STREAMLINING THE DESIGN AND USE OF ARRAY COILS FOR IN VIVO

MAGNETIC RESONANCE IMAGING OF SMALL ANIMALS

A Dissertation
by

WEN-YANG CHIANG

Submitted to the Office of Graduate and Professional Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
Chair of Committee, Mary Preston McDougall
Committee Members, Steven M. Wright
Jim X. Ji

Kenith E. Meissner
Head of Department, Anthony Guiseppi-Elie

August 2017

Major Subject: Biomedical Engineering

Copyright 2017 Wen-Yang Chiang



ABSTRACT

Small-animal models such as rodents and non-human primates play an important pre-
clinical role in the study of human disease, with particular application to cancer,
cardiovascular, and neuroscience models. To study these animal models, magnetic
resonance imaging (MRI) is advantageous as a non-invasive technique due to its versatile
contrast mechanisms, large and flexible field of view, and straightforward
comparison/translation to human applications. However, signal-to-noise ratio (SNR)
limits the practicality of achieving the high-resolution necessary to image the smaller
features of animals in an amount of time suitable for in vivo animal MRI. In human MRI,
it is standard to achieve an increase in SNR through the use of array coils; however, the
design, construction, and use of array coils for animal imaging remains challenging due
to copper-loss related issues from small array elements and design complexities of
incorporating multiple elements and associated array hardware in a limited space. In this
work, a streamlined strategy for animal coil array design, construction, and use is
presented and the use for multiple animal models is demonstrated. New matching network
circuits, materials, assembly techniques, body-restraining systems and integrated
mechanical designs are demonstrated for streamlining high-resolution MRI of both
anesthetized and awake animals. The increased SNR achieved with the arrays is shown to
enable high-resolution in vivo imaging of mice and common marmosets with a reduced

time for experimental setup.
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CHAPTER I

INTRODUCTION

The importance of small-animal MRI
Magnetic resonance imaging (MRI) offers a variety of contrast mechanisms and versatile
imaging functionalities that are powerful in scientific research both in human and animal
studies. Furthermore, pre-clinical animal testing using MRI is irreplaceable in the studies
that pose higher risks to the subjects, such as studies of disease, pharmacological

development, treatments for malignancy and brain research.

When considering which animal model to use, small animals are often preferred over large
animals as they have a larger litter size and a shorter time to maturity. They are also easier
to breed, and more economical. Among small animals, mice play an important role as a
long standing and widespread model for pre-clinical studies of human disease, with
particular application to cancer [1], cardiovascular [2-6], pharmacological and surgical

applications [7-9].

At the same time, methods have been developed which are sometimes better suited for use
with non-human primates. The development of functional magnetic resonance imaging
(fMRI) [10] in the last 20 years has become one of the most important tools in brain
research [11]. While macaques are the major non-human primates used in neuroscience
studies with fMRI [12-19], common marmosets (Callithrix jacchus), a type of New World

monkey, are gaining popularity due to their features of smaller body size, shorter time to



maturity, shorter gestation period and easier breeding. Compared with mice, marmosets

also have longer lifespans [20-29].

The importance of MRI in small animal imaging is significant due to the extensive and
growing use of MRI in both traditional and newly studied small animal models. More
importantly, designing MRI for small animal models needs to be streamlined in order to

meet the ever changing needs of the research community.

The challenges of small-animal MRI
To study the above described animal models, magnetic resonance imaging (MRI) is
advantageous as a non-invasive technique due to its versatile image contrast
mechanisms, large and flexible field of view, and straightforward comparison/translation
to human application. However, manipulating traditional human-based MRI techniques

to work with small animal imaging presents several major challenges.

The first challenge: lower SNR
The signal-to-noise ratios (SNR) in MRI must be sufficiently high in order to be useful in
diagnosis or research. However, there are five main reasons why MRI coil arrays for small

animals suffer from lower SNR:

(1) Smaller voxel size: Voxel size is up to orders of magnitude smaller than typical
human scans, and, unfortunately, SNR 1is proportional to the voxel size. For
example, the signal received in mouse imaging is 4000-times weaker when the

same morphological details are imaged in humans [30]. Averaging repeated

2



scans can be increased to compensate for this lower SNR. However, using this
method alone would require 600 years of time in order to complete a mouse
brain MRI that only takes around 20 minutes in humans.

(2) Resistive loss: Every electronic component of a coil has a certain amount of
resistive loss. The resistive loss of a conductor is inversely proportional to the
cross-sectional area, i.e. a smaller wire, often used in small animal coil arrays,
has higher resistive loss. The resistive loss of inductors is measured by Q,
whereby the lower the value, the more resistive loss. Generally, inductors of
small form-factor have lower Q values. For example, for inductors of similar
inductance made by Coilcraft, the Q value of the micro series 0806SQ-19N
(typical size used for small animal coils) is 90 and the Q value of the Unicoil
5-mm tunable 164-01 A06L with no core (typical size used for human coils) is
145.

(3) Eddy-current loss: In addition to inherent resistive loss, a conductor also
experiences eddy-current loss raised from the surrounding conductive
structures. While it is true that increasing the size of a conductor reduces
resistive loss, larger conductors experience more eddy-current losses in
surrounding copper [31]. Small animal coil arrays face this dilemma, except
worse (because the distance between conductors shortens quicker for smaller
coils), which seeks for larger conductors to reduce resistive loss, yet not too
large to prevent eddy-current loss in an “already-too-crowded” situation. In

addition, due to the limited size of pre-clinical MRI scanners for small animals,



the transmitting volume coil is usually very close to the receiving coil array.
This not only makes decoupling between these two coils more difficult, but
also raises eddy current losses.

(4) Coil coupling through mutual inductance: There are three potential concerns
about coil coupling: correlated noise, change of coil tuning and inability for
accelerated parallel imaging. In fact, modest coupling between coils does not
affect image SNR when a noise covariance matrix is incorporated into the
combination of array signals [32-35]. In addition, when coils are connected to
low-input impedance amplifiers, slightly miss-tuned coils have very little
effect on the signal level because of the nature of high-impedance
measurement. However, when coils are miss-tuned too much, the impedance
changes such that preamplifiers do not experience proper impedance for noise
matching, and SNR degrades. Decoupling mechanisms include preamplifier
decoupling, active detune traps and RF chokes (if self-resonance frequency is
used). However, these mechanisms only work within small bandwidths.
Therefore, excessive miss-tune exacerbates coupling between the receiving
and transmitting coils. In this case, because noise in the preamplifier can
project back into the coil, noise couples to other coils and this added noise
shows up on the diagonal elements of the noise covariance matrix. Noise of
these diagonal elements cannot be mitigated through the inclusion of the noise
covariance matrix [36]. Therefore, geometric decoupling [37] is still necessary

to reduce coupling between coil elements even when preamplifier decoupling

4



is used. Furthermore, better decoupling also means more independent coil
sensitivity pattern which is crucial for accelerated parallel imaging. However,
because geometric decoupling is determined by the ratio of the overlap and the
size of the coil, the implementation of geometric decoupling on small-animal
MRI coil arrays requires higher production accuracy and structural stability.
(5) Variation of individual size: Surface coil arrays are effective in terms of
increasing SNR. Surface coils should be placed close to the subject for better
SNR [37-40], but not too close to prevent the lift-off effect [41, 42]. Therefore,
the array coil should follow the contour of the subject with constant and
optimal distance to maximize SNR. However, it is difficult to optimize the
surface coils for animals with various sizes, because it requires complex
mechanical designs which usually take up lots of space that a small-animal

MRI scanner does not have.

To summarize, when the coil size becomes smaller, the coil “sees” less body tissue, thus
the received signal is weaker. The contribution of signal from each voxel is also smaller
because the voxel size needs to be smaller to resolve enough anatomical information. At
the same time, smaller coils have higher resistive loss from the conductor and inductor,
and the proximity of receiving and transmitting coils increases the eddy-current loss as
well. To estimate these effects on SNR, the ratio of losses of the sample versus the
components is measured by unloaded to loaded Q ratio. Since Q = wL/R for LCR
circuits, it is easy to derive Rggmpie/Rcomponent = Qui/Qy [43]. Usually, the Q ratio of

small animal coils is significantly lower than that of human coils. In short, because the
5



components have higher loss and coils receives less MR signal due to smaller coil size,

small animal coils suffer from significantly lower SNR.

The second challenge: complexity of experimental setup

The development of MRI coil arrays is a highly iterative process because of the interaction
between high Q components arranged in close proximity. The dimension of the coil,
tuning, noise matching, amount of geometric decoupling, preamplifier decoupling, active
detune traps and cables traps are repeatedly adjusted on the fly throughout the entire
development process. Scattering parameters (or S parameters) such as Si; and Sy
measurements are repeatedly used to determine the amount of adjustments throughout the

entire process as well.

