/receive
fields to make them suitable (high and uniform) for the MR experiment. Simulations that
aim at manipulating the B, field (i.e. B; shimming or phased array excitation) to achieve
homogenous and/or localized RF excitation for imaging at 7 T are then presented. The paper
then concludes with a brief section on new preliminary work in which a B; shimming
scheme fully based on rigorous computational modeling is successfully implemented on a
whole-body 7 T system with a highly coupled coil and without any B; measurements.

ELECTROMAGNETICS OF THE MRI SIGNAL

In this section we review the electromagnetic theory of the MRI signal, which was already
discussed partially in Reference 7. Let us assume that a general electromagnetic field inside
the human body/head is transmitted by a current on RF coil/transmit array. The magnetic
field density of the B, field can generally be defined (in terms of rms values in the frequency
domain) as

By=xB1,+tyB1y,+zB1: (1)

Assuming the direction of the By field is in the +z direction, and using definitions and terms
from the electromagnetic theory, the component that is responsible for exciting the spins
during an NMR experiment is given as a circularly polarized component of the transverse
magnetic field as follows:

. B 1 .
Bf =(z—jy) - 7%:%<BM_JBM) @)

With many assumptions described in details in References (7,8), at low flip angles the signal
received in the MR experiment is linearly proportional to the product of the excite field
(only the component that excites the spins) and the receive field given as

Signal o Bf' x receive field  (3)

In Hoult’s rotating frames treatment of the MR signal derivation (8), a negatively rotating
frame field was introduced such that!
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The ‘receive field” in his calculations was found to be equal to (b;)*. In Ibrahim’s treatment
which uses definitions and terms from electromagnetic theory (7), the ‘receive field’ given
by the symbol B;~ was found to be the circularly polarized field with the opposite sense of
rotation when compared to the " field; specifically,

(x+jy) x B, :(@uﬂ' By) 5
V2 NG 5

B =

where the 95" field is a mathematical quantity that represents the circularly polarized
component of the fictitious #: field, hypothetically induced by the receive coil. This

component ( 8;") would excite the magnetization of interest, if the 5. field were to be used
for excitation (7).

To relate the excite ( B;") and the receive ( B;") fields presented above to the typical

definitions and terms of electromagnetic theory, the B;' field can be defined as follows (7).
For Bg = + |Bo|z, the B; field is the circularly polarized component of the B field (produced
by the transmit coil) in the counterclockwise (CCW) sense if the direction of the
electromagnetic energy (direction of propagation) is +z; otherwise, it is the circularly
polarized component of the B field in the clockwise (CW) sense if the direction of the
electromagnetic energy is —z. If Bg = —|Bg|z, the definition of the polarization sense of the

B field is reversed. For any specified receive coil, the sense of rotation of the B, field is

always opposite to that associated with the 4" field. The 2, field would excite the spins if
the receive coil was hypothetically used for that purpose.

The definitions of the excite and receive fields in MRI follow closely from reaction theory
(9). The voltage induced in the antenna AA by another antenna BB is identical to that
induced on BB by AA. Let us assume that AA is the receive coil (antenna) and BB is a
magnetic current source resulting from the typically defined MRI transverse magnetization,
i.e. the already excited spin(s) (7) (another antenna). Hypothetically, if we examine the
voltage induced on BB due to AA, it is proportional to (1) a vector representing the
polarization of the field that AA transmits and (2) the conjugate of a polarization vector that
represents a field perfectly received by BB. The field that is perfectly received by BB is the

2 field and the conjugate of it is the B; field. It isimperative to note that although the
transmission is from AA (receive cail) to BB (magnetic current source/MRI transverse
magnetization/excited spin(s)) in this situation (reaction theory), it is completely unrelated
to the process of exciting the spins (7)2 as defined in MRI. An interesting observation about
the antenna BB (excited spin(s)), however, is that it responds differently to electromagnetic

1The negative sign was changed to positive to follow the notation of this paper.
Maxwellian analysis shows that excitation of the spins is not reciprocal.
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components with the same sense of polarization if the associated waves are defined with
different directions of propagation (using the electromagnetic theory definition). This is
similar to a non-reciprocal antenna except, of course, in the near field region.

As both the components (the physical excitation field and the fictitious receive field) affect
the MR image, in the following sections we will analyze and investigate how to manipulate

both the B~ and B fields at different MRI static field strengths.

