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ABSTRACT

The known value of magnetic resonance imaging and spectroscopy (MRI/MRS)
to detect and monitor disease with high sensitivity has driven researchers and clinicians
to continually push boundaries beyond clinically-standard *H MRI. This has led to many
advancements including high field MRI and MRS and non-*H MRI and MRS.

MRI of the breast is commonly used as a supplemental tool to mammography
throughout various stages of diseases. Specifically, benefits of high field MRI and the
use of array coils have enabled studies such as dynamic contrast enhanced MRI (DCE-
MRI) and diffusion weighted imaging (DWI) with high spatial and/or temporal
resolution. These studies provide additional information about morphology and kinetics
of breast lesions to distinguish between malignant and benign tumors with improved
diagnostic accuracy.

MR imaging and spectroscopy have been used to study progressive muscular
degenerative disorders, such as Duchenne muscular dystrophy (DMD). *H MRI has been
used to assess skeletal muscle composition, such as muscle fat-fraction. Additionally,
23Na imaging and 3!P spectroscopy have provided supplementary information pertaining
to tissue viability and metabolic function to evaluate disease even before any measurable
change in muscle composition has occurred.

This dissertation covers the construction and characterization of radiofrequency
(RF) coils and corresponding hardware to enable studies pertaining to breast cancer and

DMD. A 32-channel breast array and modified forced-current excitation (FCE) volume



coil was constructed for bilateral breast imaging at 7T. Ultimately, coil performance was
evaluated based on improvements in SNR and feasibility of accelerated, high spatial
resolution imaging. Two double-tuned birdcage coils (*H/*Na and *H/3'P) were
constructed for imaging and spectroscopy at 4.7T of rectus femoris muscles excised
from genetically-homologous animal models of DMD, or golden retriever muscular
dystrophy (GRMD). Initially, coil performance was evaluated on various phantoms for
homogeneity and ability to distinguish between various biological concentrations of
sodium and phosphorus. The coils were then used to collect data from a variety of
GRMD tissue samples in order to characterize biomarkers corresponding to age/disease
progression. Overall, this work has contributed hardware advancements to enable

MRI/MRS studies beyond clinically-standard *H MRI to assess disease.
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CHAPTER |

INTRODUCTION

1.1 Background and Significance

Since the early works of Paul Lauterbur and Peter Mansfield in the 1970s (1,2),
many advancements have been made in magnetic resonance imaging (MRI) and
magnetic resonance spectroscopy (MRS) research, showing the vast potential of these
techniques for diagnosing and evaluating various diseases. The known value of these
techniques has driven researchers and clinicians to continually push boundaries beyond
clinically-standard *H MR, leading to many advancements including ultra-high field
MRI and MRS and non-H MRI and MRS. However, to perform these non-standard
studies, specialized hardware such as custom radiofrequency (RF) coils is often required.
This work describes various types of custom RF coils and additional hardware
constructed to enable studies of disease, specifically breast cancer and Duchenne
muscular dystrophy (DMD).

In 2019, over 200,000 new cases of breast cancer were reported, making it the
most commonly diagnosed cancer in the United States (3). MRI of the breast is
commonly used as a supplemental tool to mammaography throughout various stages of
disease, from screening to recurrence, because of its ability to detect breast lesions with
high sensitivity irrespective of dense breast tissue (4-8). Furthermore, studies such as
dynamic contrast-enhanced (DCE) MRI and diffusion weighted imaging (DWI) can be

used to differentiate between malignant and benign tumors with improved diagnostic
1



accuracy (9-13). Because of the dynamic nature of these studies, it is important to
acquire images quickly while simultaneously maintaining spatial resolution and image
quality. Therefore, these studies can greatly benefit from the use of RF coil arrays at
high magnetic fields (such as 7T) because the increase in signal-to-noise ratio provided
can be used to increase both temporal and spatial resolution (14-18). Benefits provided
by a 32-channel receive array at 7T will be discussed in detail in Chapter 2.

Similarly, MRI and MRS have been used to study progressive muscular disorders
such as DMD, showing vast potential in noninvasively evaluating disease throughout
various stages (19-30). However, the studies are mostly limited to *H imaging and
spectroscopy (21-24) largely because of the reduced availability of non-H hardware,
i.e. RF coils, used to perform X-nuclei MR experiments. Despite these limitations,
potentially valuable biomarkers have been observed using 2Na imaging (25-27) and 3'P
spectroscopy (28-30). Two double-tuned RF coils and corresponding hardware have
been developed to enable studies on formalin-fixed rectus femoris muscles of a
genetically homologous animal model, the golden retriever muscular dystrophy
(GRMD) model, as discussed in Chapter 3. Furthermore, assessments on the effects of
age/disease progression on specific biomarkers are examined in Chapter 4.

1.1.1 NMR Background

Nuclear magnetic resonance (NMR) is the phenomenon used in both MR
imaging and MR spectroscopy. This phenomenon describes how NMR-active nuclei act
in the presence of an external magnetic field and how changes to the nuclei’s orientation

produce a detectable RF signal. For simplicity of this explanation, it is assumed that the

2



nuclei of interest are that of hydrogen, abundant in the high water content in the human
body and used for all clinical “proton” imaging. When protons are outside of an external
magnetic field, or outside an MRI system, they are randomly oriented. However, when
subjected to an external magnetic field, nuclei change their orientation where their
angular momentum vector is either parallel or antiparallel with the main magnetic field
Bo, as shown in Figure I-1. These two possible orientations, or spin-states, can be
explained by the difference in energy between both spin-states, with the lower energy
state (parallel to Bo) always having a slight excess in comparison to the high energy state
(antiparallel to Bo) state. This slight excess, often referred to as net magnetization (Mo),
contributes to the overall achievable signal and is proportional to the strength of the

external magnetic field, meaning higher magnetic fields increase achievable signal (31).

Figure I-1. Orientations of protons outside and in an external magnetic field. Protons are
randomly oriented without the presence of an external magnetic field (left). When placed
in a magnetic field, protons align parallel or anti-parallel to Bo (right). Reprinted with
permission from (31).



Once protons are aligned with or against the main magnetic field, they precess
about their axis at a frequency often referred to as the Larmor frequency (wo). The
Larmor frequency (wo) is dependent on the strength of the main magnetic field (Bo) and

the gyromagnetic ratio of the nuclei of interest (y), as shown in Eq I.1.

wo = Byy (Eq 1.1)

The protons are then tipped to an angle (o) away from alignment by applying an
effective magnetic field (B1*) perpendicular to the main magnetic field to the sample via
an excitation coil. (31). While B1" is applied, the protons rotate along the perpendicular
axis at the Larmor frequency (wo) with a slightly different phase, which is dependent on
their spin-spin relaxation (T2). After the B1* pulse ends, protons return to their original
alignment, based on their spin-lattice relaxation (T1), and emit an RF signal, which can
be detected using an RF receive coil. The RF signal transmission and reception

processes are shown in Figure 1-2, respectively.



Figure 1-2. Application of an RF pulse on a single proton. Applying an RF pulse (B1)
causes the proton to be tipped by an angle (o) away from its original orientation (left).
When the pulse has ended, the proton relaxes back to its original orientation which emits
a detectable RF signal (right). Reprinted with permission from (31).

1.1.2 RF Coils Background

As described, RF coils are a crucial part of an MR system because they are
responsible for both transmission and detection of RF signals during MR experiments. In
a standard clinical setup, as shown in Figure 1-3, a single large RF coil is housed within
the casing of the magnet bore and is often used for transmission and sometimes
reception of the RF signal. However, this is not the case for every MR experiment, and
local transmit and/or receive RF coils are sometimes placed within close proximity to a
specific region-of-interest (ROI) and used for transmission and/or reception instead.
These close-fitting coils lead to increased efficiency and sensitivity in comparison to the

larger body coil (32,33).
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Figure 1-3. Diagram of an MRI scanner set-up. The main magnet produces the external
magnetic field, Bo. The gradient coils encode MR images providing localization
information in the X, y, and z directions. Lastly, the RF coils are used to tip the protons
out of alignment as well as detect the emitted signals. Reprinted from (34).

Since the initial experiments of Hoult and Lauterbur, it has been understood that
the achievable signal in an MR experiment is dependent on a few factors: strength of the
main magnetic field, gyromagnetic ratio of the nuclei, imaging parameters, efficiency of
the RF coils, and dielectric and conductive losses of the sample being imaged (35).
Therefore, this dissertation focuses on optimizing the achievable RF signal by using high
magnetic fields (shown in Chapter 2) and closely-fitting RF coils (shown in Chapter 2
and Chapter 3).

Based on the principle of reciprocity, the signal-to-noise ratio (SNR) can be used

to assess an RF coil for both its efficiency during transmit and sensitivity during receive



(35,36). Specifically, SNR can be measured using Eq 1.2 (33). In Eq 1.2, w, is the
Larmor frequency of the NMR-active nuclei in rad/sec (shown in Eq I.1), AV is the
voxel volume, M, is the net magnetization, B is the circularly polarized effective

transmit magnetic field, k is Boltzmann’s constant, T is the absolute temperature in
Kelvin, Af is the bandwidth of the receiver, and R_,;; is the real part of the coil

impedance.

V2 woAVMy BT

SNR = Eql.2
\/4chAchoil ( f )
Assuming the sample, imaging parameters, and coil temperature remained the
same, the SNR equation can be simplified to show that the SNR attributed to the coil
(SNR.,;) as a function of the effective transverse magnetic field (B;) and the resistance

of the coil (R..;;), as shown in Eq 1.3 (33).

T (Eq 1.3)

Various factors contribute to coil resistance such as: coil size, resistive and
dielectric losses in components, quality of solder joints, and wire gauge, and these can
all affect the SNR. Although some of these SNR losses are inevitable, constructing

custom RF coils enables the flexibility to select designs and components which will



improve achievable RF signal for a specific study. Improvement of SNR, mostly via RF

coils, will be covered in depth in later chapters.

1.2 Specific Aims and Dissertation Organization

The purpose of this work is to enable further studies of disease, in this case breast
cancer and DMD, via construction of custom RF coils and additional hardware.
Specifically, this work focuses on *H breast imaging at high magnetic fields, as well as
'H and X-nuclei imaging and spectroscopy of formalin-fixed rectus femoris muscles as
described in the aims below:

e Aim 1: Construction and evaluation of a 32-channel *H bilateral breast array for
7T. Upon completion, the coil was tested at UT Southwestern (UTSW) for its
abilities to acquire images with high spatial and/or temporal resolution. A
modified *H transmit volume coil using forced current excitation (FCE),
constructed by collaborator Dr. Jiaming Cui (37), was used to assess the benefits
of using an array coil in comparison to a volume coil.

e Aim 2: Construction of two double-tuned (*H/?Na and *H/3'P) birdcage coils for
magnetic resonance imaging and spectroscopy of formalin-fixed GRMD rectus
femoris muscles. Upon completion, the coils were first tested on phantoms which
mimicked skeletal muscle tissue properties. Following phantom studies, *H T1-
weighted and T2-weighted images, 2Na images, and 3!P spectra were acquired
on seven formalin fixed rectus femoris samples from various GRMD animal

models.



e Aim 3: Biomarker analysis in rectus femoris GRMD tissue samples. Based on the
data acquired in Aim 2, images and spectra were evaluated for changes
corresponding to age (disease progression) of the sample. Various previously-
reported biomarkers pertaining to *H imaging, Na imaging, and 3!P
spectroscopy were assessed.

Chapter 1 of this dissertation includes a description of NMR phenomenon and
RF coils to emphasize the importance of custom hardware, specifically RF coils, in an
MR experiment. Additionally, RF coils which were constructed to enable studies of the
human breast and GRMD muscle samples are mentioned. The significance of using MRI
and MRS to study disease, specifically breast cancer and DMD, is covered in more detail
at the beginning of the respective chapters.

Chapter 2 describes the construction and evaluation of a bilateral 32-channel
receive array and forced current excitation (FCE) volume coil for breast imaging at 7T.
Coil performance was evaluated on homogeneous canola oil phantoms using a Philips
Achieva 7T system. Throughout this section, the benefits of using an array coil, in
contrast to the bilateral volume coil in T/R mode, were highlighted. Specifically, SNR
maps, g-factor maps, and high spatial and temporal resolution images were acquired to
demonstrate the advantages of using the array coil. Furthermore, performance of the
bilateral coil array was also compared to the previously reported 16- channel unilateral
coil with a similar design (38).

Chapter 3 and Chapter 4 describe the construction, evaluation, and utilization of

two double-tuned birdcage coils for assessment of NMR indices in the GRMD model of
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DMD. While Chapter I11 mostly focuses on construction and evaluation of the birdcage
coils, Chapter 4 focuses on the utilization of the birdcage coils to study rectus femoris
muscle samples. Coil performance was initially evaluated on the bench and on a 4.7T
Varian Inova scanner. Specifically, *H images, 2>Na images, and 3P spectra of various
homogeneous phantoms were acquired to demonstrate the homogeneity of the coils as
well as feasibility of distinguishing between various concentrations of 2*Na of 3'P
solutions via imaging and spectroscopy.