Sharing the same iterative nature of coil development, the development of coil arrays for
small-animal applications is even more challenging because small animal imaging often
requires additional devices. This extra equipment heavily influences the decision making
of the design of small-animal coils because the space available in animal MRI scanners is

limited. Here is the list of major equipment required in small-animal MRI:

(1) Equipment for reducing motion artifacts: Body motion, cardiac motion and
respiratory motion are the three major sources of motion artifacts in animal MRI.
To reduce body motion, it is necessary to design an apparatus that makes the
animal stay stationary. Common designs are bite bars, ear bars and cradles with
straps for rodents. For non-human primates such as marmosets, more advanced

designs are often needed. Cardiac motion of small animals is more challenging
6



than humans because of the higher heart rates (632 bpm for mouse [44] and 230
bpm for marmosets [45]). Part of this challenge can be mitigated by cardiac gating,
which is usually done using electrocardiographic (ECG) detection, yet it results in
other problems such as inconsistent T1/T2 contrasts. Unlike “breathe hold” which
can be ordered during human MRI, the control of respiration artifact for animals
is usually done by either respiration gating using respiration sensors, which
consequently cause inconsistent T1/T2 contrasts as well, or ventilator assisted
respiration gating—all of which add additional complexity to the experimental
setup and change the design of the coil.

(2) Equipment for delivery of anesthesia: Anesthesia can help reduce motion artifacts
as well as reduce stress to animals. However, anesthesia affects animals’
physiology such as cardiovascular functions [46-54], neurovascular couplings (see
[55-59] for reviews), and has other physiological effects [60-65]. Recent studies
also report that anesthesia-free animals show stronger and faster hemodynamic
responses [27, 66]. In short, the use of anesthetics is determined by the scientific
problem in question, which influences the decision making of the coil designs.

(3) Equipment for animal safety: Routine anesthesia administered during animal
surgery is generally safe. However, some fatality does occur, and many of the
deaths are related to human errors, such as lack of close observation [67].
Therefore, monitoring physiological status when anesthesia is administered is very
important. A temperature control device is commonly used to prevent

hypothermia. Usually, either hot air blown over the subject or a water jacket is



used during MRI scans. Hand warmers are dangerous and should be prohibited in
MRI scanners, and electrically heated mats should also be avoided because of its
potential safety issues inside of MRI scanners. The physiology signals such as
heart rate, respiration, blood pressure, oxygen level, carbon dioxide level, etc., are
constantly monitored during MRI scans. ECG electrodes and an air pressure
cushion are usually used for monitoring heart and respiration rates, respectively.
However, different research facilities have different arrangements for these
equipment and different scanners have different bore sizes. As a result, the routing
of cables and tubes are arranged in uniquely different ways from one research
facility to the other. Therefore, because the arrangement heavily influence the
design of the coils and the experimental setups, coils that work in one research lab

do not necessarily work in the other.

All of the equipment stated above, along with the coils, need to fit inside of an MRI
scanner. However, MRI scanners for small animals do not have the luxury of ample
available space that is found in MRI scanners made for human. In addition to the challenge
of hardware design, setting up an animal MRI scan is not only more complicated but also
more time consuming. Finally, complicated experimental setup not only increases the
chance of failure mode, long experimental setup time also raises safety concerns because

animals spend more time under anesthesia.



Streamlined design as a solution for small-animal MRI
While the magnetic field of a MRI scanner is usually predetermined and increasing
repetition scans is limited in in vivo imaging, improving SNR through specialized probes,
such as coil arrays, seems to be more available. However, extra equipment required for
small-animal MRI not only adds complexity to the coil design but also hinders the
experimental setup. In order to fit all of the equipment into a space-limited scanner, the
choice of equipment changes the design of the small-animal coils. To properly address all

the challenges stated above, two major design philosophies were considered:

(1) Systematic design approach: When designing massively parallel human coil
arrays, it is advised to design the array in a systematic way which facilitates the
construction and testing [43]. Even the final steps of the array construction need to
be considered in the very beginning of the design phase.

(2) Effective user interface: As a general guideline for designing medical devices [68],
a good interface design ensures effectiveness, efficiency, and reduced human error

which is important in quality assurance programs.

In this work, a streamlined approach was used to develop coil arrays within space
limitations, necessary equipment, routing of cables and tubes and workflow of
experimental setup all planned as one system in the beginning of the design phase.
Computer-aided design (CAD) software, 3D printing and smaller scale prototypes were
used to validate the clearance, coil performance and experimental setup prior to the full-

scale hardware implementation. New materials, components, assembly techniques and



tools were used to streamline the development process of the hardware and reduce the
complexity of the experimental setup in order to meet all the specifications and to achieve

the ultimate goal of answering scientific questions.

Scope and dissertation chapters
The objective of this doctoral research was to explore small animal RF array coil designs
for different scientific problems in question. The goal is to develop a new approach,
highlighting streamlined designs, to improve the efficiency of high-resolution animal MRI
scans. To this end, the animal coil designs should have the following features: 1) enable
high SNR (to be exploited for improved resolution and/or scan time), 2) have appropriate
animal-restraining mechanisms to reduce motion and help obtain reproducible results, 3)
be easy to use with integrated life support and monitoring devices, 4) be easy to clean to
prevent contamination, and 5) be robust with mechanically-stable coil formers and proper

cable management.

This dissertation continues in the following form:

e Chapter II contains a literature survey of existing techniques used in animal MRI
coils. The decision-making of using anesthetics is also briefly reviewed in this

chapter.

e Chapter Il describes a novel receive coil array with a compressible coil former for

mouse imaging to address the issues of coil coupling and size variation of mice.
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Chapter IV describes a streamlined design approach for implementing a 6-channel,

general-purpose mouse array coil.

Chapter V presents the application of this streamlined design approach to a 10-

channel head array for awake marmoset imaging and

Chapter VI describes a 12-channel spine array for anesthetized marmoset imaging.

Chapter VII summarizes the streamlined design strategy and enabling tools used

in this dissertation.

Chapter VIII contains conclusions and future work.
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CHAPTER 1I

BACKGROUND

A successful small-animal MRI coil should be built to reduce preparation time before
scans, and to reduce the time required for the MRI scan itself. The former is important
because it reduces the exposure of anesthesia to the animal, and can be done through
innovative mechanical designs. The latter is even more important because some studies
require high temporal resolution to capture dynamic contrasts, such as blood flow in MR
angiography and hemodynamics in fMRI. Various parallel imaging techniques have been
developed to accelerate the imaging speed of MRI, and this is generally achieved by the
combination of receiving array coils and/or special MRI pulse sequence designs. In this
chapter, the effects of anesthesia on small animals are briefly reviewed in “Anesthesia,
animal physiology and the effects on coil design” section, followed by the review of
current coil designs for mice and marmosets in “Coil design technology: the birdcage coil”
and “Coil design strategy: coil array and small-animal imaging in mouse and marmoset
applications” sections, and finally the basis of parallel imaging techniques is reviewed in

“MRI technology: parallel imaging techniques” section.

Anesthesia, animal physiology and the effects on coil design
Anesthesia is commonly used in animal studies to minimize motion artifacts as well as
reduce stress to the animals. Although the death rate introduced by anesthesia is low, some
studies show that general anesthetics can cause neurotoxicity, especially for young

subjects or when excessive dosage is used [67, 69-71]. Routine anesthesia administered
12



during animal surgery is generally safe. However, some fatality does occur, and many of
the deaths are related to human errors, such as lack of close observation [67]. Therefore,

monitoring physiological status when anesthesia is administered is very important.

The need for anesthesia also depends on the methodology and science in question [59, 72,
73], and this is because different anesthetics have different temporal and spatial effects on
cardiovascular functions [46-54], neurovascular couplings (see [55-59] for reviews), and
other effects [60-65]. Recent studies also show that animals have stronger and faster

hemodynamic responses in the awake condition [27, 66].

Although awake animals show higher response to external stimulation, awake animal
studies are very challenging because data is susceptible to motion artifacts, restraint-
related stress/discomfort, and environmental conditions [74, 75]. To reduce artifacts, it is
necessary to combine innovative mechanical designs and animal training when anesthesia

is not used [27, 74-78].

The following sections will review well-established coil design terminology and

technology that will be employed in the rest of this work.