CHARACTERISTICS OF THE g; AND g FIELDS AT DIFFERENT STATIC
FIELD STRENGTHS AND LOADING CONDITIONS

The inhomogeneity of ultrahigh (=7 T) field images at 7 (10,11), 8 (4,12), and 11.1 T (13)
demonstrate that the RF excite ( B;) and receive ( B;) fields at such static field strengths
are not well primed for human imaging. To achieve useful anatomical, physiological, and/or
functional information, the B;" and B; fields should possess high intensity (while not
exceeding the RF power deposition limits) and uniformity in the specified region of interest.
In order to achieve these characteristics, namely high intensity and uniform B;" and By
fields, it is imperative to understand the electromagnetic principles of why these fields do

not possess these characteristics at high static fields. Based on the nature of the B;" and B,
fields (circularly polarized electromagnetic field components), their desirable (from an MRI
point of view) characteristics could be possibly hampered at high field strengths due to one
or a combination of the following:

Issue 1: the electromagnetic fields induced (physically for transmit coil and/or
fictitiously for receive coil) within the region of interest are not properly polarized.

Issue 2: the distribution of the B and/or B; fields is/are inhomogeneous within the
region of interest.

Issue 3: the intensity of B field is low within the region of interest, thus leading to
higher RF power deposition.

The following analysis (1,4,7,14) will address these three issues at different field strengths.

Effects of frequency and loading on RF field polarization (Issue 1)

A part of the discussion given in this section had already been presented in Reference (7).
Let us assume a general transverse magnetic (B) field during MRI experiment. The total
transverse field, CW and CCW (assuming +z propagation) components of the B field, are
defined as follows:

B=yBy+xzB,; (6

_(@—jy) - B_(B,—iBy)

BCCW -
NG NG U]
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_($+Jy) X B: (Bl:z+jBly)

Bow=

Equations (7) and (8) demonstrate that with a negligible By (i.e. linear polarization) in the
volume of the Tx/Rx coil, the CW and the CCW fields are equal in magnitude; hence, for

MRI purposes, the distributions of B (B..,,) and By (B.,) By fields would be identical.
This would not be the case if linear polarization is not present. Figure 1 displays the 3D
finite difference time domain (FDTD) (15) solutions of different magnetic field intensities
(6) inside a single element coil (6) operating under linear (1-port) excitation/reception. The
results are presented for both an empty coil and a coil loaded with a small cylindrical
phantom (9.4 cm long and 4.6 cm in diameter) at 254 MHz (6 T for 1H imaging) and 485
MHz (11.7 T for IH imaging). The electromagnetic properties of the phantom were assigned
to have a dielectric constant = 78 and conductivity = 1.154 S/m.

Figure 1 shows that the By field clearly dominates the transverse magnetic field (By is
negligible) for the empty coil at both frequencies and for the loaded coil at 254 MHz. This
evidently indicates that for these specific cases, linear excitation is clearly effective in
producing linearly polarized fields3 (only By is present whereas By is negligible). Therefore,

as shown in Fig. 1, the distributions of By (i.e. B;") and By (i.e. By), fields are very much
comparable.

When the dimensions of the coil and/or the load become a significant fraction of the
operating wavelength, the electromagnetic interactions between the coil, drive port(s), and
the load dominate the fields within the coil which may lead to the loss of linear polarization
with linear excitation (16,17). This is demonstrated in Fig. 1 for the loaded coil at 485 MHz.

In this case, By is not negligible when compared to By and therefore B and B; field
distributions of the coils are noticeably different.

In the following section, we will investigate the polarization and homogeneity of
electromagnetic fields obtained for head sized ultrahigh field RF coils.

Effects of loading on global/local polarization and homogeneity for head imaging at
ultrahigh fields (Issues 1-3)

A part of the discussion given in this section had already been presented in Reference (4).
The previous section demonstrated that coil loading and increasing the operational
frequency may contaminate the intended polarization. In this section, we will examine not

only the extent of this contamination on polarization but also on the homogeneity of the B
and p; field distributions.

Figure 2 (4) displays FDTD calculated polarization vectors (vectors that contain
characteristics of both polarization and intensity of the transverse magnetic field) which are
presented (1) across a central axial slice at a single snapshot in time for a 16-element TEM

3This generally indicates that quadrature excitation will be effective in producing the MR-desirable circularly polarized field.