Chapter 4 describes the acquisition of images and spectra of formalin-fixed
rectus femoris GRMD samples, as well as how previously reported NMR indices vary
with age. This study was performed on seven rectus femoris muscle samples varying
from 3 months to 30 months. The NMR indices mentioned in Chapter 4 called for the
acquisition of: *H T1-weighted (T1w) and T2-weighted (T2w) images, 2Na images, and
31p spectra. Prior to acquiring images and spectra on all the samples, imaging
parameters, such as echo time (TE) and repetition time (TR) were optimized based on
the T1 and T2 of the tissue.

Lastly, Chapter 5 is a review on the findings presented in Chapters 2- 4, as well
as potential future work. Details pertaining to potential changes to RF coil designs are
described for both applications mentioned in previous chapters, as well as the design of a

graphical user interface for future GRMD studies.
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1.3 Dissertation Style

This dissertation is written in accordance to style guidelines set by Magnetic
Resonance in Medicine; meaning it is in AMA (American Medical Association) format.
Chapter 1 consists of an introduction to the dissertation, mostly focusing on a broad
overview on the use of MRI and MRS to study breast cancer and DMD. Chapters 2- 4
cover specific studies performed to enable disease evaluation. These chapters follow a
structured format which consist of the following sections: introduction, methods, results,
and conclusions. Lastly, the final chapter is a brief overview of the findings from the

studies performed as well as potential future directions.
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CHAPTER II
A 32-CHANNEL RECEIVE ARRAY AND MODIFIED FORCED CURRENT

EXCITATION TRANSMIT COIL FOR BILATERAL BREAST IMAGING AT 7T!

I1.1 Synopsis

This work describes the construction and evaluation of a bilateral 32-channel
receive array and a forced current excitation (FCE) volume coil for breast imaging at 7T.
The volume coil was composed of two quadrature volume coils (one for each breast)
consisting of a saddle pair and a Helmholtz coil. The receive array consisted of 32
receive coils, placed on two 3D printed hemispherical formers. Each side of the receive
array consisted of 16 receive coils and corresponding detachable boards with match/tune
capacitors, active detuning circuitry, and a balun. Coil performance was evaluated on
homogeneous canola oil phantoms using a Philips Achieva 7T system. The performance
of the array coil was evaluated by comparison to the bilateral FCE volume coil in
transmit/receive mode and to a previously reported 16- channel unilateral coil with a
similar design. The array had an increase in average SNR throughout both phantoms by
a factor of five as compared to the volume coil, with SNR increases up to 10 times
observed along the phantom periphery. Noise measurements showed low inter-element
noise correlation (average: 5.4%; maximum: 16.8%). G-factor maps were acquired for

various acceleration factors and showed mean g-factors < 1.2, for acceleration factors of

! Reprinted with permission from “A 32-Channel Receive Array Coil for Bilateral Breast Imaging and
Spectroscopy at 7T by Romina Del Bosque, Jiaming Cui PhD, Stephen Ogier, Sergey Cheshkov, Ivan E.
Dimitrov, Craig Malloy, Steven M. Wright, Mary McDougall, 2020. Magnetic Resonance in Medicing,
Copyright 2020 by MRM.
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up to six. Furthermore, the advantages of using the array were demonstrated by
acquiring images with high temporal resolution (R=16, scan duration=10s), and
accelerated images (R=4) with high spatial (0.75 mm isotropic) while remaining within
comparable noise levels in comparison to the volume coil. The performance
improvements achieved demonstrate the clear potential for use in dynamic contrast-
enhanced or diffusion-weighted MR studies while maintaining diagnostically relevant
spatial and temporal resolutions.
11.2 Introduction

In 2019, over 200,000 new cases of breast cancer were reported, making it the
most commonly diagnosed cancer in the United States (3). Magnetic resonance imaging
(MRI) of the breast is commonly used as a supplemental tool to mammography
throughout various stages of disease management, from screening to surveillance of
recurrence, because of its ability to detect breast cancers with high sensitivity (4-8,39).
Furthermore, MRI technigues such as dynamic contrast-enhanced MRI (DCE-MRI) and
diffusion weighted imaging (DWI) provide additional information about morphology
and kinetics of breast lesions, which can enable the distinction between malignant and
benign tumors with improved diagnostic accuracy (10-13). Several studies have reported
the benefits of high field (7T) imaging in DCE and DWI studies (40-43), with the
additional use of array coils particularly beneficial to increase the achievable temporal
resolution (14,16-18,44,45).

The challenges of high field imaging with respect to homogeneous excitation and

specific absorption rate (SAR) are well documented (46,47). Our group has previously
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reported on the forced current excitation (FCE) technique to transmit effectively at 7T,
achieving homogeneous excitation in the presence of the asymmetric loading associated
with prone-patient breast imaging while easily remaining within SAR regulations (48).
The insensitivity of the FCE approach to loading conditions was additionally
demonstrated with the insertion of a 16-channel receive breast array designed for
unilateral breast imaging (38). The approach is also beneficial for bilateral
configurations because of its ability to provide homogeneous excitation throughout the
region of interest (ROI) without the need for multiple transmit channels, its ability to
mitigate effects of the mutual coupling between the left and right volume coils, and the
potential for a switchable implementation (49,50).

This work describes the practical aspects of the design, construction and
evaluation of a bilateral 32-channel receive array for imaging at 7T and an FCE transmit
coil design modified to accommodate the array. The bilateral array provides the known
advantages of simultaneous evaluation of both breasts for patients with contralateral
lesions and providing a built-in control for cases in which lesions are confined to a single
breast. Due to the lack of commercially available high channel count *H breast coils for
7T, the performance of the array coil was evaluated by comparison to the bilateral FCE
volume coil in transmit/receive mode, as well as to the performance we previously
reported on the 16- channel unilateral version of this coil (38). The coil was evaluated on
homogeneous canola oil phantoms to assess its ability to achieve high temporal (by

accelerating) and high spatial resolution imaging.
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11.3 Methods
11.3.1 Transmit Volume Coil

A modified version of a previously-reported FCE bilateral breast coil was
designed and constructed to allow space for the integration of the 32-channel receive
array (50). The coil is composed of separate quadrature volume coils for each breast,
each consisting of a saddle pair and a Helmholtz coil. The saddle pair consisted of two
rectangular loop coils printed on flexible copper-clad FR-4 and conformed to the inside
of a 3-D printed former with an inner diameter of 14.7cm. Concentric 3.5mm wide
coplanar shields surrounded each loop to improve B1* transmit efficiency at high fields
(51). All four saddle elements were connected in parallel at a common voltage point
(CVP) via M4 transmission lines to ensure equal currents through all elements,
irrespective of loading (48). Shielded twinaxial cable (RG108, Pasternack) was used as
the A/4 transmission lines. The use of twinaxial cable avoided the usual balanced to
unbalanced connection associated with using coaxial cable. This eliminated the need for
integrated baluns and/or RF shields, as needed with previous bilateral FCE designs,
making space for the receive coil array and all its corresponding hardware and cabling
(38,48,49). A short twinaxial cable was used to connect the CVP to a match and tune
board, which contained a variable matching and tuning capacitors (SGNMNC1206E,
Sprague- Goodman) and a fixed matching capacitor (100C Series-7.2kV, ATC) to

provide a semi-balanced match. Finally, a balun was integrated onto the coaxial cable
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which connects the match/tune circuit to the transmitter to address the unbalanced-to-
balanced transition. The match/tune circuitry for the Helmholtz pairs was identical to
that of the saddle pairs, but joined at a separate common voltage point located on the
other side of the structure. Each Helmholtz coil consisted of two concentric loops (i.d.
16.0 cm) approximately 8.0 cm apart with a surrounding 3.5mm wide concentric
coplanar shield. The volume coil dimensions and simplified version of the FCE
configuration are shown in Figure I1-1. The FCE design also simplified the coil active
detuning network due to the impedance transformation properties of the A/4 transmission
lines. The active detuning network consisted of a PIN diode (UM9415, Microsemi) in
shunt at the CVP. By forward biasing the PIN diode during receive, a low impedance is
presented at the CVP, which is transformed to a high impedance A/4 away from the CVP
at the coil feed-point to detune the coil. The biasing signal used for active detuning was
generated by a single -5V DC signal split into separate lines for the saddle and
Helmholtz coils. Bias tee networks provided isolation of the RF/DC paths where the

signal was inserted at the coil CVP.
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Figure 11-1. Bilateral FCE transmit volume coil. The coil is composed of two quadrature
volume coils, one saddle pair and Helmholtz coil on each side. The saddle elements (width
15.3 cm; length 8.1 cm) were mounted on a cylindrical former (i.d. 14.7 cm; aperture angle
120°). The Helmholtz elements (i.d. 16.0 cm) were placed 8 cm apart. All saddle elements,
as well as all Helmholtz elements, were joined at a CVP with twin axial cable A/4 away
from the coil’s feed-point (example configuration for the saddle coil shown in blue). A
short cable length was then used to connect the match/tune to the CVP. For simplicity,
CVP and match/tune circuitry for the Helmholtz elements and the co-planar shielding
around each element of the coils are not shown.

11.3.2 Receive Coil Array

Size and placement of each element on the bilateral 32- channel receive array
was based on the design of the previously reported unilateral 16-channel receive array,
which used the “soccer-ball” configuration presented by Wiggins et al. (38,52). The coil
former for each breast was a hemispherical 3D-printed shell with a volume of 900 mL,
meaning it can accommodate approximately 80% of the general female population (53).
Extruded cuts on the outer surface of the shell, in the arrangement of the array, were
integrated into the design to hold each element and passive detuning trap in place. Each

hemispherical shell consisted of three rows of elements in the anterior/posterior
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direction. The row closest to the chest wall had nine receive elements, the second row
(moving toward the apex of the shell) had six receive elements, and the last row (at the
apex) has one large receive element. The layout of the receive array, looking down from

the apex, is shown Figure 11-2.

13.3 cm

Figure 11-2. Receive coil array layout. The bilateral receive array is shown, with each side
containing 16 of 32 elements. The diameter of the array former is 13.3 cm and is made up
of large (7 cm) and small (5 cm) elements. The elements are placed on the former
following a “soccer-ball” pattern.

Individual elements of the array were printed on flexible (0.51 mm) copper-clad
FR-4 in a “C”- shape, as described in By et al. (38). The edges of the printed coil were
then brought together, allowing for the coil to conform and be placed within the extruded
cuts of the 3-D printed coil former. Each receive element had six equally-spaced breaks:
four breaks containing fixed capacitors (1111C series, Passive Plus), one break

containing a passive detuning network, and another break containing a male SMA
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connector which connected to a detachable board containing the match/tune/decoupling
network for each element. The passive detuning network was located opposite the
detachable board and consisted of two fast-switching crossed diodes (UM9989,
Microsemi), a fixed inductor (2508-27NJLB, Coil Craft), and a variable capacitor
(SGC3S100NM, Sprague-Goodman). A schematic of a single receive element is shown

in Figure 11-3, with all component values and functions detailed in Table 1I-1.

Cs Cs
D e e e e e e e e e e 1
p ! —
|
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passivel_l L | Cm__ W4 __ I |
detuning E |F ]
network Cs Cs N A2

Figure 11-3. Schematic of single receive element. Circuit schematic of a single receive
element showing four segmented capacitors, a passive detuning network (in the green
dashed box), and a matching network with active detuning integrated (in blue dashed box).
Component names, descriptions, and values are shown in Table I1-1.
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Label Description Value
Cs segmented capacitors 8.2 pF / 13pF

Lp passive trap inductor 27 nH
Cp passive trap capacitor 3- 10 pF
Dp passive trap diodes -

Ct tuning capacitor 3- 10 pF
Cm matching capacitor 3- 10 pF
Cx active trap capacitor 3- 10 pF
Ld active trap inductor 13 nH

Dd active trap PIN diode -
Table 11-1. Components used in receive elements. Aside from the segmented capacitors

(large element/small element), the same components were used for both small and large
receive elements.

The detachable boards for each receive element allowed the array to be inserted
into and removed from the close-fitting volume coil, as well as simplified initial tuning
and troubleshooting of each element. These processes were simplified by disconnecting,
or open-circuiting, all but one element at a time at its SMA connector, therefore enabling
each element to be analyzed independently. The match/tune/decoupling networks were
based on the design presented by Reykowski et al., which adds one degree of freedom by
adding capacitor C, (54). Specifically, this additional degree of freedom lends itself well
to coils tuned at high operating frequencies, such as 298 MHz, because it allows the
flexibility to choose component values that are not unreasonably small. The equations
used for initial matching/tuning/decoupling of individual receive elements, are shown in

Eq 1lI-1 - Eq I-7; where Z is 50Q2 and X 4,,,,, is 0Q (54). The coil impedance (Z,) of each
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receive element was measured using a VNA (E5071C, Agilent Technologies) S11
measurement in smith chart mode after performing a port-extension calibration. When
the S11 measurement was acquired, all the coils, including their segmenting capacitors

(C) and passive detuning traps, were also mounted on the 3D printed shell.