Coil design technology: the birdcage coil
A homogenous B; field is usually desirable for medical diagnosis and accuracy in imaging
and spectroscopy applications. Hayes introduced the birdcage coil in the mid-80s [79, 80].
For the next decade, it became the go-to coil for imaging and spectroscopy because of its

highly homogenous B field—even after Roemer proposed the application of phased array
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coils in the mid-90s [37]. A birdcage coil can be seen as a resonant structure built by a
series of lumped elements as a balanced delay line on a cylindrical surface. The structure
of a birdcage coil consists of two circular conducting loops, parallel to each other, with
multiple conducting rungs connected in between. The conducting loops are usually
referred to as “end rings” and the conducting rungs are sometimes referred to as “legs” or
“rungs.” To further explain how a birdcage coil works, it is easier to consider the structure
of a birdcage coil as repetitive meshes inductively (low pass) or capacitively (high pass)
coupled with adjacent elements. Therefore, it is also convenient to treat a birdcage coil as
a periodic structure that represents a transmission line with finite phase shift from each
mesh. In addition to the linear mode, the efficiency of a birdcage coil can also be improved
by operating it on the quadrature mode. Although birdcage coils have these desirable
features, predicting the resonance frequency systematically and easing the design process
remained to be improved. Vullo [81] and Tropp [82] propose practical design procedures
to help in designing birdcage coils. While it is possible to predict the resonance frequency
of a birdcage coil using three-dimensional numerical simulations, Leifer [83]
demonstrated the quasi-static approach to predict the resonant and the spatial modes of a
birdcage coil. His work is important for designing a birdcage coil because his approach is
applicable and accurate enough for both high-pass and low-pass birdcage coils with or
without a shield. His approach is also easier to understand and correlate with practical

design procedures than simulation-based approaches.

Chin et al. published the BirdcageBuilder program [84] and introduced this easy-to-use

tool to the community of coil engineers. BirdcageBuilder can calculate the values of
14



lumped elements based on the dimension of the coil, type of coil (high-pass, low-pass or
band-pass) and with/without shield. The BirdcageBuilder program is now available both

online and offline.

Coil design strategy: coil array and small-animal imaging in mouse and marmoset
applications
The first major challenge to address is the inherent lower SNR due to the small size of a
mouse. To offset the 4000-time weaker signal produced in mouse imaging [30], SNR can
be enhanced by scan repetitions/averages, higher magnetic fields and specialized probes
[85]. However, the number of averages is limited in in vivo mouse imaging due to safety
concern with extended exposure of anesthesia, especially for diseased mouse models. As
the magnetic field of a scanner is usually predetermined and increasing repetition scans is
limited in in vivo imaging, improving SNR through specialized probes remains an area of
opportunity/freedom. Decreasing the size of an RF coil increases local sensitivity where
it is close to the coil [85, 86]. Furthermore, when an array of small coils is used, it is
possible to cover a larger area of interest and keep high SNR. However, while the imaging
depth can be maintained by array design [40], the copper loss (the resistive loss of the
conductor itself and eddy-current loss of neighboring conductive components) and

shielding effect [31, 87] still limits the minimal size of the loop coils.

Higher heart and respiratory rates, presents a huge concern for in vivo mouse MRI in terms
of motion artifacts. When motion occurs during the readout gradient, motion-blur rings

are introduced in the image [88]. If motion occurs between phase-encoding steps, ghost
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artifacts are introduced along the phase-encoding direction in the image [89]. To reduce
the level of motion artifacts, a common solution is using the double gating technique. This
technique uses blanking during respiration and only sends the trigger signal to the MR
scanner when the predetermined cardiac phase is detected. In in vivo mouse MRI, cardiac
gating is usually done by electrocardiographic (ECG) detection. As for respiratory gating,
it can be done directly using additional hardware [90-101] or indirectly using additional

acquired MR signal either in real-time or post-processing [90-103].

In addition to the two major challenges stated above, in vivo mouse imaging also requires
different kinds of fabrication techniques to miniaturize the coil and related systems.
Furthermore, as the dimensions of the coils get smaller, the consideration of sample-noise-
dominance might pose a limitation to certain types of coil designs. For routine in vivo
mouse imaging, enabling the use of animal protocols and software also needs to be

considered from the early stages of the design process.

Individual technology advancements, which were mentioned above, have made fast mouse
MR imaging possible. Several groups have reported work of array coils for imaging mice
on clinical scanners as well as high-field animal systems [104-110]. However, the
development of high performance coil arrays remains painfully time consuming, and little

attention has been made on the user interface which simplifies the experimental setup.

MRI array coils for common marmosets are still a new area of development in animal MR
imaging. As a relatively new animal model, in contrast to mice, very few array coils are

reported for common marmosets [111, 112]. Common marmoset coils share similar
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technological challenges of other small-animal coils. When anesthetized, the heart rate of
common marmosets is usually 200-250 beats/min [113], which still poses a challenge for
cardiovascular and spinal imaging. Currently, the use of common marmosets is focused
on brain studies, and MRI array coils for awake marmosets are the most desirable. To this
end, specialized mechanical designs need to be integrated into the array coil to ensure

reproducible results.

MRI technology: parallel imaging techniques
Although MRI provides adjustable soft-tissue contrast noninvasively, a long scan time has
always been considered a limitation of MRI. Compared with computer tomography (CT)
and ultrasound, the imaging speed of clinical MRI is calculated in terms of minutes. This
disadvantage not only makes MRI scans uncomfortable for certain patients, it also limits
certain applications which focus on organs that move (such as the heart) and contrast that
changes (such as flowing blood in angiography). Some sequences allow for a short TR,
such as balanced steady-state free-precession, but require strong gradient amplifiers to
alter the magnetic field gradient rapidly. A rapidly changing magnetic field also causes a
physiological problem because it can induces an eddy current that stimulates peripheral
nerves [114-116]. Finally, fast multi-echo sequences, such as fast spin echo, introduce
much concern in specific absorption rate (SAR) which limits the shortest TR for in vivo

imaging [117].

Fortunately, parallel imaging techniques which accelerate imaging speed can mitigate

these problems. By combining an array coil and image reconstruction, parallel imaging
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not only shortens the scan time or increases spatial/temporal resolution, it also makes
heart, MR angiography and many other applications feasible. Parallel imaging techniques
are generally categorized as image-domain techniques (such as sensitivity encoding,
SENSE [35]) and k-space approach (such as simultaneous acquisition of spatial
harmonics, SMASH [118] and generalized autocalibrating partially parallel acquisitions,

GRAPPA [119]).

As a Fourier modality, MRI data is acquired in k-space which contains spatial frequency
information of the final image, and the final image is calculated through the Fourier
transformation of k-space data. To accelerate MRI, therefore, parallel imaging techniques
accelerate imaging time by undersampling the acquisition of full k-space data, and
reconstruct final images with the additional information provided by array coils. In
SENSE, the sensitivity patterns of array coils are used to estimate alias-free images in an
image domain. In GRAPPA, an autocalibration signal (ACS) is used to estimate the
skipped k-space data, and the alias-free image is reconstructed through Fourier transform
of the estimated full k-space data. GRAPPA is considered to be the more robust approach
in cases where the sensitivity map is difficult to estimate due to lower signal in lung and
sinus areas. The GRAPPA approach is also more suitable for subjects which are more

susceptible to motion.
For SENSE, the signal-to-noise ratio (SNR) is defined as:

SNR _SNR
Pl g\/ﬁ
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Where R is the acceleration factor and g is the coil geometry factor, or “g-factor” in short.
Acceleration factor means R-times fewer data is acquired. G-factor relates to the geometry
of the receiver array and the correlation between array coils. G-factor is always greater or
equal to one, and g-factor is larger in areas where the sensitivity of each coil is correlated.
Usually, the g-factor is higher at the center of the subject where the coil sensitivity pattern
is the most similar. This is also the reason that the accelerated image shows lower SNR at

the center of the subject.

When MRI is accelerated through GRAPPA, the SNR can be estimated in the same way
that SENSE does. The GRAPPA g-factor, though, is calculated differently from SENSE.
The SENSE g-factor is derived from the coil sensitivity profile, and the GRAPPA g-factor
is derived from the GRAPPA weights. Although SENSE and GRAPPA g-factors are
derived differently, they are usually similar because both factors originate from the coil
sensitivities. That said, recently, it has been shown that GRAPPA g-factor can be
improved by accelerating in two directions and offsetting k-space sampling points

(CAIPIRINHA) [120, 121].

Summary of background and moving forward
Coming from the technology developed for human MRI, the building blocks—from coil
array hardware to parallel imaging technology—are ready to tackle the challenges of lower
SNR in small animal imaging. Gating, anesthesia delivery, life support and physiological
monitoring devices are available to meet basic needs in small-animal MRI. However, as

more array elements are used in the limited space inside an animal scanner, the fabrication
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methods used on human coil arrays become increasingly challenging. During our
investigation, we also found that coil circuits need to be modified in order to work properly
in certain extreme conditions. Furthermore, when the size of coil elements approaches the
scale of small animals, the difference of loading from one animal to another varies greatly,
and this makes optimizing the SNR for one-size-fits-all coil arrays difficult. The
complicated experimental setup of small-animal MRI experiments stems from the inability
to communicate with animals. The complicated experimental setup not only increases the
burden on lab personnel but also increases animal exposure to anesthesia leading to safety

concerns.