NMR Biomed. Author manuscript; available in PMC 2015 July 25.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ibrahim et al.

Page 6

coil (2) tuned to the typical operational mode and (2) in a local (close-up) area
(approximately 16 mm?) at multiple time snapshots distributed throughout a complete cycle
(i.e. 27). The results are obtained for a linearly excited 16-strut TEM resonator tuned to 340
MHz under two loading conditions: loaded with an 18.5 cm diameter spherical phantom
filled with 0.125 M NaCl solution (dielectric constant = 78 and conductivity = 1.154 S/m)
(bottom) and empty (top). The data in the unloaded coil plots are shown in the central plane
of the coil; this area has the same dimensions and is in the same location as the displayed
slice for the loaded case. The intensities of the polarization vectors in this figure are
represented by the lengths of the arrows while their directions (at instances in time) are
represented by the tips of the arrows.

The whole-slice empty coil results shown in Fig. 2 clearly demonstrate that polarization
vectors closely follow what is analytically obtained with transmission line and circuit
theories (18,19). Specifically, at the center of the coil, mode 1 (typical mode of operation)
possesses a non-zero polarization vector. As expected, the results of mode 1 also
demonstrate that the direction and the intensity are nearly identical across the slice for all the
polarization vectors. The local empty-coil polarization vectors results at multiple time
snapshots also show that the two displayed polarization vectors are linearly polarized; i.e.
they are always pointing in the £45° direction with respect to the x or y axes. Hypothetically,
if MRI could be performed with this particular empty TEM head coil tuned to 340 MHz (8T

for 1H), highly uniform circularly polarized (transmit: B~ and receive: B;) fields will be
obtained across the sample and will be achieved with 1/2 of the RF input power if
quadrature excitation is used.

The behavior of the polarization vector in the loaded coil is quite different from that

associated with the empty coil. The mode 1 whole-slice polarization data shown in Fig. 2
demonstrate that the intensities and directions of the polarization vectors are highly non-
uniform across the slice (except in the central region of the slice), which will lead to non-

uniform B;~ and pB; fields. More importantly, however, the multiple time snapshots of mode
1 in the loaded coil reveal that within the 32 mm? area shown in Fig. 2, the two displayed
sets of vectors possess two different types of polarizations: linear (the tips of the vectors
trace a line at all the time snapshots) and elliptical (the tips of the vectors trace an ellipse at
all the time snapshots). Therefore in addition to the expected non-uniformity of the fields,
linear excitation on ultrahigh field typical volume head coils results in linearly polarized
fields in a few regions but not in the entire volume of the load. This in turn will result in a
loss of circular polarization during two-port quadrature excitation as has been previously
observed (6,16,20).

Based on above-mentioned observations, one can conclude that ultrahigh field imaging

brings contamination of the MRI-intended polarization and of the homogeneity of the B
and B field distributions. In addition, these two contaminations (1) are not necessarily
bundled together in specific region(s) and (2) are also observed in selected regions across
the volume of load and not over the whole volume.
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The Bf and pB; fields: where and how much needs to be fixed

Some parts of the discussion given in this section were already presented in Reference (4).
An attempt was then made to classify the volume of the above-mentioned spherical phantom
and of a human head mesh (loaded in a TEM coil operating under linear excitation) (4,21)
into 15 distinct regions: linear, elliptical (CW and CCW), and circular (CW and CCW)
polarizations, as well as high, intermediate, and low intensities. At any voxel [(4 mm)3 for
the spherical phantom, or (2 mm)3 for the human head mesh],

1. polarization classification criterion is defined as follows: linear: £< 0.1, elliptical:

abs(Bi" intcnsitny; intensity)

0.1< £<0.9, and circular: £> 0.9, where § =

max(B] intensity, B} intensity)’
2. CWI/CCW classification criterion is defined as follows:

CW:Bj intensity< By intensity and CCW: B intensity>B; intensity, and
3. field intensity classification criterion is defined as follows:

high:Intensity > 2Maximum;intermediate: 2 Maximum < Intensity < 2Maximum
;and low:Intensity <1Maximum: where

Maximum=maXentire phantom (Bfr intensity, B; intensity) and
Intensity=average, . (Bj intensity, By intensity) for linear and
Intensity=maxyoxel (Bf' intensity, B intensity) for circular and elliptical
polarizations. Tables 1A and 1B provide the percentage of the volume of each
region with respect to the total volume of the spherical phantom (1A) and the
whole human head and neck mesh (1B). Figure 3 describes the distribution of these
sections throughout each of the two loads.