Z, = (R, +jX)Q (Eqll1)
A= X, Zo + R Xymp (Eq11.2)
B = JRLZO(ijp +Z%) (Eq 11.3)
C =Ry Zo — X1 Xmp (Eq 11.4)
Xee = pots (Eq I1.5)
Xem = XCxA%B (Eq 11.6)
Xia :XCxAA%B‘FZo% (Eq 11.7)

Variable capacitors (SGC3S100NM, Sprague-Goodman) were used for C;, C,,,
and C, in the network, as shown in Figure 11-3. Additionally, a fixed inductor (2508-
27NJLB, Coil Craft) and a PIN diode (MA4P7470F-1072T, MACOM) were used for
active detuning. Custom-made can baluns were included after the network to suppress
common-mode currents. Each balun was constructed of semi-rigid cable twisted into a

solenoidal inductor resonated with a fixed capacitor (1111C series, Passive Plus). One
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endcap of the can balun had a tapped hole, where a brass screw was inserted into.
Adjustment of this screw, located at the core of the balun’s solenoidal inductor, allowed
for slight variation in the balun’s inductance to aid in tuning. A flexible coaxial cable
(7805-010, Belden) was directly soldered onto each detachable board, with a BNC
connector (2-331350-4, TE Connectivity) on the opposite end for connection to the
remote Philips 32 channel preamplifier interface box. The total phase (8;,:4:), including
the phase from each balun (6, ,:,,,) and the phase from cabling within the interface box
(Ointerface), Was measured to be an integer half-wavelength multiple at 298 MHz to
ensure that the decoupling preamplifier presented a low input impedance at the coil
decoupling network, as shown in Eq 11.8. The phase angle of the interface box
(Ointerrace) Was calculated based on the measured impedance of four channels in the 32-
channel interface box. Impedance measurements were taken using a VNA in smith chart
mode when the preamplifiers were powered. Specifically, this was done by connecting
the interface box to the scanner via its ODU connector, then directly connecting a RG58
transmission line, after a port-extension calibration, from the VNA to the BNC
connector on the interface box. This measurement was taken 25 times over four different
channels. The average input impedance was then used to construct a mock preamplifier

box to measure preamp decoupling of individual receive elements.

A
Orotal = NE = Opatun t Ocabie + einterface (Eq 11.8)
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In this case, the coaxial cable length required to reach the interface box and
achieve the appropriate decoupling requirement was approximately 113cm,
corresponding to a total length from the coils to the preamplifiers of four half-
wavelengths. Cables were bundled together with a cable sleeve and tuned, two floating
cable traps (55) were added on each bundle along its length.

11.3.3 Testing/Troubleshooting Hardware

Additional hardware, including a mock preamplifier box, DC fan-out board, bias
tees, and a PIN diode driver were all constructed to test the array coil on the bench and
while imaging. Specifically, a 16-channel mock preamplifier box was used to test the
preamp decoupling of the receive elements by mimicking the phase presented at the
BNC connector of the Philips interface box (56). It was constructed of two transmission
lines for each channel, one for signal and one for ground, milled on a copper-clad FR4
board. The two transmission lines had a PCB-mount BNC connector on one end and a
0.5Q resistor in shunt on the distal end. The phase of each channel in the mock
preamplifier box was measured in a similar manner to that of the Philips interface box.
Based on the phase measured, the resistor was moved along the transmission lines until
the desired phase, or average phase in the Philips interface box, was achieved (~87°).

A 32-channel fan-out board was constructed to test the active detuning of all
receive elements on the bench and during the troubleshooting process. Since the fan-out
board was intended to be used within the bore of the 7T scanner during the
troubleshooting process, the frame of was constructed of acrylic. Overall, the fan-out

board consisted of two milled copper-clad FR4 boards with a single DC input for each
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PCB board (which was connected to a variable power supply) and 32 total outputs. Each
line on the fan-out board consisted of an RF choke, a 50Q current-limiting resistor
(WFMA Series, Vishay), an 1800 pF decoupling capacitor (1111C Series, Passive Plus),
and a short coaxial cable with a BNC connector. The BNC connectors, from the board
output, were then connected to the auto-terminating BNC adapters (BA307, L-com) on
the acrylic frame. The fan-out board supplied a -5V, 100mA forward-biasing signal to
the active detuning PIN diodes on all 32 receive elements.

Additionally, a PIN diode driver and 32 external bias tees were constructed after
observing inhomogeneities in B1* maps and T/R volume coil images. Specifically, since
these inhomogeneities had not appeared in previous tests and were mostly confined to
one side of the bilateral, it was believed that this occurred because of improper active
detuning of one or more receive elements during transmit. Therefore, a PIN diode driver
(57) and external bias tees were built to provide a -5V, 100mA forward-biasing, and a
+12V reverse-biasing signal to the receive elements during transmit and receive,
respectively.

11.3.4 Bench Measurements

Elements were initially matched and tuned individually using a VNA Si1
measurement with all 16 coils already mounted on the 3D printed hemispherical shell.
To simplify the tuning process, all additional elements were detached from their match
and tune boards (or open-circuited). Si» measurements, using a double-loop probe, were
taken to measure the active detuning of each receive element. Active detuning was

measured in standard fashion, by taking the difference in the S1> measurements (at 298
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MHz) when the receive element was terminated with a 50Q load and again when the
active detuning PIN diode was forward-biased by the signal from the fan-out board.
Finally, the preamplifier decoupling of each coil was measured in the same manner as
the active detuning except, instead of forward-biasing the PIN diode, the mock

preamplifier box was used, as shown in Figure I1-4.

Network Analyzer

Mock Preamplifier Box Ch1 Ch2

P

Figure 11-4. S1> preamplifier decoupling measurement setup. This double-loop probe
setup is used to measure the trapping resonance of a coil when connected to a mock
preamplifier box. As described, this measurement was performed in the same manner as
the active detuning.

After initial matching/tuning/active detuning of all receive elements, the
detachable boards were removed and the receive array was placed into the volume coil.
The detachable boards were then attached to their corresponding receive elements four at
a time while inside the volume coil. Si: and Si1» measurements were then repeated on

each coil with all receive elements (except for the one being measured) and the volume
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coil actively detuned. This process was repeated until all 32 channels were matched,
tuned, and actively detuned.
11.3.5 Imaging

All scanner data were acquired on a Philips Achieva 7T system. Two
homogeneous canola oil phantoms encased in watertight 3D printed hemispherical shells
were used to mimic the lipid properties of the breast (58). Various images were acquired
throughout the construction and troubleshooting processes. However, for brevity, only
the final images acquired are covered in this chapter, while the remaining images
(acquired throughout the troubleshooting process) are detailed in Appendix A.

B1" maps were first generated using a [3D T1-weighted fast field echo (T1FFE)]
pulse sequence with the actively detuned receive array in place. Images to demonstrate
the SNR gains achievable with the array were obtained using the following acquisition
parameters: 3D T1-weighted turbo field echo pulse sequence (T1TFE) without fat
suppression, TE: 1.77 ms, TR: 5 ms, FOV: 152 x 131 x 352 mm?® (AP x FH x RL),
resolution: 1mm isotropic, and scan duration: 161s. Images were acquired using the
volume coil in T/R mode, with the receive array kept in place, and using the 32-channel
array to receive and the volume coil in transmit-only mode. Noise-only datasets were
also acquired for both configurations using identical imaging parameters but with the
transmit pulse disabled.

The potential benefit provided by the SNR gains were demonstrated via g-factor
mapping and the acquisition of high spatial and temporal resolution imaging within the

bounds of maintaining a clinically relevant scan time (~90 s) and image quality
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comparable to the volume coil. Geometry factor (g-factor) maps were acquired using the
same imaging parameters as detailed above with SENSE acceleration factors of 1x, 2x,
or 3x in the foot-to-head (F/H) and/or 1x, 2Xx, or 3x in the left-to-right directions (L/R).
To demonstrate the potential high temporal resolution enabled by the array, the Imm
isotropic resolution was kept the same and the acceleration factor was increased to the
point of maintaining the image quality achieved by the volume coil (an acceleration
factor of R=16; scan time 10s at the limit). Lastly, to demonstrate the potential high
spatial resolution enabled by the array, the acceleration factor and resolution were
adjusted to stay within the bounds of a scan time of 90 seconds and maintaining image
quality comparable to the volume coil (R=4; 0.75mm iso at the limit).
11.3.6 Data Analysis

Image processing and analysis were performed using in-house Matlab scripts on
reconstructed images exported from the Philips system. B1* maps were masked manually
to include the entire region of the phantom, and a profile through the center of the
phantom was plotted to evaluate B1* homogeneity (with the detuned array in place). The
B1* homogeneity was measured in standard fashion, by taking the standard deviation
over the ROI and dividing it by the mean of the same region, in this case throughout the
phantoms on both sides of the bilateral coil (14,18). SNR comparisons between the array
and the volume coil were performed on an axial slice at the center of the phantoms by
taking the average and maximum signal value throughout both phantoms and dividing it
by the standard deviation of the noise in the noise-only image then scaling by a factor of

0.655 (59). An SNR map was generated for each image by dividing the signal intensity
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by the standard deviation of a selected region in the noise-only image on a pixel-by-pixel
basis. Finally, to show the SNR improvements of the coil array, an SNR map
comparison was made by simply dividing the SNR map of the array by the SNR map of
the volume coil. As with the B1* map, SNR and SNR comparison maps were masked
manually during post-processing in Matlab, and profiles along a centerline in the
phantom were taken for evaluation and quantification.

To assess coupling between receive elements, a 32x32 noise-correlation matrix
was generated by computing correlation coefficients between all combinations of images
reconstructed from the noise-only datasets from each array element. Average, minimum,
and maximum noise-correlation was evaluated on receive channels 1-16 and 17-32
separately since the two sides had negligible coupling with each other. The maximum
and average g-factors were calculated within the masked region for all g-factor maps.
The images at the limits of the high spatial and temporal resolution parameters detailed
above were qualitatively and quantifiably compared by examining a small region within
the center of the phantom, where the g-factor was highest. Quantification was made by
taking the ratio of the mean of the signal in this region to the standard deviation in the
same region after applying a high-pass filter to eliminate the signal variations due to coil
patterns. Because acceleration was involved, this measurement does not directly
correlate to signal-to-noise comparisons, but rather what we are referring to as image

quality in this case.
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11.4 Results and Discussion
11.4.1 Array Coil and Testing/Troubleshooting Hardware

Side and front views of the bilateral 32- channel array inside the transmit coil are
shown in Figure 11-5A and Figure 11-5B, respectively. The ergonomic construction of
this coil, including the 3D-printed top cover, the cushioned edges, and the rounded
corners were all intended to maximize patient comfort. An acrylic platform, shown at the
bottom of Figure 11-5B, was placed over the coaxial cables to prevent the raised arms of

the prone patient from coming in contact with them.

receive array
elements

Figure 11-5. 32-channel receive array in volume coil. A) Side view, receive array
within the volume coil with the inset showing an example of the detachable
match/tune/decouple boards. B) Top view of the coil and acrylic platform where
the patient will be resting her head and arms.
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Figure 11-5 Continued.

Eight channels of the 16-channel mock preamp box are shown in Figure 11-6.
This mock preamp box was constructed to mimic the average phase calculated from the
impedance measurement of four channels in the Philips interface box (~87°). Therefore,

the average phase for all 16 channels was 89.4°+ 0.7°.
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Figure 11-6. 16-channel mock preamplifier box. Eight of the 16 channels of the mock
preamp box are shown including the transmission lines, 0.5€ resistors in shunt, and BNC
panel-mount connectors.

The 32-channel fan-out board used to actively detune receive elements is shown
in Figure 11-7. The construction, including the acrylic frame and the stacked layout of the
32 channels, were done to allow the insertion of the fan-out board into the bore of the 7T
scanner while troubleshooting. Each PCB of the fan-out board, shown in inset, is used to
split a single input into 16 forward-biasing signals (-5V,100mA) to actively detune the

receive elements.
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Figure 11-7. 32-channel fan-out board. The complete fan-out board consist of two PCBs,
as shown in the inset, mounted on two separate acrylic panels. Each PCB has a single BNC
input (shown on the top end) and 16 outputs (coaxial cables). Additionally, each line of
the fan-out board contains an RF choke (RFC), a current-limiting resistor (R), and
decoupling capacitor (C).