The goal of this work is to bridge the technology gaps between human coil arrays and
small-animal arrays. A streamlined design approach is proposed to facilitate the
development of coil arrays using modified coil circuits, new materials and new assembly
techniques. Through system-level integration, the experimental setup is also streamlined

with reduced complexity.
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CHAPTER III
GEOMETRIC DECOUPLING OF A MOUSE ARRAY COIL USING A DUAL
PLANE PAIR DESIGN WITH CRISSCROSSED RETURN PATHS AND

COMPRESSIBLE COIL FIXTURE*

Receive array coils traditionally employ a combination of active and/or passive detuning
configurations in order to decouple from the transmit coil during transmit phase of the
MRI sequence [37, 122]. However, in space limited situations, such as working with small
bore systems or with array coils on small samples or animals, this requirement can be
difficult to realize. Planar pair and dual-plane pair (DPP) coil designs can passively
decouple coil elements from the transmit coil due to their counter-rotating flux paths on
either side of the element [123]. Therefore, without the need for active detune circuits and
PIN diode signal lines, the challenge relating to limited space is alleviated; however, we
have noted that for certain element sizes, the loop mode of the receiving element can
couple to the volume coil, independent from the imaging mode, and causes signal loss at

the peripheral areas of the imaging subject.

This chapter presents a 10-channel array coil with an element design that uses a dual plane

pair configuration with “crisscrossed” return paths (DPPX) as the receive element to

*© 2014 IEEE. Reprinted, with permission, from Wen-Yang Chiang and Mary P.
McDougall. Geometric decoupling of a mouse array coil using a dual plane pair design
with crisscrossed return paths and custom mounting fixture. Engineering in Medicine and
Biology Society (EMBC), 36th Annual International Conference of the IEEE, August
2014.
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geometrically decouple the array coils from the transmitting volume coil. An approach for
an adjustable custom fixture is also described that allows the receive array to maintain
close contact with varying sizes of mice while maintaining the decoupling condition in the

transmit coil.

Materials and methods
Background of Dual Plane Pair with Crisscrossed Return Path (DPPX)
Our group previously has reported the ability of the DPP element to decouple from the
transmit coil without any active detune network due to flux being induced in equal and
opposite directions in the two halves of the coil [123], as is illustrated in Figure 1. During
our investigation of applying the DPP coil array to mouse MRI, we found that the loop
mode of the DPP coil formed by the return paths causes local signal loss due to coupling
when the imaging subject is too close to the DPP array. We designed the DPPX array to

alleviate this problem.

Figure 1. Conventional DPP coil and its static current flow.

Hllustration of Loop Mode Effect
To illustrate the issue, we manufactured the traces-only (without lumped elements) of

DPP-like coils with three different types of return paths: a conventional DPP coil, a DPP
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coil with shorted return paths (intended to change the size of the loop coupling to the
transmit field), and a DPPX coil. The trace-only coils with different return paths are
shown in Figure 2. We placed each type of trace under a cylindrical CuSO4 phantom and
imaged each assembly using our birdcage coil which will be described later. The imaging

parameters are shown in Table 1.

Figure 2. Trace-only DPP-like coils without any capacitors. These coils were built to
validate the induced current being cancelled on the return paths of the DPPX coil.
(a) Dual plane pair. (b) Dual plane pair with shorted return paths. (¢c) Dual plane
pair with criss- cross return paths.

Static Field Simulation
To estimate the radio frequency field strength (B: field) of the DPPX coil, a
straightforward static approach was used. We assumed the cross sectional area of the
conductor compared with the length of the coil to be small, and therefore approximated
the current flow on the conductor to be on an infinitely thin wire located at the geometric

center of the conductor.

The DPPX coil was designed in Eagle software, and the trace pattern was exported to our
in-house Biot-Savart routine implemented on MATLAB. The trace of the DPPX coil was
first discretized into 1-mil (0.0254 mm) filaments, and current intensity and direction were

assigned to each filament to simulate current flow.
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We simulated the B; field of the DPPX coil with currents as shown in Figure 3 enforcing
twice the current on the signal line than in either side of the return paths and enforcing

180° phase difference between the signal and return paths.

Figure 3. Current directions for the static simulation.

DPPX coil
The PCB of the DPPX coil was manufactured by Sunstone (Mulino, OR, USA) as shown
in Figure 4(a) and (b). The trace width of the signal line was 30 mil (0.76 mm) and the
trace width of the return path was 16 mil (0.41 mm). The width of each crisscrossed loop
was 198 mil (5.03 mm), and the length of the signal line was 1855 mil (47.12 mm). In
Figure 4(C), capacitor C1 = 18 pF (Passive Plus, Huntington, NY) was carefully chosen
to ensure the difference of current phase between the signal line and the return paths is
180°. To choose the value of C1, we varied the values until there were no null-spot artifacts
in the MR images. The variable capacitors C2 and C5 (1-5 pF, Johanson Manufacturing,

Boonton, NJ, USA) were used for adjusting the tuning and the matching of the DPPX coil.
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Figure 4. DPPX coil. (a) top side showing the crisscrossed return paths, (b) bottom
side showing the signal line, and (¢) schematic of single DPPX coil. The coil is tuned
by C2 and C3 and matched by C4. The value of C1 was carefully chosen to make
sure the current phase between the return paths and the signal line was 180°.

Adjustable Coil Holder
An adjustable coil holder was designed to accommodate different sizes of mice as shown
in Figure 5. The ten DPPX coils were placed on two pieces of fixtures—five DPPX coils
on the top of the mouse and five on the bottom of the mouse. Each set of five DPPX coils
were arranged on a cylindrical surface with curvature of 0.75” (19.05 mm). To better
control the coil-to-coil interactions and minimize off-centered loading problems, we
designed a scissor-jack-like mechanism which lets the top five DPPX coils and the bottom
five DPPX coils move equal distance from the center of the birdcage coil. In addition, this
design allowed the DPPX array on the top, the DPPX array on the bottom, and the birdcage
coil to always be parallel to each other regardless the travel of the DPPX array coils. This
demonstrates how human cardiac arrays can be applied to mouse-sized arrays while
reducing the chance of coupling to other birdcage modes such as end-ring mode. Flexible
micro coax (K 01152-07, Huber+Suhner, Switzerland) was also used to allow the coil

holder to move without obstruction.
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Figure 5. The scissor-jack-like mechanism of the transformable coil holder for the
DPPX receive array. This mechanism can adapt to difference sizes of specimen. (a)
Position for the smallest specimen and (b) position for the largest specimen.

Pre-amplifier
WanTcom pre-amplifiers (“preamp” in short, WMA4R7A, Chanhassen, MN, USA) were
used to for preamp decoupling which reduces the interactions between receive and
transmit coils [37]. The preamps were placed parallel to the By field to increase stability.
The preamps were installed on a propeller-like former as shown in Figure 6(a). Because
of the ground plane under each preamp, this arrangement reduced the interference between

each preamp compared with traditional same-plane arrangement.

Traditionally, a coil is connected to a pre-amplifier using either pin headers or an RF
connector. This allows the coil to be disconnected from the pre-amplifier when adjusting
tuning and matching of the coil is needed. However, repeated coupling of RF connectors
might damage the junction between an RF connector and the coaxial cable—especially
for semi-rigid cables. And, when pin headers are used, preamp decoupling might be
slightly compromised if the pin headers are not inserted in a consistent manner. To this
end, we incorporated switching connectors (R199006813, Radiall, Rosny-Sous-Bois,
France) on the preamp module, as shown in Figure 7 and Figure 6, to help adjusting the
tuning and matching of the array coil. The mechanical switch inside of the switching
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connector directs the coil signal to the preamplifier by default; while it redirects the coil
signal to the network analyzer when the external connector is plugged in. This allowed us
to tune the DPPX coil without compromising the stability of the optimal length for preamp
decoupling, and the coaxial cables were also permanently soldered on the preamp module

for increased stability.

During our previous investigation, we found that a stable power source to the preamps is
critical for multi-channel array MRI. When 10 preamps (200281, MicroWave
Technology, Inc., Fremont, CA, USA) are used simultaneously and supplied by a bench-
top power supply, the supplied voltage input can drop as much as 6 V during the receiving
stage of MRI. This voltage-drop resulted in inconsistent image quality and hence limited
the minimal repetition time (TR). To increase the stability of the preamps, voltage
regulation and vent holes were incorporated on the array coil. According to WanTcom,
the p-p voltage variable of the power source of the preamps should be less than 5 mV to
ensure the stability of the preamps. However, because the voltage resolution was limited
to 18 mV for £12 V of dynamic range on our oscilloscope, we were only able to achieve

18 mV of peak-to-peak variation when C3 and C4 in Figure 7 were properly chosen.