Case A: linear polarization and high B} and B; field intensities—Case A
describes any region where the coil can both transmit and receive efficiently (high and

comparable B~ and B; field intensities); these include the central region of the coil/
phantom/human head and neck mesh, the region near the drive port, and the region near the

port opposite from the drive port. As shown in Fig. 3, the high intensity of both the B; and
By fields indicates a high intensity of the linearly polarized fields and consequently
circularly polarized fields when quadrature excitation is used. Currently, during ultrahigh
experiments with typical volume foils, regions falling under Case A have produced the most
consistent and close to perfect excitation and reception. Tables 1A and Table 1B show that
that these regions compose 22.3/1.5% of the total volume of the spherical phantom/human
head and neck mesh. As expected and for verification purposes, this region was evaluated
and was found to comprise 100% of a volume that is identical to that of the phantom inside
an empty coil.

Case B: linear polarization and intermediate B;" and B; field intensities—
Figure 3 shows that Case B can be observed in the regions surrounding the central bright
region of the spherical phantom/human head and neck mesh. In these regions, the fields
possess intermediate intensity but maintain linear polarization. As a result, better NMR
signal can be simply obtained by increasing the power in the transmit chain and by

NMR Biomed. Author manuscript; available in PMC 2015 July 25.
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amplification in the receive chain. Table 1 shows that these regions comprise 16/18.1% of
the total volume of the spherical phantom/human head and neck mesh.

Case C: linear polarization and low B} and B; field intensities—Case C describes
load regions in which both transmission and reception are inefficient. Note that for mode 1

and linear excitation, the ratio of the maximum B field intensity over the minimum B;"
field intensity for the whole spherical phantom volume was found to be approximately

100/1. However, when comparing the same ratio except considering By~ and B field
intensities together at each voxel (i.e. every voxel in the phantom takes on the maximum of
the two values), it was found to be 3.15/1. Hence, regions in which both transmission and
reception are simultaneously inefficient are almost non-existent across the volume of the
phantom. Table 1 and Fig. 3 show that these regions compose only 0.3/2.3% of the total
spherical phantom/human head and neck mesh volume.

The insignificant volume associated with Case C is promising for imaging the head using
ultrahigh fields with the *homogeneous’ mode of operation. If regions that possess weak (RF
related) signal are observed during an ultrahigh field experiment with typical volume coils,

they are a result of lack of intensity of the B;f field or the B}~ field, but not of both fields.
This signifies the existence of acceptable transverse magnetic (B1) field intensities across
the majority of the load. This is not the case for ultrahigh field abdominal imaging, however
(22).

Case D: elliptical polarization and high/intermediate B, and B; field
intensities (two regions)—As shown in Fig. 3 and Table 1, Case D regions are spread
out across the volume of the spherical phantom/human head and neck mesh, and form
60.8/70.5% of the spherical phantom/human head and neck mesh volume, as given in Table

1. Furthermore, regions with higher B;" field intensities compared to B, field intensities or
vice versa specify a particular sense of rotation, i.e. CW or CCW. Table 1A and B and Fig. 3
show that within Case D regions, two voxels within close proximity (few mms) can have
elliptically polarized fields rotating in opposite senses (CW vs. CCW). In such regions (Case
D), significant design changes, such as the use of B; shimming (as will be demonstrated
later) and/or transmit SENSE are needed to (1) obtain uniform field intensities and (2) re-
polarize the electromagnetic fields closer to the eventually required circular polarization.

Case E: elliptical polarization and low B~ and B; field intensities—Case E is
almost non-existent throughout the phantom and only comprises 6.8% of the total human
head and neck mesh volume.