A PIN diode driver and 32 external bias tees were constructed after observing
inhomogeneities in B1* maps and T/R volume coil images. The PIN diode driver, shown
in Figure 11-8A, provided a voltage of -5V,100mA to actively detune the receive
elements, or a voltage of +12V to tune the receive elements. The driver output voltages
were controlled by the input TTL signal from the Philips system. The output voltage
from the PIN diode driver was split into two ports with each output port providing either

-5V or +12V to 16 receive elements. These output ports were then connected to the “DC
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Ports” on the bias tees shown in Figure 11-8B. Lastly, the receive elements were
connected to the “Coil Ports” of the bias tees, while the coaxial cables on the distal part
of the box (or the “Philips Interface Ports”) were connected to the 32-channel Philips
interface box. This setup allowed for the comparison of actively detuning the receive
elements via the custom PIN diode driver as opposed to the Philips interface box, as

mentioned in Appendix A.
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Figure 11-8. PIN diode driver and bias tees for external active detuning. The PIN diode
driver (top) is used to provide a DC voltage through the “DC Ports” to the bias tees
(bottom) in order to actively detune or tune receive elements during transmit or receive,
respectively.
11.4.2 Bench Measurements

The S11 measurements showed an average of -24 dB (min: -15dB; max: -40 dB)
of matching and tuning for all coils. The Si12 double-loop probe measurements showed
an average of 23 dB (min: 17dB; max: 26dB) active detuning, and an average of 12 dB

(min: 10dB; max: 15dB) preamplifier decoupling. Additionally, the average Q was 71

for all the small elements and 47 for all the large elements. The two lowest Q values of 9

34



and 20 correspond to the two large elements located at the apex. Due to the location of
these two elements, their low Q values can be attributed to the close proximity of the
copper from the surrounding coils and their detectable boards, as well as the concentric
placement of the elements relative to the bottom Helmholtz loop. All the bench
measurements acquired on each coil are shown in Table 11-2. Overall, the measurements
indicated appropriate matching and tuning, active detuning, and preamp decoupling of

all the receive elements.

S11[dB] Si12 [dB]

Coil | Matching/Tuning | Coil Q Active Passive Preamp
# Detuning Detuning Decoupling
1 -23.3723 56.3063 24.9908 27.7 11.2
2 -19.6884 41.9486 22.479 21 125
3 -17.8596 54.3667 25.3544 23.9 15.4
4 -21.1302 85.237 26.0711 27.8 10.8
5 -34.6926 38.9068 25.2162 21.4 11.7
6 -35.5065 47.3937 23.9484 25.7 12.8
7 -20.1151 50.2725 22.8247 25.4 10.2
8 -27.8073 49.8757 24.1877 22.4 11.1
9 -17.763 40.6098 22.6264 24 115
10 -40.6564 72.1093 25.339 21.3 12.6
11 -21.1159 83.1461 24.601 27 9.8
12 -23.6082 43.1563 24.2002 24.6 12.1
13 -24.3913 72.3385 24.8407 28.3 11.5

Table 11-2. Bench measurements for individual receive coil elements. The minimum and
maximum values of each measurement are shown in bold and underlined in their
corresponding columns. Overall, S1: and S12 measurements showed good coil performance
of individual receive elements, with the exception of the low Q values from the two coils
located at the apex.
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S11[dB] S12 [dB]

Coil | Matching/Tuning = Coil Q Active Passive Preamp
# Detuning Detuning Decoupling
14 -20.867 42.0765 23.5572 21.4 13.8
15 -30.2156 72.8199 26.2216 22.6 13.4
16 -19.7321 9.0954 21.9488 20.8 13.1
17 -15.4903 62.9116 23.2377 30.9 10.56
18 -21.9268 51.3804 25.0655 19.6 13.4
19 -18.8798 70.5792 24.2293 22.9 125
20 -25.0552 69.2667 25.3272 22.4 12.9
21 -20.0223 40.5364 22.7285 23 11.8
22 -23.4307 58.1171 20.4001 23 13.1
23 -23.6022 89.9587 23.812 27.2 11.4
24 -36.7347 61.7652 25.0705 29 14.1
25 -18.9733 36.2266 19.1682 30 12.4
26 -27.2866 69.3266 20.7657 25 11.8
27 -26.7092 78.6633 22.7688 36.2 13.1
28 -36.6411 51.7875 19.8259 20.6 12.4
29 -25.5913 58.3692 23.1156 25.9 10.8
30 -20.112 40.5246 21.9433 25 10.7
31 -15.5686 79.3326 23.5349 27.7 11.1
32 -22.7265 20.8302 16.9946 23 12.8

Table 11-2 Continued.

11.4.3 B1* Measurements and SNR Measurements

The acquired B1* map shows similar profiles on both bilateral sides, with more
signal being produced on the left side and a more homogeneous region towards the
center of each phantom, as seen in Figure 11-9. As shown in the profile there is a slight
decrease in signal on the right phantom compared to the left which was potentially

related to the location of the coil feed points. The coefficient of variation (standard
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deviation/mean) showed a B1* homogeneity of 17% throughout both phantoms for this

slice, comparable to other previously presented breast coils tailored for transmission at

7T (14,18).

Transmit B Map Profile Through B;* Map

Relative B

3 i 3 352

o 9 T 117 156 1% I T3
0z 03 04 05 06 07 0B 09 1 Horizontal Position [mm]

Figure 11-9. B:* map and profile through center of canola oil phantom. A) Bilateral B1*
map of homogeneous canola oil phantom. The mean of the relative B1*of the left phantom
is 87.2, while the mean of the right phantom is 72.5, or a difference of about 17%. B) A
profile along centerline (indicated by red line in (A)) shows that more B1*field is being
produced on the left side of both phantoms, with a variation of 30% and 27% on the left

and right phantom, respectively.

SNR measurements show an average SNR of 16 for the volume coil, and an
average SNR of 79 for the array coil over the entire phantom. The SNR maps for the two
coil configurations are shown in Figure 11-10A-B. The SNR map for the volume coil is
relatively homogenous throughout both phantoms, while the SNR map for the receive

array shows a larger increase in SNR along the periphery and drops off as we move
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towards the center of the phantom as expected. The comparative SNR map (array coil
divided by volume coil), shown in Figure 11-10C, indicates the increase in SNR for the
array coil throughout the entire phantom, even at the center. Specifically, profiles taken
along a centerline (location in red on each SNR map) indicated an increase of
approximately three times in the center and ten times along the periphery, as shown in
Figure 11-10D. The SNR comparisons between the array and volume coil in the bilateral
configuration are slightly higher than our previously reported 16-channel unilateral
version, which had a mean improvement of 3.3 times throughout the phantom and 2.1
times in the center (38). This difference is most likely due to loading and shielding
effects from the presences of the (detuned) array during volume coil imaging in this
study. When acquiring volume coil data in the 16-channel unilateral case, the volume
coil could be matched and tuned within the range of the variable capacitors with the
array completely removed, leading to a higher volume coil SNR and therefore a slightly

less favorable comparison relative to the bilateral configuration.
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Figure 11-10. SNR maps and profiles through maps using the volume coil in T/R mode
and the 32-channel receive array. A) SNR map of the volume coil in T/R mode showed
an average SNR of 16 throughout the phantom and an average SNR of 14 in the center.
B) SNR map of 32- channel receive array showed an average SNR of 79 throughout the
phantom and an average SNR of 42 in the center. C) SNR comparison map (32-channel
receive array SNR map / volume coil SNR map) showed an increase in SNR throughout
the entire phantom with larger increases toward the periphery. D) Profile along the center
of the phantom (shown by red line) show an increase in SNR of about three times at the
center and an increase of up to ten times along the periphery.

11.4.4 Individual Coil Images and Noise-Correlation Measurements
Images from individual coil elements were reconstructed on the Philips system.
Each of these image datasets contained two dynamics, one corresponding to the signal

and the other to the noise, for each coil. Due to the spatially dependent coil sensitivity
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patterns, images were displayed over three different planes, as shown in Figure 11-11A.
Additionally, Figure 11-11B the placement of each receive element on the 3D printed

shells.

Figure 11-11. Slice selection and coil placement references for individual coil images. A)
Coronal Slice 1 was used to display the images from the coils closest to the chest wall
(coils: 1-9 and 17-25). Coronal Slice 2 was used to display the images from the coils in
the second row, moving toward the apex of the shell (coils: 10-15 and 26-31). Lastly,
Transverse Slice was used to display images from the coils located at the apex (coils: 16
and 32). B) Individual coil placement on the hemispherical shells show that coils 1-16
were placed in a clockwise pattern, while coils 17-32 were placed in a counter-clockwise
pattern.
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Individual coil images were displayed on the same scale to show the relative
sensitivity patterns of each receive element. As shown in Figure I1-12, the sensitivity
patterns corresponding to coils 1-16 appear more localized than those of coils 17-32.
However, it is still apparent that coils 1-16 were placed in a clockwise pattern, while
coils 17-32 were placed in a counter-clockwise pattern on their 3D printed formers.
Additionally, coil 25 showed a maximum signal approximately an order of magnitude
lower than the rest of the receive elements, despite the comparable bench measurements.
This decrease in sensitivity (also seen in previous tests) can possibly be attributed to

changes in the coil during transportation or coil interactions under high power.

Coil 1 Coil 2
Coronal Slice 1 Coronal Slice 1

Max: 12.8e+06 Max: 10.5e+06
Coil 3 Coil 4
Coronal Slice 1 Coronal Slice 1

Max: 9.0e+06 Max: 7.8e+06

Figure 11-12. Individual coil images. Three different slices were chosen, as shown in
Figure I1-11A, based on the location of the coils. Images from coils 1-16 correspond to
the coils placed clockwise on the right hemispherical shell, while images from coils 17-
32 correspond to the coils placed counter-clockwise on the left hemispherical shell, as
shown in Figure 11-11B.
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Coil 5

Coronal Slice 1

Coil 6
Coronal Slice 1

Max: 4.4e+06

Max: 6.0e+06

Coil 7
Coronal Slice 1

Coil 8
Coronal Slice 1

Max: 6.0e+06

Max: 3.8e+06

Coil 9
Coronal Slice 1

Coil 10
Coronal Slice 2

Max: 6.4e+06

Max: 10.3e+06

Coil 11
Coronal Slice 2

Coil 12
Coronal Slice 2

Max: 12.8e+06

Max: 8.9e+06

Coil 13
Coronal Slice 2

Coil 14
Coronal Slice 2

Max: 13.5e+06

Max: 6.3e+06

Figure 11-12 Continued.
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Coil 15

Coronal Slice 2

Coil 16
Transverse Slice

Max: 11.2e+06

Max: 8.3e+06

Coil 17
Coronal Slice 1

Coil 18
Coronal Slice 1

Max: 11.2e+06

Max: 8.8e+06

Coil 19
Coronal Slice 1

Coil 20
Coronal Slice 1

Max: 5.2e+06

Max: 5.8e+06

Coil 21
Coronal Slice 1

Coil 22
Coronal Slice 1

Max: 6.5e+06

Max: 5.2e+06

Coil 23
Coronal Slice 1

Coil 24
Coronal Slice 1

Max: 8.4e+06

Max: 8.0e+06

Figure 11-12 Continued.

43




Coil 25 Coil 26

Coronal Slice 1 Coronal Slice 2

Max: 7.1e+05 Max: 12.0e+06
Coil 27 Coil 28
Coronal Slice 2 Coronal Slice 2

Max: 11.7e+06 Max: 9.3e+06
Coil 29 Coil 30
Coronal Slice 2 Coronal Slice 2

Max: 12.9e+06 Max: 8.1e+06
Coil 31 Coil 32
Coronal Slice 2 Transverse Slice

Max: 11.0e+06 Max: 6.5e+06

Figure 11-12 Continued.

The noise-correlation matrix, based on the noise-only images from individual
receive elements, shows a mean noise-correlation of 5.7% and maximum noise-

correlation of 16.5% for coils 1-16, and a mean noise-correlation of 5.0% and a
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maximum noise correlation of 16.8% for coils 17-32. Noise-correlation is minimal (less
than 3.1%) between coils on the left breast side (receive elements 1-16) and coils on the
right breast side (receive elements17-32), as shown in Figure 11-13. In this case as well,
the bilateral array performed similarly to the unilateral version which had mean noise-
correlation of 6.6%, (min: 3.6%; max:17.7%) (38). Additionally, the noise-correlation
matrix showed minimal noise-correlation between receive element 25 and the other
receive elements. This shows that the noise-correlation measurements do not directly
measure inter-element coupling if a receive element has lower sensitivity, such as
element 25. Ideally, inter-element coupling would be measured by taking an Si2 bench
measurement between receive elements when they are connected to their isolation
preamplifiers. However, in this situation this was not possible since the preamplifiers
were located inside the Philips interface box. Overall, for the remaining 31 receive
elements, individual element sensitivity patterns were similar, as shown in Figure 11-12,
and the noise-correlation matrix showed good isolation between receive elements,
meaning that the combination of preamp decoupling and geometric decoupling was

sufficient.
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PercentMoise Caorrelation

Figure 11-13. Noise correlation matrix for 32- channel receive array with diagonal
elements removed. The noise correlation matrix shows a mean noise correlation of 5.7%
and maximum noise correlation of 16.5% for coils 1-16, and a mean noise correlation of
5.0% and a maximum noise correlation of 16.8% for coils 17-32.