The stability of the preamps was tested by powering-on the preamps for over 24 hours and
checking the preamp decoupling afterwards. The stability of the voltage regulation was

tested by monitoring the voltage output of the power supply during MR imaging.

The power supply of a preamp is usually mixed with the RF output line on commercial

MR scanners. The advantage of this design is better cable handling and prevention of
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interference between the DC power supply line and the RF signal line. WanTcom preamps
allow users to choose either supplying the power source through the RF output port or
through the dedicated DC port. We chose to supply the power source through the DC port
to simplify and streamline the development process. This way, we did not need to build
Bias tees for all the preamps when testing on the bench. In order to use the dedicated DC
port, an RF choke was used between the bypass capacitors C3 and C4 in Figure 7. Bypass
capacitor C5 was also needed after the output port of the preamp to protect the preamp

and the receiver.

Figure 6. Preamplifiers with RF switching connector. The covers were removed to
show the voltage regulator and the 10 preamplifiers. (a) The power supply of the
preamps was regulated by the voltage regulator, shown on the left, before entering
the preamps shown on the right. The 10 preamps were arranged on a propeller-like
former to minimize the overall space required for the 10 preamps. Because of the
shielding plan under each preamp, this arrangement could also reduce the
interference between each preamp compared with traditional same-plane
configuration. This design also posed a better angle for coupling with the RF
switching connector. (b) One coaxial cable was connected to the RF switching
connector on the preamp module to measure the S21 between the receive coil and the
transmit coil. The circular cutouts provided easy access to the RF switching
connector on the preamp module. This design made the tuning/matching of the array
coils easier.
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Figure 7. Voltage regulator, preamplifier and switching connector.

Linear Birdcage Transmit coil
Ensuring equal and opposite flux induced in the two halves of the elements to achieve
decoupling from the transmit field requires the element to be operating in a very
homogeneous field. The trombone tuning design was used to ensure the homogeneity of
the transmit coil used here [124-127]. A 60-mm diameter, 16-rung, high pass birdcage was
constructed using 4" and 3/16” laser-cut acrylic sheets. Each length-adjustable rung
consisted of one fixed copper tube (ID/OD/Length: 0.1257/0.156”/3.8”; K&S
Engineering, Chicago, IL, USA) and one mobile copper tube (OD/Length: 0.156/3.8”;
K&S Engineering) which were coupled together. To tune the frequency of the birdcage
coil, one Nylon screw rod (1/2”-13) and two Nylon nuts (1/2”-13) were used to fine tune

the length of the rungs.

Imaging
Imaging experiments were carried out in the Varian Inova 4.7 T system. A cylindrical

CuSO4 phantom and a euthanized mouse were used to validate the decoupling between
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the adjacent DPPX receive elements and the coupling between DPPX coil and the transmit
birdcage coil. Each imaging subject was loaded between the DPPX arrays first, and the
arrays along with the imaging subject were inserted into the transmit birdcage coil
together. The imaging parameters are shown in Table 1. Sum-of-squares was used to

reconstruct the array image.
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Table 1. MRI parameters for imaging the CuSO4 phantom and the euthanized

mouse.

Imaging Protocol

Checking loop Mode of
Different Kinds of Array Imaging of
Imaging Traces Using CuSO4 CuSO4 Phantom and

Parameter Phantom Euthanized Mouse
Sequence Spin Echo Spin Echo
Echo Time (TE) 30 msec 30 msec
Repetition Time
(TR) 1000 msec 1000 msec
Field of View
(FOV) 50 mm x 50 mm 40 mm x 40 mm
Matrix Size 256 x 128 256 x 128
Slice Thickness 1 mm 1 mm
Number of

Excitation (NEX)

1 1

Results and discussions

The frequency of the maximum preamp decoupling was checked after the preamps were

powered-on on the bench for over 24 hours. No frequency shift was observed and this

showed that the preamps were stable. There was no voltage change at the output of the

power supply during MR imaging, and this showed that the voltage regulation can handle

the power consumption when 10 channels of preamps were used simultaneously.

An artifact formed by the return paths of the loop mode is illustrated in Figure 8(a-b). As

shown in Figure 8(c), the DPPX trace, however, did not have any visible artifacts on the

phantom image. The static B; field of the DPPX coil was simulated and normalized as

shown in Figure 9. The B, field was mainly distributed on the bottom (signal-line side) of

the coil as shown in Figure 9(b)-(e). The B field close to the DPPX coil was not
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homogenous along the long axis; however, the difference in imaging depth was fairly

consistent, especially considering the volume under the middle four crisscrossed loops.

During bench measurement, as shown in Figure 6(b), we found that the position of the
transformable coil holder had very little effect on the tuning or matching of the DPPX
coils or the birdcage coil. When the DPPX array was loaded with the CuSO4 phantom and
placed inside of the transmitting birdcage coil, the S»; between each DPPX coil and the
birdcage coil was -19 dB (for the DPPX coils on the sides of the array) to -54 dB (for the

DPPX coils at the center of the array).

Phantom images are shown in Figure 10. The images received by the individual DPPX
coils showed localized imaging profiles seen in Figure 10(a). The SNR comparison
between the DPPX coil and the transmit birdcage coil is shown in Figure 10(c). As would
be expected, the sum-of-square image showed high SNR = 160 on the outside of the
phantom and decreased rapidly to SNR = 15 at the center of the phantom. The SNR of the
volume-coil image showed consistent SNR = 35. The SNR inside of the sum-of-square
image showed lower SNR than the volume coil, one indicator of high copper losses in the
elements. The homogeneity of the transmit-coil image with the array in place, as shown
on the right of Figure 10(b), is worth noting as an indicator of a lack of interaction between

the array and the transmit coil.

The MR images of a euthanized mouse are shown in Figure 11. Similar to the images of
the CuSO4 phantom, the SNR of the sum-of-square image was higher on the outside and

lower at the inside of the euthanized mouse.
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Figure 8. Images of a CuSO4 phantom with trace-only coils taped underneath. We
taped each trace-only coil under a cylindrical CuSO4 phantom (OD = 27 mm, wall
thickness = 300 pm), and we imaged the assembly inside of the transmitting birdcage
coil. Because the wall thickness of the phantom was so thin and the coils were taped
right on top of the phantom, any induced currents on the coils would de-phase the
phantom signal and show shaded artifact on the image. Figure (a)-(c) show phantom
images when (a) traditional DPP trace, (b) traditional DPP trace with shorted return
path, and (c) DPPX trace were individually placed under the phantom

Figure 9. Contour plot of simulated static field of DPPX coil. The Bi1 field was
normalized to the maximum value inside of the 3-dimensional volume of interest. (a)
The top side of the DPPX coil. Dashed lines were color coded to indicate the location
of the B field at the (b) sagittal plane, and (c)-(e) different axial planes.
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Figure 10. CuSO4 phantom image acquired by the DPPX array and the transmitting
birdcage coil. (a) Phantom images acquired from individual DPPX coil. (b) (left) The
composed array image using sum-of-square method. (b) (right) The volume image
acquired by the birdcage coil when the DPPX array was inside of the birdcage coil
(image intensity was increased by five times for visualization). (¢) (left) The SNR of
the sum-of-square image. (c) (right) The SNR map of the volume image. The red
dashed line represents the SNR lower than the SNR received by the birdcage coil.

Figure 11. MR images of the mouse heart of an euthanized mouse. The image on the
left shows the sum-of-square image received by the DPPX array. The image on the
right shows the image received by the birdcage coil.

Conclusion
In summary, the array is extremely robust in regards to loading conditions, compact, and
mechanically adjustable to accommodate differently sized specimens. As intended, the
DPPX design successfully eliminated the coupling of the loop mode to the transmit coil.

Furthermore, the homogenous volume image of the phantom demonstrated that DPPX
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element is able to geometrically decouple from the transmit coil without the use of active-
detuning circuits. The images received by individual DPPX array elements also show good

decoupling between receive elements.

However, the copper losses from the DPPX elements will limit the use of this particular
array to surface applications. In addition, the characteristics of the elements might prove

useful when scaled to a larger size where sample loss dominance is more likely.
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CHAPTER 1V
STREAMLINED DESIGN OF 6-CHANNEL ARRAY COIL FOR GENERAL-

PURPOSE MOUSE IMAGING*

The signal-to-noise (SNR) benefit of using of array coils for mouse and other small animal
imaging is appealing for several reasons. Most foundationally, the increase in SNR can be
exploited to achieve the small voxel sizes required to resolve small animal features in a
reasonable scan time. A whole-body scan is usually not required in most popular
neuroscience, cardiovascular, muscular or abdominal studies, however, and the use of an
array coil can also provide the convenience of a one-size-fits-all solution, achieving the
SNR of a targeted surface coil for a variety of anatomies without moving the animal or re-

positioning a surface coil.