Case F: circular polarization (three regions)—This case includes regions of low,

intermediate, or high intensity circular polarization (where one of the field components ( B}
or By) is much larger than the other). Regions that fall under Case F comprise only 0.6% of
the spherical phantom/human head and mesh volume as shown in Fig. 3 and Table 1. While
the percentage is quite small, it is nevertheless quite surprising that these regions exist at all

for linear excitation at mode 1.
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The above-mentioned analysis demonstrates that in terms of RF, the non-uniformity in
ultrahigh field MR images is due to (1) RF field inhomogeneity and (2) loss of proper
polarization. The following section will briefly show, using rigorous modeling techniques,
how to experimentally and numerically manipulate the RF field in order to achieve a

specific B~ and/or B field distribution(s) for ultrahigh field MRI.

MANIPULATING THE B; FIELD (B; SHIMMING) IN TRANSMIT/RECEIVE

ARRAYS

The inhomogeneities of MR images and increased power deposition associated with high
and ultrahigh field human imaging warranted new RF approaches (14,23-39) to overcome
these issues. Early numerical work for potential high field MRI experiments has shown that
specified superposition of electromagnetic fields radiated from long thin wires can alter the
field in the sample (40) and that coil-head interactions could be manipulated by changing
the coil’s excitation mechanism (21,29). This concept has been clearly verified in recent
experimental head studies at 3, 7, and 9.4 T by varying the phases of the voltages driving the
transmit array (23,41-43). As such, variable phase/amplitude multi-port excitation or By
shimming (in electromagnetic terms, phased array antenna excitation) and other methods

that manipulate the B;f field such as transmit SENSE have been seen as possible solutions

for achieving uniform and/or a specific B;" field distributions (22,30,31,35,36,42,44-47) for
high field MRI applications. These multi-transmit techniques have used many designs of
transmit arrays (24,27,33,36,39,41, 44,48-57) (both coupled and uncoupled.)

Phased array excitation in MRI is based on the fact that for high frequency operation and
asymmetrical/inhomogeneous/irregularly shaped loading (human head/body), integer
multiples of phase-shifts and uniform amplitudes are not necessarily the ideal characteristics
to impose on the voltages driving the transmit array to obtain a homogeneous transmit field.
Furthermore, global as well as localized RF field excitations in high field human MRI may
be achieved with rather distinctive and non-obvious amplitudes/phases. Using
electromagnetic terms, the clear objectives of the phased array excitation in MRI are to (1)
homogenize, (2) re-polarize, and (3) strengthen electromagnetic fields in specified regions of
interest. These concepts will be evaluated in the following two sections.

NUMERICAL SIMULATIONS: THE POTENTIAL OF MANIPULATING THE B;

FIELD

Using in-house FDTD software (22,44), Fig. 4 demonstrates the potential of utilizing phased
array excitation for ultrahigh field MRI (7 T). For example, Fig. 4 (top left) demonstrates
not only a highly homogeneous RF excitation (as denoted by coefficient of variation) can be
achieved with a 16-element highly coupled transmit array (TEM coil), but also it can be
achieved simultaneously with lower (compared to quadrature, fixed phase/amplitude,
excitation) total RF power absorption in the human head. Such findings indicate that re-

polarization (correcting the polarization of the electromagnetic fields to strengthen of the B
field without increasing the total power deposition) can play a major role in By shimming.

NMR Biomed. Author manuscript; available in PMC 2015 July 25.
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Figure 4 (bottom and top right) demonstrates that highly localized RF excitation field can be
potentially achieved at 7 T for both head and abdominal imaging. In Reference (44) using
the FDTD method, it was demonstrated that excellent homogenous whole-slice and
localized (within slices) excitations can both be achieved in many regions of the human head
at 7 T with the same transmit array. In Reference (22) and also using the FDTD method, 3D
RF localized excitations in the human heart and 2D RF homogenous excitations in whole
slices have been demonstrated for potential 7 T abdominal imaging. Such results were
obtained by utilizing a 32-strut TEM resonator tuned to atypical mode, mode 2 (the third
mode on the frequency spectrum.) These results and others (24,28,45,58) demonstrate that
B, shimming and transmit SENSE have a tremendous upside in ultrahigh field MRI.

To date, however, manipulating the B;" field has been performed with highly decoupled
transmit arrays by experimentally extracting the B field and then utilizing optimization

methods that aim at homogenizing and/or localizing the measured B;" field. In the next
section, we will briefly demonstrate our successful first attempt at performing B, shimming

(not only on the B;f field but also on the receive, By, field) without any By measurements
using a highly coupled TEM coil loaded with a spherical head-sized phantom at 7 T.