11.4.5 g-factor Maps

G-factor maps were acquired for acceleration factors up to nine and demonstrated
the feasibility of accelerated imaging without sacrificing excessive SNR (average g-
factor < 1.2) for acceleration factors up to six (60). A middle axial slice of the SENSE g-
factor maps for multiple acceleration combinations is shown in Figure I11-14. Among
these acceleration schemes, the average g-factor rose above 1.2 only when accelerating
by factors of three in the foot/head direction. Even in these cases, the average g-factor

reached a maximum of 1.23 for nine times acceleration. The shortest scan duration
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within a mean g-factor of 1.2 was 45.1s, which is well within a clinically relevant 90s

scan duration.

Foot/Head

1x

2x

Left/Right

1x

No acceleration

Scan Duration: 161s

Avg: 1.13 Max: 1.41

Scan Duration: 81.2s

Avg: 1.16 Max: 1.45

Scan Duration: 54.2s

Avg: 1.14 Max: 1.47

Scan Duration: 88.8s

Avg: 1.14 Max: 1.46

Scan Duration: 45.1s

Avg: 1.16 Max: 1.48

Scan Duration: 30.2s

3x

&
Avg: 1.22 Max: 1.71

Scan Duration: 60.3s

Avg: 1.22 Max: 1.70

Scan Duration: 30.9s

Avg: 1.23 Max: 1.70

Scan Duration: 20.8

12

08

06

04

02

Figure 11-14. g-factor maps for the 32-channel array for axial slices. Acceleration factors
of 1x, 2x, and 3x in the foot-to-head direction and left-to-right direction were taken.
Average and maximum g-factors are reported under each image, as well as the scan
duration.
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11.4.6 High Temporal and Spatial Resolution

High temporal resolution images (R=16; SD=10s; 1mm iso) and high spatial
resolution images (R=4; SD=90s; 0.75mm iso) are shown for comparison to the volume
coil in Figures 11-15A-C. As detailed above, quantification of the image quality was
calculated by taking a ratio of the mean signal in the zoomed region over the standard
deviation of the same region after applying a high-pass filter. The image quality ratios of
the high temporal resolution image (22.1), high spatial resolution image (31.1), and
volume coil image (23.0) showed similar values, therefore indicating comparable image
quality to the volume coil despite the increase in both temporal and spatial resolution.
For reference, the non-accelerated array coil image is also shown in Figure 11-15D with a

measured ratio of 81.2.
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32-Ch Array: 1-mm?3, R=16 32-Ch Array: 0.75mm?, R=4

Figure 11-15. Image quality comparison of non-accelerated and accelerated images. The
high temporal resolution image (A) and accelerated high spatial resolution image (B) show
comparable image quality to the volume coil image (C). The non-accelerated array coil
image (D) is also shown for reference.

11.5 Conclusions

This work described the construction and evaluation of a bilateral 32-channel
receive array and FCE volume coil for breast imaging at 7T. The use of the modified
FCE design for integration of the receive array and active detuning network, detachable
boards for each receive element, preamplifier decoupling network for high operating
frequencies, and an addition of a passive-detuning trap simplified the construction and

integration of receive and transmit elements. Evaluation of the FCE volume coil and 32-
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channel coil array showed homogeneous excitation, significant improvements in SNR,
and receive element isolation. Additionally, g-factor mapping showed the feasibility of
accelerating up to a factor of six times while staying within acceptable g-factor values.
Finally, an image with high resolution and an accelerated image with high spatial

resolution showed the potential utility of the coil for acquiring images with high spatial

and temporal resolutions for dynamic studies such as DCE-MRI and DWI.
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CHAPTER IlI
CHARACTERIZATION OF DOUBLE-TUNED BIRDCAGE COILS FOR MR
IMAGING AND SPECTROSCOPY OF GOLDEN RETRIEVER MUSCULAR

DYSTROPHY TISSUE SAMPLES

111.1 Synopsis

Two double-tuned birdcage coils were constructed to further investigate the
potential value of magnetic resonance imaging and spectroscopy to study DMD in a
genetically homologous animal model, GRMD. Coil performance was evaluated on the
bench via S11 and S12 measurements, as well as on a 4.7T Varian Inova small animal
scanner. Si11 measurements showed good matching and tuning, better than -20 dB for all
coil ports. S12 measurements showed good isolation (better than -17.7 dB) between all
coil ports and homogeneous field patterns (<10% variation in B1*) along the middle ~8
cm of the coil. Furthermore, *H images also showed signal homogeneity throughout the
center ~8 cm region-of-interest (mean: 1.06 + 0.14), and X-nuclei imaging/spectroscopy
showed ability to distinguish between different biological concentrations of 2*Na and 3'P
in various phantoms.
111.2 Introduction

DMD is an X-linked recessive disorder affecting 1 in every 3500-5000 males
(61). This disorder causes progressive muscle degeneration due to lack of dystrophin
cytoskeletal protein, ultimately leading to death within the patient’s late 20s or early 30s

(62,63). GRMD is a genetically-homologous animal model of DMD, which is why it is
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of particular interest for treatment development and evaluation of DMD biomarkers (64-
66). Large phenotypic variations in disease severity in both GRMD and DMD make
noninvasive biomarkers particularly attractive since they enable studies of disease
progression where each subject can be used as its own control (66,67). This has led to
increased interest in the use of MRI and MRS to study GRMD with specific interest in
'H MRI/S, 2Na MR, and 3P MRS (19-30).

The goal of this study is to characterize two double-tuned birdcage coils used to
further investigate the potential value of magnetic resonance imaging and spectroscopy
to study DMD. Coil performance was evaluated via bench measurements and
imaging/spectroscopy, for homogeneity and ability to distinguish between various
phantoms with different 22Na and 3!P concentrations. Overall, this chapter covers
construction of custom hardware including two double-tuned birdcage coils and an
associated positioning fixture, as well as coil characterization.

111.3 Methods
111.3.1 Hardware and Sample Holder Construction

Two double-tuned birdcage coils were designed based on the four-ring low-pass,
high-pass configuration presented by Murphy-Boesch et al. (68). As shown in Figure I11-
1, the coil can be thought of as three separate structures, where the two outer structures
are inductively coupled through the inner structure and resonate at the *H frequency, and
the inner structure resonates at the Larmor frequency of the low-y nucleus, either 2>Na or

3P in this case. A low-pass, high-pass coil configuration, as well as the field patterns
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produced by the coil are shown in Figure 111-1, as reported by Murphy-Boesch et al.

(68).

Inner
structure

WL

Z

/ Outer
~——~“’” structures

Figure I11-1. Four-ring birdcage coil in a low-pass, high-pass configuration. A) The outer
high-pass structures are resonant at the higher frequency, while the inner low-pass
structure is resonant at the low-y nucleus. B) The RF field patterns of the inner structure
show a homogeneous region within the center of the coil with inhomogeneities close to
the two inner endrings. C) The RF field patterns show that more field is produced within
the two outer structures. However, due to inductive coupling of the outer structures,
homogeneous *H fields are also produced at the center of the coil.
Reprinted with permission of Elsevier from (68).

To minimize potential coil imbalances caused by asymmetry, each coil was
milled on flexible copper-clad FR4 boards (board thickness: 0.18 mm) then carefully
mounted on an acrylic tube (od: 7.6 cm); ensuring the boards were mounted straight and
the edges of the board did not overlap. The length of the inner structure (12.5 cm) was

larger than that of the 50 ml vial, which contained the muscle samples mentioned in
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Chapter 4, to avoid placing any part of the sample coincident to the inner endrings,
where inhomogeneities are present. The total coil length (25 cm) was then based on the
inner structure length and the design presented in (68), where the total coil length
consisted of 25% for each of the two outer structures and 50% for the inner structure, to
avoid coupling of the low-pass and high-pass resonant modes. The coil outer diameter
(7.6 cm) was selected to encompass the sample vial and reference phantoms needed for
23Na imaging, and to place the sample away from the field inhomogeneities close to the
coil rungs. The coil was shielded to minimize changes in the coil’s resonant frequency
when placed within the magnet bore. The RF shield was constructed of flexible copper-
clad FR4 boards mounted inside an acrylic tube with an inner diameter approximately
1.5 times that of the birdcage coil (od: 11.9 cm). Finally, a sample holder was made to
consistently position the sample at the axial center and concentric to the birdcage coil.
Figure 111-2 shows the RF shield, a double-tuned birdcage coil, and the sample holder

with a vial in which the sample was placed in.
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Figure 111-2. Solidworks renderings of RF shield, birdcage coil, and sample holder.

Coil tuning capacitances were initially calculated using BirdcageBuilder software
(69). The outer structures consisted of 8 legs and were tuned to 200 MHz (*H at 4.7 T) in
a high-pass configuration, while the inner structures consisted of 16 legs and were tuned
to either 52.93 MHz (**Na at 4.7 T) or 81 MHz (*'P at 4.7 T) in a low-pass

configuration. Additionally, the “Leg Length” parameters entered in BirdcageBuilder for
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the inner structures were 12.5 cm, and 7.5 cm for the outer structures. After inputting all
the remaining parameters such as: trace width, number of legs, coil configuration, etc.
capacitance values (C).needed to resonate both the inner and outer structures were
calculated.

The calculated capacitors needed to resonate at 52.93 MHz or 81 MHz were then
mounted on the inner structures of each coil while leaving the outer structures open
circuited. S12, double-loop probe measurements were then taken to detect the resonant
frequency of the inner structures. Often the resonant frequency (f;..s) based on the
calculated capacitance values was slightly off from the desired value, therefore Eq I11.1-
Eq I11.3 were used to calculate the capacitance values needed based on the measured
resonant frequency. To resonate the outer structures at 200 MHz, the capacitors from the
inner structures were replaced with copper tape (to represent a short) and the capacitors
of the outer structures placed on the two outer endrings. Similarly, if the coil was slightly

off resonance, Eq I11.1- Eq 111.3 were used to calculate the desired capacitance values.

w = Byy (Eq 111.1)

W = 2T fres (Eq 111.2)
1

W= 2Mfres = i (Eq 111.3)

The capacitance values used to tune the outer structures to 200 MHz were

alternating 9.1/10 pF capacitors (1111C Series, Passive Plus), while the values used to
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tune the inner structures to 52.93 MHz or 81MHz were 30 pF or alternating 12/13 pF
(1111C Series, Passive Plus). Structures for the low-y nuclei were driven in quadrature
mode, to increase SNR, with variable capacitive matching networks (NMAT40HVE,
Voltronics). Meanwhile, the *H structures were driven linearly because SNR was
sufficient for *H imaging. Finally, double-tuned cable traps were placed on the co-axial
lines to eliminate common-mode currents (70).

111.3.2 Tissue Phantoms

Tissue phantoms were made to mimic biological concentrations of *Na and 3P
within skeletal muscle (25,71). To characterize the *H/?®Na coil, five 2Na phantoms
contained within 50 ml vials, with concentrations ranging from 0 mM to 80 mM
(increments of 20mM) were made of NaCl aqueous solution. Additionally, two reference
phantoms contained within 3D printed shells were constructed to use as signal references
throughout 2®Na and *H imaging experiments. These reference phantoms both had a
sodium concentration of 50 mM, with one phantom made of NaCl aqueous solution and
the other gelatinized with 5% agarose to mimic the sodium ion mobility within the
extracellular and intracellular compartments, respectively (25,72).

Two 3P phantoms with phosphorus concentrations of 20 mM and 40 mM were
used to characterize the *H/3*P coil. These phantoms were composed of phosphoric acid
solution (345245-100ML, Sigma Aldrich); therefore, were a source of inorganic
phosphate (Pi). Similarly, a 3D printed, reference phantom with a Pi concentration of 40

mM was constructed.
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111.3.3 Bench Measurements

Bench measurements were performed on a network analyzer (Agilent, E5017C)
to assess the performance of both birdcage coils. S11 measurements were taken to
analyze the matching and tuning at all ports, as well as the quality factor of the coils
under unloaded and loaded conditions. Specifically, loaded S11 measurements on the
'H/%Na coil were taken with one of the tissue samples (L: S) and with the tissue sample
and both sodium reference phantoms (L: S+P). The *H/3!P coil loaded measurements
were take with the same tissue sample (L:S) and the tissue sample and 40 mM
phosphorus phantom (L: S+P). The quality factor (Q) of the coils was then calculated

(based on the S11 measurements of all ports) in standard fashion, as shown in Eq I11.4.

As described by Doty et al. (73), Af 45 is the bandwidth at which the reflection

coefficient of the coil (S11) is 7 dB below the baseline, while f..¢ is the resonant

frequency of the coil. Ultimately, Q-factors are used to measure the efficiency of a coil

to detect MR signals.

fTeS
= — Eqglll.4
Af7aB (Eq )

S12 measurements were used to analyze the isolation between ports. Additionally,
field measurements were taken while transmitting through the coil and detecting the
transmitted signal through a pickup probe along the coil’s length to assess the coil

homogeneity along the axial direction. Lastly, Si> measurements, using current-injection
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probes, were taken to measure the common-mode attenuation of the double-tuned
baluns.
111.3.4 Imaging and Spectroscopy
Images and spectra were acquired using a 4.7T Varian Inova scanner. As

a signal reference, the two sodium reference phantoms were placed around the 50 ml vial
when imaging both *H and Na. For evaluation of *H performance when using the
'H/%Na coil, sixteen 1 mm transverse slices (with a slice gap of 9 mm) were acquired to
test the transverse and axial coil homogeneity throughout the entire phantom. Due to
long imaging times when imaging *Na, a coronal slice was acquired to assess the
homogeneity of the X-nuclei in the *H/Na, in place of multiple transverse slices.