Several groups have investigated the design of array coils for mouse imaging. Keil ef al.
have reported the design of a state-of-the-art, 20-channel, whole-body mouse array coil
based on a human 3T system [110]. The 20-channel coil array consists of 4 tiers of 5
circularly arranged receiving coil elements which provide both whole-body volumetric
coverage and parallel-imaging capability along any directions. While the 20-channel array

coil is versatile, the large coil size does not fit in high-field animal scanners and high-

*© 2015 ISMRM. Part of the data reported in this chapter is reprinted, with permission,
from Wen-Yang Chiang and Mary P. McDougall. Streamlined construction of a six-
channel mouse array coil with 3D printing. Proceedings of the 23rd Annual Meeting of
ISMRM, Toronto, Ontario, Canada, May 2015.
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channel-count receivers are not widely available. Instead of full-body coverage, the eight-
channel mouse coil array reported by Lanz et al. focused on the local mouse anatomy on
a high-field 9.4 Tesla preclinical system [106]. The 8 receiving coils tightly encircle a
mouse (up to 30 g) and provide excellent parallel-imaging capability for local anatomy of
interest. The 4-channel one-dimensional receiving array reported by Garies et al. [105]
provides a simple solution for mouse spinal imaging with enhanced SNR. However, while
SNR is increased for tissue adjacent to the receiving coil array, the SNR suffers greatly

for tissue further away.

Fabrication of array coils for small animal imaging is challenging for several reasons.
Geometric decoupling [37] in small-animal array coils is more susceptible to human error
and inter-coil inconsistency—due to the fact that sub-millimeter changes of overlap
between adjacent coils can affect geometric decoupling greatly. Although printed-circuit-
board-based coils can reduce this kind of fabrication error, wire construction is preferred
for a higher unloaded-to-loaded Q ratio [87, 110]. Traditionally, the outlines of wired coils
are either hand-drawn, milled by a milling machine or transferred from a stencil onto the
coil former. Regardless of the ways to place fiducial marks on the coil former, the
dimension of the coils and amount of overlap are adjusted iteratively and manually. The
process is usually time-consuming, and it is also difficult to maintain consistency among

all the coils.

In addition, it can be difficult to maintain sample noise dominance when constructing

small coils and the construction of high-Q elements is of increased importance. Another
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significant challenge in the construction of arrays for small animals is the limited space in
standard (small bore higher field) animal scanners for traditional hardware such as

baluns/cable traps, active decoupling networks, and low input impedance preamplifiers.

This work describes mitigating these challenges in making small-animal MRI coils by
discussing the design and construction of a six-channel array coil for imaging mice in a
4.7T/40cm scanner. 3D printing was used to allow for 1) repeatable and optimized
geometric decoupling, 2) ease of coil construction with wire elements for better
unloaded/loaded Q ratio, and 3) stable and repeatable field patterns from each element. A
sliding-bed mechanism was introduced to provide the ability to image any part of the
mouse anatomy without increased complication in the set up procedure. Custom designs
for integrating and managing the ECG/ respiratory gating wires and the delivery of

maintained anesthesia were also easily realized and integrated in a limited space.

Materials and methods

Calibration of 3D printer
A consumer-level 3D printer (Replicator 2, MakerBot Industries, Brooklyn, NY) was used
to help construct the mouse array coil. A calibration pattern was designed in SolidWorks
2013 (Dassault Systémes SolidWorks Corporation, Waltham, MA) as shown in Figure
12(a). The actual dimensions of the printout were measured using a caliper, and the
calibration curves in x-, y- and z-directions were plotted in Figure 12(b-d). Linear
regression was used to estimate the scaling factors in the x, y and z directions. Based on

the calibration curves, Netfabb (Parsberg, Germany) software was used to scale the
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original 3D models by 100.69%, 100.35% and 100.45% in x, y and z directions,
respectively, before the 3D model of the coil former was printed using the Replicator 2

3D printer.
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Figure 12. Calibration of Replicator 2 3D printer. (a) Custom design of calibration
pattern, and (b-d) calibration curve in x-, y- and z-directions.

Design and construction of 6-channel array coil
Geometric decoupling assisted by 3D printing
To demonstrate the precision/utility of 3D printing for geometric decoupling, coil formers
(ID = 31.75 mm and OD = 38.1 mm) were designed in SolidWorks 2013 (Dassault
Systémes SolidWorks Corporation, Waltham, MA) CAD software as shown in Figure 13.
The pattern of the 6 loop coil was drawn on a 2D sketch plan, and the sketch was etched
on the cylindrical coil former using the “wrap” feature. The diameter of each loop coil was

calculated based on the predetermined percentage of overlap as follows:
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circumference of coil former

Diamet l L=
iameter of loop coi 6(1 — percentage of overlap)

A total of 4 formers with 23%, 25%, 27% and 28% of overlap were designed. The
corresponding diameters of the coil elements were 25.91 mm, 26.60 mm, 27.33 mm and
27.71 mm, respectively. After the CAD designs were exported as STL files from
SolidWorks, Netfabb software was used to scale the 3D models according to the
calibration values mentioned above in X, y and z directions. The models were printed using
an in-house modified Replicator 2 3D printer using polylactic acid (PLA) material.
Standard quality (2 shells, 10% in-fill and 0.2 mm layer height) was used for 3D printing.
Tetrahydrofuran was lightly applied on the coil formers to remove minor surface defects
which are commonly seen on parts printed by consumer-level 3D printers. During our
investigation, we found that the hardness of PLA treated with tetrahydrofuran change
slightly over time. To minimize error resulting from the changes in the material properties,
each former was rested in a well-ventilated location for more than 48 hours before coils
were installed on the coil formers. The tuning/matching boards of the coil elements were
made by a milling machine (H100, LPKF Laser & Electronics AG, Garbsen, Germany),
and fixed on the coil formers with double-sided tape. AWG 22 wires were pushed inside
of the grooves on each coil former. For each coil former, only two adjacent coils were
populated. To determine the optimal overlap, each pair of adjacent coils was connected to
a network analyzer. S11 measurement was used to observe mode splitting in the heavily
coupled condition, and S>; measurement was used to quantify the interactions between

lightly coupled adjacent coils. After the optimal overlap was determined, six array coils

40



were fully populated on the final former with the same amount of overlap as shown in

Figure 14.

Figure 13. Coil former with the etched pattern of coils and tuning/matching boards.
The dimensions of the coil former are ID = 31.75 mm and OD = 38.1 mm. The 3D
model shown here uses 27% of overlap for geometric decoupling. The triangular
etched pattern is to help in 3D printing without requiring a support structure.

Figure 14. The construction of the 6-channel receive array. The variable capacitor
on the left side of the coil is for tuning, and the variable capacitor on the right is for
noise matching. A fixed capacitor is soldered under the latter variable capacitor to
save space. The cable trap is mounted on a vertical printed circuit board. The PIN
diode signal is fed through white-and-green twisted pairs in line with RF chokes in
green.

41



c5

Ccé6
N
—
LYY Y
C1 c2
YY"\
ca L RFC
L2 D1
RFC

Figure 15. Circuit schematic for each coil element. Capacitors C1 and C2 are for
tuning. Capacitors C3 and C4 are of equal value and serve as an impedance divider
at the coil output. Because the impedance at the coil output is small, the inductor L1
is used along with capacitors C5 and C6 for easier noise matching to 50 Q. Active
detune is done by forward-biasing diode D1 therefore C4 and L2 are resonated at
Larmor frequency. The semi-rigid coaxial cable was wound for 5 turns on a #38 drill
bit and resonated with C6 to suppress common mode currents. The length of the
semi-rigid cable is adjusted until the low-input impedance of the preamplifier (not
shown here) is presented to the coil. (C1 = 6-25 pF, C2 =15 pF, C3 = C4 =39 pF, C5
= 6-25 pF, C6 =15 pF, C7=15-20 pF, L1 =22 nH and L2 =17 nH.)