EXPERIMENTAL MANIPULATION OF THE ELECTROMAGNETIC FIELDS: A
PRELIMINARY LOOK AT B; SHIMMING WITHOUT B; MEASUREMENTS

Utilizing a rigorous (4,22) FDTD model that implements a true coaxial excitation (59), we
have developed an eight-element, half-capped, TEM resonator model (highly coupled coil).
The simulations at 7 T were performed using a 17.5 cm diameter spherical phantom as the
load. The dielectric properties of the phantom were assigned to be approximately 80 for the
dielectric constant and 0.46 S/m for the conductivity. The simulations utilized a four-port
transmit/receive configuration where every other coil element was excited and was utilized
in reception as well. As true coaxial excitation was utilized, the precise coupling between
the coil elements is considered and the concept of super position can be implemented on the
four transmit/receive ports. The simulated coil design and the phantom were constructed and
built to the specifications of the simulations. To ensure the accuracy of the coil model, low
and high flip angle 7 T experimental (acquired by using the University of Pittsburgh’s 7 T
whole-body system) and FDTD simulated, at 298 MHz, images of axial, sagittal, and
coronal slices of the phantom, loaded within the linearly (one port transmit/receive) excited
TEM resonator, were obtained and compared as shown in Fig. 5. The results demonstrate the
excellent accuracy of the FDTD model.

Using the rigorous FDTD model, a four-port quadrature excitation/reception was simulated.
Additionally, B; shimming using constant amplitudes and variable phase shifts (optimized
for both the B}~ and B; fields) was numerically executed to localize the low flip angle
signal, i.e. maximize the mean of B;" x B; in regions of interest over the mean of B;" x B,
elsewhere in the axial and sagittal planes. To implement constant amplitude and variable
phase excitation/reception on the 7 T system, the 7 T transmit voltage was split into four
different ways utilizing three quad-hybrids and high power three 5092 loads. The quadrature
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and optimized RF localization (recommended from the simulations and without By
measurements) phase conditions were achieved by constructing custom-made semi-rigid
cables of specified length.

Figure 6 displays low flip angle images obtained by using the 7 T system and simulated
using the rigorous FDTD model for four-port quadrature and optimized excitation/reception
conditions. The circular loops in Fig. 6 represent the chosen (by the FDTD simulations)
regions of interest. The preliminary results shown in Fig. 6 demonstrate that by properly
modeling the load, transmit/receive array, and the excitation/reception scheme, B; shimming

(both B and B;) can be (1) guided through computational electromagnetics with minimal
computational time requirements (seconds) and (2) efficiently implemented without any B,
measurement. These developments can pave the way for a fully automatic, subject specific,
B, homogenization/localization scheme for ultrahigh field human MRI (solutions to
removing the effect of subject-specificity on B; shimming without B; measurements are
presented in reference 43).

CONCLUDING REMARKS

The behavior of the electromagnetic fields during high/ultrahigh field MRI experiment may
seem intricate and difficult to understand, however the electromagnetic waves in question
are always governed by four basic and arguably simple equations: Maxwell’s equations. The
proper application of these equations, i.e. electromagnetic theory, whether obtained through
numerical and/or analytical approaches will always dictate the design, performance, and the
safety of the RF excitation/reception during the MRI experiment. If we find differences
between experimental observations and what is predicted by electromagnetic theory, it is
more likely due to our misapplication of the theory, which unquestionably is sufficiently
practical to fully and accurately handle the RF aspect of MRI. It is hoped that this paper can
be used as a resource for understanding and manipulating the electromagnetic fields during
MRI experiment.

Abbreviations used

CCw counterclockwise

Ccw clockwise

FDTD finite difference time domain

RF radio frequency

TE transverse electric

TEM transverse electromagnetic

™ transverse magnetic
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Figure 1.