23Na images and 3P spectra were acquired on all the phantoms previously
mentioned to test the coils’ ability to distinguish between different sodium or
phosphorus concentrations. The parameters used to acquire images and spectra are listed

in Table 111-1.
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1H 23Na 31p

Sequence SEMS GEMS SPULS
TR (ms) 750 100 1000
TE (ms) 16 3.9 -
FOV (mm) 96x96 192x192 -
Slice Thickness 1 6 -
(mm)
Matrix Size 128x128 64x64 -
Number of 1 150 100
Averages
Scan Duration 1:36 16:02 1:39
(m:s)

Table I11-1. Imaging parameters used to characterize coils (SEMS: spin echo multi-slice;
GEMS: gradient echo multi-slice; SPULS: 1-D pulse and acquire sequence)

111.3.5 Image and Spectra Processing

Images and spectra were processed using custom Matlab scripts. A region
growing algorithm was used on H images to segment the distilled water phantom
(within the 50 ml vial) located at the center of all transverse slices. *H homogeneity was
assessed based on the average of the segmented region throughout all slices, except for
the slices outside of the phantom region.

Both coils were evaluated for their ability to distinguish between various
phantoms with different sodium and phosphorus concentrations. As previously
described, during 2Na imaging, the two sodium reference phantoms were consistently
placed surrounding the 50 ml vials throughout all images. Meanwhile, the 50 ml vials
with different sodium concentrations were exchanged before each image. Sodium

concentrations, within the 50 ml vials, were measured based on their relative signal
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(average signal within ROI of 50 ml vial / average signal within ROI of aqueous solution
sodium reference phantom). Before analysis, all 3'P spectra were manually zeroth-order
phase-corrected. Relative SNR (integral under the curve / standard deviation of the
noise) was used to calculate the Pi concentrations of both phantoms.
111.4 Results and Discussion
111.4.1 Hardware and Sample Holder Construction

An isometric view of one of the two birdcage coils is shown inside the RF shield
in Figure 111-3 (left). The same RF shield was used for both birdcage coils and had an
acrylic lid on the distal end (not shown in Figure) with a locking mechanism to ensure
the coils were consistently placed within the same region. The front end of the coil
shows the tuning rods, which are connected to the tuning and matching capacitors of
each port to allow tuning and matching of the coil once placed within the shield. An
additional acrylic piece was added to provide mechanical stability to the double-tuned
baluns. The phantom setup is shown in Figure 111-3 (right), with the 50 ml vial at the
center of the phantom holder and the two 3D printed reference phantoms concentrically

oriented.
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Figure 111-3. Birdcage coil and phantom setup. For visibility, the birdcage coil was
slightly pulled outside of the RF shield (left). The full coil setup includes: tuning rods,
baluns with coaxial cables, and an acrylic balun support. The phantom set up (right) shows
the sample positioner with a 50 ml vial located at the center and two 3D printed reference
phantoms concentrically oriented. A Velcro strap (shown in gray) was used to keep the 50
ml vial in place.
111.4.2 Bench Measurements

Bench measurements showed good matching and tuning of both coils at all ports,
with S11 measurements better than -20.6 dB in all cases. Additionally, the coil could be
tuned and matched, even when loaded, by simply modifying the capacitance of the
variable capacitors. S11 measurements at both frequencies of the *H / 2Na coil, and of

the *H / 3P coil are shown in Figure I11-4. Overall, good coil behavior was observed

when matching and tuning the coils, with little to no coupling between the three ports.
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This can also be explained by the isolation measurements for all ports, with Si2

measurements better than -17.7 dB in all cases.
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Figure I111-4. S11 measurements at all ports of both birdcage coils. S11 measurements were
acquired in both unloaded and loaded states. The loaded states were either loaded just with
a rectus femoris tissue sample (L: S) or with the same tissue sample and the reference
phantoms (L: S + P). Good matching and tuning was shown in all cases.
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Q measurements, as described in Eq I11.4, were then calculated based on the Si1
measurements. All Q measurements are reported in Table I11-2 for both unloaded and
loaded states. As shown, Q did not change much (and even increased in some cases)
when the coil was loaded with just the tissue sample. However, there was an observable
decrease in Q as the loading increased, or when the reference phantoms were added.
This shows that the coil-noise dominated the tissue sample-noise, therefore resulting in a
decrease in SNR (34). This can likely be attributed to the size of the coil relative to the

tissue sample.

Q Measurements
0° Port 90° Port 'H Port
- Unloaded 187 234 266
&f 3 Loaded: S 187 248 274
= Loaded: S+ P 141 156 233
N Unloaded 227 253 303
‘% 3 Loaded: S 220 248 281
Loaded: S+P 154 181 269

Table 111-2. Unloaded and loaded Q measurements of both coils. Q measurements were
taken based on the Si1 plots shown in Figure 4. High Q values were observed in all cases.
However, Q ratios (Qioaded/ Qunioaded) Were not greater than two in any case.
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S12 measurements of all double-tuned baluns were acquired using a current-
injection probe. As shown in Figure I11-5, the common-mode attenuation for all double-
tuned baluns was at least -20.8 dB, with values pertaining to the *H frequency better than
those for the X-nuclei in both cases. Overall, all three double-tuned baluns yielded

consistent values at both frequencies.

"H / Na Balun S11 Measurement

20 ‘

$11 Magnitude [dB]

-25 1

.30 Balun 1
Balun 2
Balun 3
-35 I 1 1 L 1

40 60 80 100 120 140 160 180 200 220

Frequency [MHz]

L ! 1 I 1

Figure 111-5. S measurements of double-tuned baluns. Si» measurements of all six
double-tuned baluns showed good common-mode attenuation, with values ranging from -
20.8 dB to -37.1 dB.
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Figure 111-5 Continued.

Field measurements along the long-axis showed <10% variation in B1* field for

both nuclei in both coils along the middle ~8 cm, as shown in Figure 111-6. Outside of

that region large variations in the B1" field were measured due to endring currents from

the low-y nuclei structures, as expected (68). S21 measurements showed a correlation

with the patterns previously mentioned and shown in Figure 111-1. Specifically, the inner

structures of both coils, pertaining to the X-nuclei, drop off significantly as they

approach the endrings, while the two outer structures, pertaining to *H, produce more

field within their structures and less towards the middle portion of the coil. Overall,

homogeneity was observed throughout an ~8 cm the region of interest, with

inhomogeneities present close to the inner endrings.
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111.4.3 'H Imaging

Sixteen 'H transverse slices were acquired to assess coil homogeneity throughout
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Figure 111-6. B1* field along long-axis of birdcage coils. The (top) plot shows the B1 field
pertaining to both frequencies of the *H / 2Na birdcage coil, while the (bottom) shows the
B:* field pertaining to both frequencies of the *H / 3P birdcage coil

the entire distilled water phantom located at the center of the coil, in a 50 ml vial, as
shown in Figure I11-7. Mean signal values were calculated after segmenting the signal
pertaining to the middle phantom. These values showed an overall mean of 1.12 + 0.44,
or a variation in the mean value of about 40%. Since large variations were mostly

present at the outer edges, this was also calculated over the center 8 slices (Slices 5-12).




This showed an overall mean of 1.06 = 0.14, or a variation of 13%, closely matching the

bench measurements shown in Figure I11-6.

Slice 1

Slice 2

Slice 3

Slice 4

Mean: 1.16

Slice 5 Slice 6 Slice 7 Slice 8
Mean: 0.97 Mean: 0.96 Mean: 0.99 Mean: 1.05
Slice 9 Slice 10 Slice 11 Slice 12
Mean: 1.08 Mean: 1.11 Mean: 1.11 Mean: 1.20

Slice 13
Mean: 1.40

Slice 14
Mean: 1.25

Figure 111-7. Sixteen *H transverse slices. Each 1mm slice was acquired with a slice gap
of 9 cm, meaning the overall distance covered was 16 cm, with the first three and the last
two slices and the last out of the range of the phantom. Slice 4 is located at the apex of the
conical part of the vial, while Slice 14 is at the vial lid (refer to Figure I11-2 for location

reference).
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111.4.4 2Na Imaging

Due to long imaging times of 2Na images, 2>Na signal homogeneity of the inner
structure was assessed on a coronal image and a profile through the center of that image,
as shown in Figure 111-8. The 2®Na coronal image shows the 80 mM sodium phantom in
a 50 ml vial (center), the aqueous solution sodium reference phantom (left), and the
gelatinized sodium reference phantom (right). Despite the inherently low SNR of 2Na
images, the coronal image appears homogenous throughout most of the center phantom
with inhomogeneities mostly present at the edges, or towards the endrings, as expected
(68,72). The mean signal throughout the middle 8 cm of the phantom was 77.8 (min:
53.7, max: 100). The profile taken through the center of the 80 mM phantom (location
marked by black dashed line on image), showed a minimum signal value of 70 and
maximum of 98 throughout the middle 8 cm of the profile, meaning there was no more

than 29% variation throughout the profile.
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Figure 111-8. 2>Na imaging for assessment of coil homogeneity. The coronal image
appears homogenous throughout the middle region, with inhomogeneities mostly present
at the outer edges of the long axis. A profile was taken along the center of the coronal
image (location marked by dashed black line on image). The minimum (red dashed line
on profile) and maximum signal were then evaluated within the middle 8 cm of the profile

(black dashed lines on profile).

The coil was then assessed for its ability to distinguish between various
phantoms with different sodium concentrations. Five sodium transverse images are
shown on Figure 111-9, with sodium concentrations of the center phantom ranging from 0
mM to 80 mM. The %Na relative signals were then calculated for each image by taking

the ratio of the average signal of the center phantoms over the average signal of the
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aqueous solution reference phantom (reference phantom on the right). A plot displaying
the relative signal versus the known sodium concentration of the sodium phantoms
shows a linear correlation (R? = 0.97). Therefore, this demonstrates the coils ability to

determine relative sodium concentrations.

23Na Image: 0 mM 23Na Image: 20 MM 2°Na Image: 40 MM  2Na Image: 60 MM 2Na Image: 80 mM
ooMoleo e
- : . B i ( ) } . e

2Na Relative Signal

Relative Signal

0 10 20 30 40 50 60 70 80

23Na Concentration [mM]

Figure 111-9. 2Na imaging of phantoms with various sodium concentrations. The five
23Na transverse images are all displayed on the same scale. Observable increases in signal
within the center phantoms are shown throughout the images, as sodium concentrations
increase. Furthermore, the plot shows that the relative signal increases linearly with the
phantom sodium concentration.
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111.4.5 3P Spectroscopy

The *H/3P coil was mostly used for 3'P spectroscopy, with *H solely used for
scout images (to ensure proper coil and phantom placement) and shimming. Therefore,
coil performance was evaluated based on phosphorus spectroscopy. Before evaluating
phantoms with different concentrations, 3'P spectra were acquired with different number
of averages (Ngy4), as shown in Figure 111-10A. A decrease in noise (relative to the
maximum peak height) was observed as the number of averages increased, as expected.
Due to the high SNR observed at 100 averages, this parameter was used to acquire
spectra for both phantoms with different concentrations. An increase in peak height was
observed in the 40 mM 3P phantom, in comparison to the 20 mM 3!P phantom, as

shown in Figure 111-10B.

72



A 3p Spectra of 20 mM Phantom at Various Averages
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Figure 111-10. 3P spectra over different number of averages and concentrations. A) 3!P
spectra was acquired on a phantom with a Pi concentration of 20 mM with different
number of averages. Averaged spectra were normalized to their respective maximum
signal value to show the noise relative to the maximum signal. B) Based on the high SNR
observed at 100 averages, this was then used to acquire spectra of both phantoms with
different concentrations. Each spectra was then divided by the standard deviation of their
noise, therefore displaying SNR on the vertical axis.

Relative SNR measurements for all spectra are shown in Table 111-3 below.
These measurements were normalized by setting the highest SNR from each dataset to 1,
in order to show the SNR values relative to each other. As shown by the relative SNR
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values when averaging, the SNR increased with the number of averages; however, they
did not increase as expected, with the \/m (34). This is perhaps due to the repetition
time used (TR = 1000 ms), meaning that the spins may have not fully relaxed back to
equilibrium between acquisitions. The relative SNR measurements at different Pi
concentrations of 20 mM and 40 mM were 0.52 and 1, respectively. These relative SNR
values closely matched to the expected value of 2, since the concentration doubled while
the volume of the phantom stayed the same. This showed the coil’s ability to distinguish

between both phantoms of different concentrations.