Tuning/matching of array coil

The circuit schematic of each coil element is shown in Figure 15. The variable capacitor
Cl = 6-25 pF (9702-6, Johanson Manufacturing, Boonton, NJ, USA) and the chip
capacitor C2 = 15 pF (Passive Plus Inc., Huntington, NY, USA) were used for tuning.
Compared to placing the tuning capacitor at the coil output, moving the tuning capacitor
to the far side not only presented better quasi-static condition of the coil, but also

optimized the usage of the limited coil former footprint. The chip capacitors C3 and C4
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served as the impedance divider at the coil output. The variable capacitor C5 = 6-25 pF,
the chip capacitor C6 = 15 pF and the inductor L1 = 22 nH (B07T, Coil Craft, Cary, IL,
USA) were used for noise matching to 50 Q. The inductor L2 = 17 nH was used to resonate
the capacitor C4 as the active detune trap when the PIN diode (MA4P7470F-1072, M/A-
COM Tech, Lowell, MA, USA) was forward-biased. PIN diode signal was fed through a
twisted pair of wires and two RF chokes (Bourns, Riverside, CA, USA). Each PIN diode
signal line could be individually controlled by a PIN header for testing purposes. Because
the PIN diode signal was not mixed with the RF line, no specialized interface boxes or
bias tees were needed for bench testing, and the design of the active trap was independent

from the matching capacitor/inductor.

An unshielded cable trap was constructed to suppress the common mode current for each
coil element. The cable trap was soldered on a separate, printed circuit board which was
mounted vertically to the coil. This allowed the cable trap to be tuned individually. The
semi-rigid cable (EZ 47-Cu-TP, EZ Form Cable Corporation, Hamden, CT, USA) was
wound on a #38 drill bit for 5 turns, and a 15-20 pF capacitor was used to tune the cable
trap to the Larmor frequency. Although the cable traps were unshielded, no coupling

between coils or between cable traps was observed.

Preamplifier and preamp decoupling
Preamplifiers were used for preamp decoupling. The design of the preamplifier modules,
as shown in Figure 16 , was based on the design presented in Chapter III and our previous

report [ 128]. While the original design supported up to 10 preamp modules, only 6 out of
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10 preamp modules were used because there were only 6 receiving elements in this mouse
array coil. One PIN diode signal input was added to support the active detune traps on the

6 receiving array coils.

Figure 16. Preamp modules and voltage regulator. The covers of these two
compartments were partially removed to reveal the internal constructions. (left) The
right-angle SMB connector shown on the top was the input for the PIN diode signal
which controlled the active detune trap on the array coil. Because the power source
of the preamp modules was supplied by a bench-top power supply, it was necessary
to regulate the power input through a voltage regulator, shown in the middle, to
increase the stability of the preamps. (right) The 10 preamp modules were arranged
in a propeller-like former to 1) reduce the footprint, 2) pose a better angle for the RF
switching connector and 3) increase the isolation between the preamp modules.
While this design is applicable to general receiving array coils up to 10 channels, only
6 out of the 10 preamp modules were used here.

Bench measurement
A shielded transmitting birdcage coil (ID = 5.5 cm, nominal OD =9 cm and length = 12
cm) with four active detune traps was built as shown in Figure 17. A cylindrical phantom

(100 mM NaCl, ID =27.5 mm, length = 57 mm) was made as the load. A network analyzer
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was connected to the RF switching connector on the preamp module to tune and match
the array coil using S11 measurement. The array coil was tuned to Larmor frequency and
noise matched to 50 Q when the array coil was loaded with the phantom and placed inside
of the birdcage coil while the birdcage coil was detuned. The preamp modules were
supplied by 10 V, the outputs of the preamps were loaded with 50 Q terminations, and all
the array elements were enabled during the Si; measurement. The Sz1 measurement
followed immediately after the S11 measurement in order to estimate the coupling between
each pair of coils. During the measurements, only the two testing coils were enabled while
the other four coils were detuned. Each pair of coils were connected to a network analyzer
through RF switching connectors on the corresponding preamp module. A pair of double
probe overlapped for cancelation of flux from mutual coupling [129] was used to measure

unloaded to loaded Q ratio of the receiving coils.
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Figure 17. Transmit birdcage coil for mouse receiving array coil. (a) Four active
detune traps were installed at 45°, 135°, 225° and 315° to the coil output (bottom
right). The PIN diode signal to the active traps were supplied by twisted pairs in line
with RF chokes. The active traps were soldered and tuned on separate printed circuit
boards before being installed vertically to the end ring of the birdcage coil. (b)
Balanced matching capacitors and a cable trap were used to reduce common mode.
The variable capacitors were installed with a set of gears to ensure the capacitor
values of the two variable capacitors remained equal when the matching rod
(transparent rod shown on the bottom) was turned.

Mechanical designs for animal handling
To streamline in vivo mouse imaging, we designed a new mouse bed with integrated air
ducts for anesthesia delivery as shown in Figure 18. By integrating the traditional nose-
cone-like design into the mouse bed, the space inside of the array coil was better utilized
and the assembly was also simplified. The nozzle on the rear end of the mouse bed, as
shown in Figure 19(a), connected to the hot air hose which kept the body temperature of
the mouse at normal level. The mouse bed also supported a commercially-available mouse
sled with built-in cardiac/respiratory gating sensors (Dazai Research Instruments,
Toronto, Ontario, Canada and SA Instruments, Inc., Stony Brook, NY, USA). Bite bars
and ear bars were not needed because the mouse sled also served as the body constraint

for the mouse. As shown in Figure 19(b), a disposable transparent lining was used to wrap
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around the mouse bed for easy cleaning. Because the mouse bed was 3D printed, it was

also disposable and could be replaced easily after repeated use.

A twist-n-lock mechanism was designed to reduce the complexity of setting up in vivo
mouse imaging experiments as shown in Figure 20. By sliding the blue collar on the mouse
bed, this new mechanical design could securely position the mouse bed in the receive coil
when different parts of the mouse were imaged as shown in Figure 21. Prior to imaging,
the blue collar, shown in Figure 21(a), was moved to a designated position on the mouse
bed, and the area of interest was automatically positioned at the array coil when the mouse
bed was inserted as shown in Figure 21(b-c). Once the mouse bed was fully inserted, the
user twisted the mouse bed clockwise to lock the mouse bed in the array coil as shown in

Figure 20(c, d).

Figure 18. The design of the mouse bed for delivery of anesthesia and
respiratory/cardiac gating. (a) The CAD design of the mouse bed with integrated
nose cone for the delivery of anesthesia and structures for securing the mouse sled.
(b) The cut-away view shows the air duct for the delivery of anesthesia. (c) The actual
mouse bed with cardiac/respiratory gating sled made by Dazai Research
Instruments.
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(a) (b)

L

Figure 19. Mouse bed and body restraint using mouse sled. (a) The mouse sled served
as the restraint for the mouse, therefore, other types of restraints such as a bite bar
or ear bars were not needed. While the anesthesia was delivered from the integrated
nose cone shown on the right, the hot air, which maintains the body temperature of
the mouse, was delivered through the air tube (not shown in the photo) that was
connected to the white nozzle on the left. (b) A piece of transparent liner was wrapped
around the mouse bed before it was inserted into the array coil. This design
simplified the cleaning process after each mouse imaging.
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Figure 20. Twist-n-lock mechanism for reducing complexity of setting up an in vivo
mouse imaging experiment. (a) The 6-channel mouse receive array is inside the white
cylindrical cover shown on the top. The mouse bed in green with SAII’s mouse sled
are shown on the bottom. The separate green and white piece behind the mouse bed
was the clip that secured the hot-air hose. (b-d) The twist-n-lock mechanism helped
the user to load the mouse into the receiving array coil easily and consistently.
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(a) (b)

(c) (d)

Figure 21. An integrated locking mechanism allowed the position of the mouse bed
to be adjusted easily for imaging different parts of the mouse. (a) The collar on the
mouse bed was designed with two flexible flaps on both sides. Each flap has one tooth
to lock the collar to the array of teeth on the side of the mouse bed. The half-
cylindrical rails at the inner surface of the collar couple to the reciprocal grooves on
the mouse bed and prevent the collar from rotating when the position of the collar is
adjusted along the mouse bed. (b and d) These three positions demonstrate three
common imaging positions for brain, heart and abdominal imaging.

Phantom and in vivo mouse imaging
Phantom and in vivo mouse imaging was performed on a Varian INOVA 4.7T/40-cm
system to validate the proposed 6-channel mouse coil array. One cylindrical phantom (1
g/L CuSO4 and 5.4 g/L NaCl, ID = 27.5 mm, length = 57 mm) was used for phantom

imaging. The imaging parameters were as follows: TE = 30 ms, TR = 1000 ms, FOV =50
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mm X 50 mm, matrix size =256 x 128 and slice thickness = 1 mm. To avoid the variation
of noise figure and gain between the stock INOVA receiver and our in-house built multi-
channel receiver, the SNR comparison between volume coils and the proposed coil array
was performed via the stock INOVA receiver. The signal of each receive coil element was

received one-by-one.