Calculated magnetic flux densities inside a single-strut TEM coil: empty and loaded with the
cylindrical phantom at 254 MHz (6 T) and at 485 MHz (11.4 T). By and By represent the
magnetic flux density in the x and y directions respectively, while CWW (proportional to

B;") and CW (proportional to B;") correspond to the counterclockwise and clockwise
circularly polarized components of the magnetic field, respectively. Reprinted with

permission from Reference (6).
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Figure2.
Axial slices of FDTD calculated vector field plots (polarization vectors) for (1) whole-slice

(at a single snapshot in time) and (2) locally inside a 16 mm? area (at many time snapshots
forming a complete period, i.e. 27) for mode 1 (the coil’s, 16-element TEM resonator,
standard mode of operation). Reprinted with permission from Reference (4).
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Figure3.
The 15 distinct regions provided in Table 1 for central axial, sagittal, and coronal slices. H,

M, and L denote high, intermediate, and low intensities. Lin, C, and E denote linear,
circular, and elliptical polarization. CW and CCW denote clockwise and counter clockwise
sense of rotation (for the circular and elliptical polarization.) The black disc represents the
location of the excited element. Reprinted with permission from Reference (4).

NMR Biomed. Author manuscript; available in PMC 2015 July 25.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Ibrahim et al.

Page 18

B,  Homogeneity and RF Power + i i
Optimization in 3-cm Thick Slabs A0 By Locasssian {h

Coefficient of Variation/Absorbed Power (W) for 90° Flip
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Figure4.

FDTD studies using highly coupled TEM resonators at 7 T. Top left: in-head B;" field (flip
angle) distribution using 16-port quadrature excitation (fixed phase, i.e. progressive phase
shifts of 22.5° and constant amplitudes) and optimized phase/amplitude excitation (By/

power shimmed.) The optimization was targeted at minimizing the B;" field distribution’s
coefficient of variation in 3-cm axial and coronal slabs, while maintaining the total power
absorption (in the human head model) lower than that obtained with 16-port quadrature

excitation. Bottom: in-head localized B;f excitation within whole-slices. Each black

rectangle denotes a localized region of interest in which the mean B; field intensity
everywhere else divided by the mean intensity within the same slice (‘localization factor’) is
maximized. Spatial positions of the optimized regions were arbitrarily chosen. The value on
each subfigure represents the ‘localization factor’. Each sagittal slice displayed below each
axial slice (both are contained in a dotted green rectangle) contains the normalized flip angle
distribution associated with the localized RF excitation in the corresponding axial slice.
Position of the axial slice with respect to the sagittal slice is denoted by the black arrows.
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Reprinted with permission from Reference (44). Top right: axial, coronal, and sagittal slices
through the heart and surrounding tissue in a specified rectangular volume showing the B;f
field distribution after 3D optimization was performed to localize the B;" field in the heart.
This was achieved by maximizing the average B;" field intensity inside the heart over the
average B;" field intensity outside the heart and within a specified rectangular volume which

is five times the heart’s volume. The average B;" field intensity inside the heart over that
outside the heart and contained within the specified rectangular volume was found to be 4.0
over 1.0. Reprinted with permission from Reference (22).
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Figure5.

Axial, sagittal, and coronal low and high flip angle images obtained at 7 T and their
corresponding simulated results obtained at 298 MHz using the rigorous FDTD model. The
coil used was an 8-element TEM resonator excited in one port and tuned to its typical mode
of operation and the load utilized in the experiments and numerical modeling was a 17.5 cm
diameter spherical phantom with dielectric properties that are approximately 80 for the

dielectric constant and 0.46 S/m for the conductivity.
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B; Shimming without B;'/B; Measurements Using 4 Transmit/Receive Ports at 7 tesla
Axial Plane Sagittal Plane

Experiment FDTD Model FDTD Model Experiment

4-Port Quadrature Localized: B, Shimming

Figure6.
Axial and sagittal low flip angle images obtained at 7 T and their corresponding simulated

results obtained at 298 MHz using the rigorous FDTD model. The transmit/receive array
used was an 8-strut, highly coupled (approximately =10 dB coupling between the coil ports),
TEM resonator that transmits and receives from four ports. The images were obtained using
four-port quadrature and By shimming (on the transmit and receive chains) and with a 17.5
cm, in diameter, spherical phantom with dielectric constant = 80 and conductivity = 0.46

S/m as the load. The By shimming aimed at localizing the MR signal ( B;” x B;) in the
denoted gray circles. The phases of the B; shimming were fully and completely obtained
from the rigorous FDTD model without any B; measurements and were implemented using
specified semi-rigid coaxial cables to achieve the intended phases.
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