Pi Number of Relative SNR
Concentration Averages
1 0.19
Relative SNR when 20 MM 10 0.40
averaging 20 0.50
100 1
Relative SNR w/ 20 mM 100 0.52
different
concentrations 40 mM 100 1

Table 111-3. SNR measurements of 3P spectra. SNR measurements of spectra with
different averages did not show the expected increase in SNR. However, when comparing
the spectra pertaining to different Pi concentrations, the relative SNR values closely
matched what was expected.
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I11.5 Conclusions

Ultimately, custom RF coils were constructed to acquire *H images, 2Na images,
and 3P spectra to assess rectus femoris muscles from GRMD models. Coil performance
was evaluated via bench measurements and imaging/spectroscopy on various tissue
phantoms. Overall good coil performance was shown, with coil homogeneity observed
along the center ~8 cm of both coils in all bench measurements and *H/?®Na images.
Additionally, X-nuclei imaging and spectroscopy showed the coils’ ability to distinguish
between different biological concentrations of 2Na and P in various phantoms. While
this chapter focused on characterization of the coils, Chapter 4 focuses on MRI and MRS

of the rectus femoris muscle samples as well as correlations of NMR indices with age.
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CHAPTER IV
BIOMARKER CHARACTERIZATION IN GOLDEN RETRIEVER MUSCULAR

DYSTROPHY TISSUE SAMPLES?

V.1 Synopsis

Seven rectus femoris muscle samples (AUP: 2018-0182) from dogs with ages
ranging from 3 to 30 months were studied. *H T1-weighted (T1w) and T2-weighted
(T2w) images, 2Na images, and 3P spectra were acquired for each sample. *H T1w and
T2w images showed a decrease in T2w/T1w signal ratio for the four older (>12 months)
samples when compared to younger samples. Other NMR indices unexpectedly showed
no significant correlation with age. The fixation process of the samples and varying
levels of disease severity may have attributed to these results. Regardless, the associated
custom coils and positioner developed to enable multi-nuclear studies will enable future
work to investigate NMR-based biomarkers in the numerous GRMD samples available
to our group.
IV.2 Introduction

Previous studies have shown variations in disease severity in genetically-
homologous animal models of DMD, or GRMD (66,67). Therefore, noninvasive
biomarkers are particularly attractive for studying disease where each subject could be
used as its own control. This has led to increased interest in the use of MRI and MRS to

2 Reprinted with permission from “MR Imaging and Spectroscopy for Biomarker Characterization in
Golden Retriever Muscular Dystrophy Tissue Samples” by Romina Del Bosque, Edith Valle, Matthew
Wilcox, Travis Carrell, Peter Nghiem, Steven M. Wright, Mary McDougall, 2020. IEEE International
Symposium on Biomedical Imaging. Copyright 2020 by IEEE.
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study GRMD with specific interest in *H MRI/MRS, 2Na MRI, and *'P MRS to monitor
disease progression and treatment efficacy (19-30).

'H imaging and spectroscopy are useful techniques for assessing disease
progression in DMD patients due to their ability to detect fatty infiltration and edema in
rapidly progressing skeletal muscles (21-24). Specific *H biomarkers most commonly
used are: muscle fat fraction (from H spectroscopy of water and fat) and T2 signal
elevation (from *H T2-weighted images). However, due to the short lifespan of GRMD
models, fatty infiltration is a less useful biomarker since death usually occurs before
notable fatty infiltration (64-66,74,75). Instead, other *H biomarkers such as: elevated
T2 levels, increased T2 heterogeneity, and increased T2-weighted/T1-weighted
(T2w/T1w) signal ratios have all been used to assess GRMD (64-66).

In studies utilizing >Na MR imaging to assess DMD, consistent increased
muscular total sodium concentration (TSC) and intracellular sodium concentration have
been observed in subjects throughout all ages, even before fatty infiltration (25-27). This
makes 2Na imaging a potentially valuable tool for assessing disease progression
throughout all stages of the disease. 3*P MR spectroscopy has also been used to study
skeletal muscle of DMD and GRMD, with various differences including: increased
inorganic phosphate (Pi) and phosphodiesters (PDE), and decreased phosphocreatine
(PCr) observed between diseased patients and controls, as well as between non-ambulant
and ambulant patients (20,28,29).

For 22Na imaging, *H imaging capabilities are important to eliminate sample

repositioning to ensure spatial correlation of both *H and 2Na biomarkers. Additionally,
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for spectroscopy studies, *H capabilities are important for shimming and acquiring scout
images. This means double-tuned coils are particularly attractive for both 2Na and 3!P
studies. The goal of this study was to evaluate potential biomarkers in ten excised,
formalin-fixed GRMD rectus femoris muscles.
V.3 Methods
IVV.3.1 Rectus Femoris Tissue Samples

Initially, images and spectra of ten rectus femoris tissue samples, shown in Table
IV-1, were acquired and analyzed. However, due to significant differences in signal
achieved from the three tissue samples underlined in Table V-1, only the remaining
seven tissue samples were used to study the effects of age on selected NMR indices. As
shown in Table IV-1, the affected three samples were all excised and formalin fixed

within a couple of weeks from each other, unlike the remaining seven samples.
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Sample | GRMD Date of tissue

4 Name Age | Gender extraction Volume (cm?)
1 Janet | lyr E 02/06/18 28
2 Red 6 mo F 05/01/17 18
3 Sheldon = 6 mo M 02/13/18 20
4 Dory | 6mo E 02/05/18 25
5 Chimy = 2yr M 11/07/16 37
6 Revolver ' 6 mo F 07/26/16 12
7 Cristal | 25yr F 12/06/17 25
8 Patti 1yr F 02/04/14 30
9 Otis 1yr M 02/04/14 39
10 Frank | 3 mo M 02/15/07 23

Table 1V-1. Rectus femoris muscle tissue samples from GRMD models. Images and
spectra from tissue samples which are underlined (sample 1, sample 3, and sample 4) were
not used to analyze the effects of age on selected NMR indices.

IVV.3.2 Imaging and Spectroscopy

'H images, 2Na images, and 3P spectra were acquired using a 4.7T Varian Inova
scanner and custom hardware including two double-tuned birdcage coils and an
associated positioning fixture, as discussed in Chapter 3. As a signal reference, two
phantoms containing 50mM NaCl (one aqueous solution and one gelatinized with 5%
agarose to mimic sodium ion mobility within muscle) were placed around the tissue vial
when imaging, as shown in Figure 1VV-1 (25). Additionally, to confirm the single peak
observed in 3P spectra of the tissue samples pertained to phosphocreatine (PCr), a 40
mM 3P reference phantom was used when acquiring *!P spectra for the first tissue

sample (76).
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double- tuned

birdcage coil reference phantoms

Figure 1V-1. Solidworks rendering of complete imaging setup. The RF shield is mounted
inside the outermost acrylic former and extends throughout the entire length of the coil.
Meanwhile the coil, sample holder, reference phantoms, and sample vial are all concentric
to the shield and in close proximity to each other.

T1 and T2 were calculated for *H and #*Na in a single sample after incrementally
varying TE or TR, respectively. Based on Ty and T values, appropriate imaging
parameters were chosen for the remaining samples. For T1-weighted *H images, the
shortest possible echo time (TE) of 16 ms and a repetition time (TR) of 750 ms (based
on tissue T1) were used. Meanwhile, for T2-weighted *H images, a longer TE (based on
tissue T2) and a long TR (approximately five times tissue T1) was used. These imaging
parameters allowed for T1 and T, image weighting, while minimizing unwanted effects
caused by either Bo inhomogeneities or partial signal saturation, respectively (31). For
23Na imaging, T1 was also calculated in order to minimize partial signal saturation

caused by a short TR, while staying within a reasonable imaging time. This is especially
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significant in 2Na imaging, since multiple averages are necessary in order to acquire
images with sufficient SNR.

'H reference images with the same resolution as the 2>Na images were also
acquired to assist in segmentation of the tissue, phantom, and noise regions in the 2*Na
images. Additionally, 3'P spectra were acquired using a pulse-and-acquire sequence (TR
— 1000 ms; spectral resolution — 10 Hz; NSA — 500; scan duration — 8 min, 19 sec). The
imaging parameters used to acquire images and spectra of the rectus femoris muscles are

shown in Table IV-2.

H Tiw H T2w 3Na 3ip

Sequence SEMS SEMS GEMS SPULS
TR (ms) 750 4250 100 1000
TE (ms) 16 45 3.9 -
FOV (mm) 96x96 96x96 192x192 -
Slice Thickness (mm) 1 1 6 -
Matrix Size 128x128 128x128 64x64 -
Number of Averages 1 1 150 500
Scan Duration (m:s) 1:36 9:04 16:02 8:19

Table IV-2. Imaging parameters used to image rectus femoris samples (SEMS: spin echo
multi-slice; GEMS: gradient echo multi-slice; SPULS: 1-D pulse and acquire sequence)

I1VV.3.3 Image and Spectra Processing
Images were segmented into separate tissue sample and phantom regions in a

custom Matlab script. Noise metrics were calculated in a rectangular region outside the
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sample. For all *H and 2Na images, relative signal values of the tissue (Avgmuscie)
compared to the 5% agarose phantom (Avgge; ref phantom) WEre acquired, as shown in
Eq IV.1. For *H images T.W/T:W average signal ratios were also calculated along with
tissue signal heterogeneity (Hs;g4), as shown in Eq V.2 (64). All calculated NMR indices

were plotted relative to age of the tissue samples.

Relative;, = —Jmuscle (Eq IV.1)

AVggel ref phantom

SDpoise 2
Hsig = \/(SDmuscle)z - (m) (Eq IV.2)

Before analysis, all 3P spectra were normalized by dividing by the volume of
each sample, which was measured by fluid-displacement. Spectra were then manually
zeroth-order phase-corrected. Phosphocreatine peak integration values were plotted
relative to sample age.

IV.4 Results
IV.4.1 T1and T2 of Rectus Femoris Tissue Sample

Approximate *H T; (836 ms) and T2 (40 ms) values were calculated on a single
GRMD RF muscle tissue. T1was calculated based on the T1 recovery curve, where T
corresponds to the time it takes for ~63% of the magnetization to recover alignment with
Bo after excitation (31). Similarly, T> was calculated on the T» decay curve, where T»
corresponds to the time it takes for the signal amplitude to be reduced by ~36% of its

original value after excitation. 2Na T2 (4.23 ms) value was calculated in the same
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manner, as *H. However, when calculating 2Na T3, various values of TR ranging from
70 ms to 200 ms did not show much of a difference in signal amplitude, therefore
indicating that signal saturation was not occurring because T1 was lower than the 70 ms.
Due to the short T2 (0.5ms- 5ms) of intracellular sodium, it is likely that the sodium
observed is mainly the extracellular portion of total sodium concentration (TSC) (72). T1

and T, curves for *H, as well as a T2 curve for 2Na are shown in Figure IV-2.
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Figure 1V-2.'H T1 and T2 curves (top) and 2Na T, curve (bottom). Ty relaxation and T
decay curves were plotted over the collected data points. Good curve fits, based on the
calculated Ty and T> values, are shown for all plots.
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IV.4.2 'H Imaging

An example of segmentation of a tissue sample, phantom region, and noise
region on *H T1-weighted and 'H T2-weighted images are shown in Figure 1V-3.
Segmentation was performed on a center transverse slice of every sample imaged. Each
segmented slice was visually inspected to ensure proper regions-of-interest (ROI) were

selected before saving all the data for further analysis.

HTIw Image (12 months) THT2w Image (12 months)

Figure 1V-3. Selection of ROIs in a 'H T1-weighted image (left) and *H T2-weighted
image (right). The three ROIs selected were: tissue (blue), gelatinized sodium reference
phantom (green), and noise (white).

Based on the segmented regions and Eq IV.1- Eq V.2, *H T1w and T2w relative
signal, T1w and T2w heterogeneity, and T2w/T1w relative signal ratio were calculated
on a single slice pertaining to each sample. As seen in Figure IV-4A and Figure 1V-4B,
there was no observable correlation between age and T1w or T2w relative signal, nor

between age and T1w and T2w heterogeneity. On the contrary, there was considerable
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variation in both T1w and T2w relative signal and heterogeneity, even amongst age-

matched samples. If we separate all samples into two groups corresponding to younger

(3-6 months) and older (>12 months) GRMD models, as done by Kornegay et al. (77), a

decrease in T2w/T1w signal intensities was noted for the four older GRMD models, as

shown in Figure 1V-4C.
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Figure IV-4. Effects of age on selected *H NMR indices. There was no observable
correlation between age and T1w and T2w relative signal, and heterogeneity (A) and (B).
However, a decrease in T2w/T 1w ratio was observed in the four older GRMD models (C).
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IV.4.3 2°Na Imaging

The H images acquired with the same resolution as the 2Na images were used
to assist in tissue, phantom, and noise segmentation. This was especially for useful 2>Na
image segmentation, since the achievable SNR of 2Na imaging is much lower than that
'H due to the lower gyromagnetic ratio (approximately a quarter of *H) and lower
biological concentration of sodium (78). As shown in Figure IV-5A and 1V-5B, ROIs
were first selected on the *H image then directly applied to the 2>Na image, respectively.
These segmented regions were then used to analyze the effect of age on 2Na relative
signal (¥*Na signal from tissue / 2>Na signal from 50 mM 5% agarose phantom). As
shown in Figure IV-5C, there is a large variation in 2Na signal even in age-matched
GRMD models. Additionally, there is no observable correlation between age and 2°Na

relative signal.

Figure 1V-5. Selection of ROIs and effects of age on 2®Na relative signal. The selected
ROIs (blue- tissue; green- agarose phantom; white- noise) on *H reference image (left) and
23Na image (right). There was no observable correlation between age and *Na relative
signal.
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Figure 1V-5 Continued.

IV.4.4 3P Spectroscopy

As shown in the Figure IV-6A, only one peak was observed in the phosphorus
spectra, as expected (76). The chemical shift, relative to the phosphoric acid phantom,
showed that the tissue peak corresponds to phosphocreatine (28,76). Both the peak
height, Figure 1V-6A, and peak integration, Figure 1VV-6B, varied greatly amongst all
samples and showed no observable correlation with age, a contradiction to our previous

work on samples acquired from a different muscle group (76).
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Figure IV-6. Waterfall plot of 3P spectra arranged in order of increasing age (left). Effects
of age on PCr signal, as measured by integration under the PCr peak, did not show a
notable correlation (right).

IV.45 Imaging and Spectroscopy on Samples Excluded from Biomarker
Characterization

As previously mentioned, due to significant differences in signal achieved from
three tissue samples, only seven tissue samples were used to study the effects of age on
selected NMR indices. The affected three samples were all excised and formalin fixed
within a couple of weeks from each other, unlike the remaining seven samples.
Therefore, it was suspected that the fixation process or sample handling may have
affected the achievable signal. Further evaluation on the effects of formalin fixation on
skeletal muscle MRI/MRS will be performed. However, that is beyond the scope of this
project. Image segmentation on 2Na images, as shown in Figure V-7, show absence of

23Na within the tissue region for Sample 1, Sample 3, and Sample 4. Additionally,
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Figure 1VV-8 shows low PCr concentrations in Sample 1, Sample 3, and Sample 4 relative

to Sample 8 (based on peak height).

Figure 1V-7. Segmented ®Na images of samples with low 2>Na concentration. Sample 1
(RS: 0.23), Sample 3 (RS: 0.20), and Sample 4 (RS: 0.22) had a relative signal (RS)
approximately six times lower than Sample 8 (RS: 1.21) and four times lower than the
lowest 2*Na relative signal pertaining to Sample 10.

31p spectra Normalized by Tissue Volume
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Figure 1V-8. 3P waterfall plot of samples with low PCr concentration. Sample 1
(integration: 7.8 e+6), Sample 3 (integration: 8.7 e+6), and Sample 4 (integration: 7.9 e+6)
had integration values approximately a order of magnitude lower than that of Sample 8
(9.8 e+7) and seven times lower than the lowest integration value pertaining to Sample 10.
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IV.5 Discussion

In this study, notable correlated differences in the NMR indices were not
observed amongst the seven age-matched rectus femoris muscles for several possible
reasons. This could be attributed to the phenotypic variations in the samples (66,67).
This study was also largely limited by the low number of tissue samples, which is
common in large animal studies, and lack of age-matched healthy controls. Additionally,
previous studies have shown progressive changes in T1 and T of brain tissue over
formalin fixation time (79,80). Therefore, the effects of formalin fixation, if any, should
be accounted for when comparing various muscles which were formalin fixed at
different time points.
V.6 Conclusion

Custom RF coils were constructed in order to acquire *H images, 2Na images,
and 3P spectra to assess rectus femoris muscles from GRMD models of various ages.
The NMR indices evaluated did not show any notable observations varying with age in
these particular samples. Regardless, the hardware and positioning fixtures developed
will allow for straightforward studies in the future of the numerous samples available to
our group from this colony. This will allow for future studies to account for phenotypic

variations and potential variations caused by prolonged formalin fixation.
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CHAPTER V

CONCLUSION AND FUTURE WORK

The work mentioned in this dissertation describes the contribution of hardware
advancements, specifically custom RF coils and additional hardware, to enable studies of
disease using MR imaging and spectroscopy. The construction of the 32-channel receive
array for breast imaging at 7T and the double-tuned birdcage coils for imaging and
spectroscopy at 4.7T of GRMD rectus femoris tissue samples enabled studies beyond
clinically-standard *H imaging. Overall, coil characterization on the bench and via
imaging/spectroscopy studies showed good coil performance of all constructed RF coils.
This section will summarize results found in all the studies reported, potential
improvements, and preliminary data pertaining to future works.

V.1 32-Channel Receive Array and Modified FCE Transmit Coil

The bilateral 32-channel receive array and FCE volume coil showed homogenous
excitation, significant improvements in SNR, and receive element isolation.
Additionally, feasibility of accelerating and acquiring images with high spatial resolution
showed the potential utility of the coil for acquiring images with high spatial and
temporal resolutions for dynamic studies such as dynamic contrast enhanced MRI and
diffusion weighted imaging. Future works include replacement of the receive elements
located partially along the z-axis with butterfly surface coils to achieve a more transverse
RF field, phantom studies on a heterogeneous phantom with more clinical significance,

and of course the use of the array in clinical studies.
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V.2 'H/?®Na and *H/3'P Double-Tuned Birdcage Coils

The double-tuned birdcage coils showed coil homogeneity and ability to
distinguish between different biological concentrations of 2Na and P in various
phantoms and rectus femoris tissue samples. Although the NMR indices evaluated did
not show any notable observations varying with age in the rectus femoris samples, the
hardware and positioning fixtures developed will allow for straightforward studies in the
future of the numerous samples available to our group from the GRMD colony. Future
works include: studying the effects of formalin fixation and flash-freezing muscle tissue,
construction of smaller triple-tuned RF coils to evaluate smaller tissue samples, and
construction of a user-friendly graphical user interface for post processing GRMD data.
Preliminary data pertaining to future works is described below.
V.2.1 Assessment of Formalin Fixation and Flash-Freezing Muscle Tissue

The studies on the effects of formalin fixation and flash-freezing muscle tissue
have been performed on formalin-fixed heart samples excised from the left ventricular
wall. However, due to the small size of the samples, shown in Figure V-1, the 2>Na
images and 3P spectra did not have sufficient SNR to provide valuable results to
compare to flash-frozen muscles. Therefore, these studies will continue when small
triple-tuned coils are constructed to increase sensitivity to the small samples and

streamline the imaging/spectroscopy process, as needed for frozen samples.
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Figure V-1. Size comparison of heart tissue samples and rectus femoris muscle. Pieces of
heart tissue were excised from the left ventricular wall of GRMD models. The bottom 50
ml vial shows the heart tissue sample (in red dashed box) placed between acrylic spacers,
while the top vial shows a rectus femoris muscle, which almost completely filled the
sample vial.

Images and spectra of the formalin-fixed heart muscle of two GRMD models are
shown in Figure V-2 and Figure VV-3. Due to the large voxel size (5x5x6 mm) necessary
for sodium imaging, it is difficult to identify if dark regions within the tissue region are
due to spacing between the tissue samples or partial volume effects. Therefore, an
increase in SNR is necessary to acquire higher resolution sodium images of these small

samples before further analysis.
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Heart Sample 1 (Ash): H Reference Image Heart Sample 1(Ash): 2Na Image

Figure V-2. 'H reference images and 2Na images of two heart samples. Partial volume
effects, due to large voxel sizes compared to tissue size, are visible in H reference images.
Additionally, performing the tissue segmentation on the *H reference images and applying
those tissue boundaries directly to the 2Na images did not work as well with these small
tissue samples.

31p spectra of the heart samples did not show a PCr peak on the Varian even after
acquiring 500 averages. Therefore, parameters could not be optimized for 3P
experiments. However, when plotting the spectra in Matlab, a single PCr peak with low

SNR appeared for both samples, as shown in Figure V-3.
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Figure V-3. 3P spectra of both heart samples. Spectra of each sample was acquired with
500 averages. The SNR of each peak was 6.9 and 8.3, respectively. This PCr peak was
only visible after post-processing, therefore could not be used to optimize parameters
when scanning.

V.2.2 Construction of Triple-Tuned Coils

A three-element triple-tuned array with switchable matching and tuning was
constructed in collaboration with colleagues, as shown in Figure V-4 (81). This triple-
tuned array for *H, 3C, and 3'P at 3T utilized PIN diodes to switch between different
resonant modes. This design demonstrated straight-forward tuning and matching at all
three frequencies. However, a loss in Q of the coils was observed and was mainly

attributed to the switching mechanism; therefore calling for further coil optimizations.
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Figure V-4. Top and bottom views of the triple-tuned switchable array. The top view of
the array (left) shows the variable matching and tuning capacitors for the *H frequency,
and the variable match capacitors and PIN diodes for the 31P frequency and the 3C
frequency. The bottom view of the array (right) shows the variable tuning capacitors and
PIN diodes for the 3!P frequency and the *C frequency, all the RF chokes and DC lines
for the switching network, and the RF port for each element.

V.2.3 User-Friendly GUI for GRMD Data

Currently, separate Matlab scripts are used to process all GRMD data; with three
main scripts used to assess the three nuclei of interest. Each main script calls out
functions which perform: segmentation of various regions, SNR measurements, relative
signal measurements, signal heterogeneity etc. Although this works well on the data
acquired, it would be beneficial to have one collective script with a user-friendly GUI for

processing multiple datasets.
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APPENDIX A

TROUBLESHOOTING OF 32-CHANNEL RECEIVE ARRAY COIL

Volume coil T/R images were acquired when all 32- channels were connected
and detuned. A faulty channel showed an intermittent error. Elevated signal in the
volume coil image, shown in Figure A-1, showed that the faulty channel was on the right
side of the bilateral coil. Coil elements were disconnected from the Phillips interface box
four at a time. Open interface channels were terminated with 50 € loads before running
the next scan. This was performed until the faulty coil element was narrowed down to

receive element 31.

SNR Map - Volume Coil
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Figure A-1. Volume coil image with faulty receive element on the right side.

106



The receive element 31 detachable board was then replaced and images were
reacquired. This time, the scanner did not display an error, meaning the faulty channel
was fixed. However, notable nulls were present along the periphery of both phantoms in
the volume coil image and the array image, as shown in Figure A-2. This image pattern
had been previously observed when testing the unilateral 16-channel array prior to
adding the passive detuning traps. Therefore, the design of the passive detuning traps as
well as components chosen were compared between both coils. After looking into the
specs of our components, we concluded that the switching speed of the diodes (MA
COM, MADP-000235-10720T) on the passive detuning trap may not have been fast
enough for this application (298MHz). Therefore, all the diodes were replaced on the 32-
element array with the fast-switching diodes which were previously used for this

application (Microsemi, UM9989).
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Figure A-2. Volume coil image (left) and array coil image (right) with MA COM diodes
on passive detuning traps. Notable nulls along the periphery of both images were
observed.
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Prior to acquiring more images, the 32-channel fan-out board was modified to
have an acrylic casing to allow insertion into the magnet bore. This was done to test if
the active detuning signal provided by the Philips interface box was sufficient to detune
all 32 receive elements during transmit. First, 8 receive channels were connected to the
interface box, while the remaining 24 were statically detuned using the fan-out board.
Figure A-3 shows the image acquired with 8 receive elements, as well as the volume coil

image.

8 Channel Receive x10% Volume T/R w/ 8ch Philips Detuning

1

0

Figure A-3. Array coil image (left) and volume coil image (right) when 8 receive
channels were connected to the Philips interface box and 24 were statically detuned
using the fan-out board.

This experiment was repeated with 16 receive elements connected to the

interface box and 16 statically detuned using the fan-out board. Finally, all 32 channels
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were connected to the interface box and a 32-channel image and volume coil image were
acquired. These experiments showed an increase in signal along the periphery in the
array coil images and homogenous volume coil images. Indicating that the detuning
signal provided by the Philips interface box was sufficient to actively detune all 32
receive elements during transmit.

However, when acquiring images at a later date, volume coil images showed
minimal signal on the left side when all receive channels were connected to the interface
box, as shown in Figure A-4. Most importantly, this did not match the homogenous
volume coil image acquired when the receive elements were statically detuned using the
fan-out board. Therefore, this showed that there was an instability in the biasing signal
used to actively detune the receive elements during transmit; prompting the construction
of a PIN diode driver and bias tees to have more control over this biasing signal.
However, due to the complexity of the setup of the PIN diode driver and bias tees, as
well as the comparable SNR values achieved with this setup (not shown), our
collaborators decided that using the biasing signal from the Philips interface box was the

better option.

109



Connected to Philips Interface Box x10° Connected to Fan-Out Board x10°
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Figure A-4. Volume coil images when the receive elements were actively detuned by the
Philips interface box (left) and when they were actively detuned using the fan-out board

(right).
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