The SNR achieved by the six-channel array was compared with 1) the transmit coil — a
linear birdcage coil built in-house (ID = 55 mm, OD = 84 mm) with 16 rungs and four
active detune traps, and 2) a commercial Varian 3.5-cm-diameter quadrature birdcage coil.
Inter-element consistency was shown by rotating the individual field patterns of each
element into alignment with one another. The intensity of the images received by
individual receiving elements were linearly normalized from O to 1, and the standard
deviation of the normalized intensity was calculated voxel-by-voxel. The fiducial marks

on the edge of the phantom were excluded in the analysis to prevent artifacts.

A previously reported [130] multi-channel receiver was used for acquiring multi-channel
MR data. Noise correlation matrix was used to evaluate coil coupling. The 6-channel coil
array was loaded by the phantom stated above, and noise-only images were acquired
without transmitting RF power. Noise correlation was estimated by in-house developed
MATLAB script and built-in CORRCOEF function, and the noise correlation between
any two channel 1 and j is defined as

corr _ <(Ni - .ui)(Nj - .uj))
oo var(N;)var(N;)
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where () is the expected value operator, var() is the variance operator, N; and N; are

noise-only images from channel i and j.

In vivo mouse imaging was performed under the animal use protocol approved by
Institutional Animal Care and Use Committee (IACUC) of Texas A&M University. The
mouse was restrained on a mouse sled (Dazai Research Institute, Toronto, Ontario,
Canada) and transferred onto the proposed mouse bed as shown in Figure 19(a). 1.5% of
Isoflurane was administered during the in vivo mouse imaging. The mouse vitals including
cardiac/respiration cycles and body temperature were monitored (Small Animal
Instruments, Inc., Stony Brook, New York, USA), and the concentration of Isoflurane was
adjusted accordingly to ensure mouse safety. Cardiac and respiration motion was not gated
to avoid variation of tissue contrasts. To reduce motion artifact without involving
advanced off-line gating techniques, four acquisitions were repeated, and the data was
combined in image domain. Three different parts of one mouse were imaged in one session
to demonstrate the ability of mouse handling and in vivo mouse imaging. The position of
the mouse bed was adjusted inside of the coil array, and sagittal images were used to
localize the location of anatomy of interest, and the axial images were followed. This

process was repeated 3 times for the in vivo imaging of mouse brain, kidney and bladder.

Results and discussions
The coils built on the coil formers with 23% and 25% overlaps were quickly discarded
because the Si1 measurements showed significant mode split which indicated large

coupling between adjacent coils. The best-case geometric decoupling out of the four tested
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cases was Sz1 = -17.4 dB at 27% overlap, when the diameter of the loop coils was 27.32
mm. As an example of the fine-tuning of geometrical decoupling enabled by 3D printing,
the S21 between the adjacent channels became -9.3 dB when the overlap was slightly
increased to 28% —even though the change in diameter was only 0.4 mm. The final receive
array coil was finished on the former with 27% of overlap as shown in Figure 14 and
Figure 22. Table 2 shows the Sz1 between each pair of coils when the other four coils were
actively detuned. For some adjacent coil pairs, we were able to further reduce the coupling
between the adjacent coils to -19.9 dB by tweaking the soldering spots of the AWG 22
wires on the tune/match boards. One should note that, because preamp decoupling could
not be used during the S>1 measurement, the actual isolation between the next-to-the-
nearest elements was underestimated. Preamp decoupling provided an additional 15-18

dB of isolation when the array coil was used for imaging in the MRI scanner.

For one single loop coil mounted on the coil former with 27% overlap, the unloaded to
loaded Q ratio was 143/102= 1.40. The unloaded to loaded Q ratio was measured again

after the full 6 receiving array coils were populated, and it slightly decreased to 1.30+0.03.

The phantom images received by the individual loop coils show clearly isolated and
consistent field patterns, as shown in Figure 23. In addition, as seen in Figure 24(a), the
homogeneity of the transmit coil image verified the absence of coupling between the
transmit coil and the receive array. Figure 24(b-c) indicates the sum-of-squares array
reconstruction showed an average SNR increase over the Varian quad birdcage of 2.64

times (max = 4.08, min = 1.21), slightly inflated by the sum-of-squares reconstruction
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from single-channel imaging (versus parallel reception with correlated noise). The
mapping of the normalized standard deviation between the field patterns of the six
elements is shown in Figure 25, indicating highly consistent/repeatable patterns from each
element (mean standard deviation = 0.15, max standard deviation. = 0.23, min standard

deviation = 0.07).

Noise correlation matrix demonstrated good isolation between receive elements in Figure
26 The maximum noise correlation coefficient was 15.5%, and the average noise
correlation coefficient was 3.7%. This demonstrated the efficacy of preamplifier

decoupling on top of geometric decoupling.

The capability of in vivo mouse imaging over different parts of a mouse is demonstrated

in Figure 27.

(b)

~

Figure 22. Over view of 6-ch mouse array coil. (a) The covers were partially removed
to reveal the internal construction. The array coil was divided into four
compartments: (from top left to bottom right) voltage regulator, preamp modules,
half-wave length cables and the 6-ch receiving coil array. (b) 6-ch mouse array coil
with mouse bed (blue and green at the bottom right) inserted. The holes on the covers
were for (from top left to bottom right) venting of the voltage regulator, access
windows for the RF switching connectors and access windows for
respiratory/cardiac gating sensors.
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Table 2. S21 measurement of 6-ch mouse receiving array coil.

Ch1 Ch2 Ch3 Ch4 Chs Cheé

Ch1 -14.5 -4.3 -5.5 -4.8 -19.9
Ch2 -14.5 -16.9 -4.6 -5.0 -4.5
Ch3 -4.4 -16.8 -17.7 -4.7 -5.6
Ch4a -5.1 -4.2 -17.1 -15.2 -5.2
Ch5 -4.5 -4.6 -4.7 -15.2 -15.2
Cheé -19.6 -4.3 -5.4 -5.2 -15.3

Figure 23. Phantom images received by individual loop coils showing decoupled field
pattern.
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Figure 24. Comparison of phantom images. The phantom images were received by:

(a) linear transmit coil, (b) 6-ch mouse array, and (c¢) Varian quadrature mouse
birdcage coil

0.5

0.25

Figure 25. Standard deviation of the normalized field patterns of the six receiving
elements. Each individual receiving coil had very similar sensitivity pattern,
especially for where it’s closer to the coil, and this demonstrated that the sensitivity
pattern was repeatable when the coil former was made by a 3D printer.

56



1
0.8
06
0.4
02

Figure 26. Noise correlation matrix of 6-channel mouse coil array. The maximum
noise correlation is 15.5%, the minimum noise correlation is 1.3%, and the average
noise correlation is 3.7%. This demonstrated effective geometric decoupling and
preamplifier decoupling.

Figure 27. In vivo mouse imaging using 6-channel mouse coil array. The array
images are combined with root of sum-of-square reconstruction. The brain, kidney
and abdominal areas are imaged individually. Mid-sagittal images of the mouse (a-
¢) are used to localize the anatomy of interest, and the acquisition of corresponding
axial images of brain (d), kidneys (e) and bladder (f) are followed. Motion artifact is
largely reduced with four averages except in (e) where the image quality of kidneys
is affected. Along top-to-bottom direction, roughly 3-pixel of chemical shift is visible
due to relatively short readout bandwidth (195.3 Hz/pixel). Good contrast between
gray matter, white matter and muscle is observed in all three segments of the mouse.

57



Conclusion
Our work shows that we can build an MRI receive coil array of good geometric decoupling
and consistent coil sensitivity using solid wires with the help of a consumer-lever 3D
printer. We were also able to, with a 3D printer, streamline the process of designing an
MRI coil array and systematically optimize geometric decoupling which leads to a

reduction in the number of iterations.

Higher unloaded/loaded Q ratio could be further improved by using thicker wires, copper
wires coated with silver or tubular conductors. Nonetheless, our design shows a new
method of designing an array coil with good unloaded/loaded Q ratio systematically. We
demonstrated the application of 3D printing to building a one-dimensional receiver array
for mouse imaging, but this method can also be applied to 2D arrays or even human-sized

head arrays.

Instead of a 3D printer, it is also possible to build a coil former with the same features
using a computerized milling machine. However, 5- or 6-axis CNC milling machines are
required to manufacture coil formers with complex geometries. To achieve the same
functionality and quality, milling machines are usually bulkier, less cost effective and less

easy to use.

The limitation of consumer-level 3D printers is the precision. As demonstrated earlier, the
actual dimensions of the printed object were 0.69%, 0.35% and 0.45% off from the
original CAD design along the x-, y- and z-directions, respectively. While the error was

seemingly small, it did affect the geometric decoupling. This error could be corrected by
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either changing the firmware of the 3D printer or pre-compensating the dimensions in the
CAD file, and we chose the latter for convenience. Before the dimensions of the CAD file
were pre-compensated, the Sz1 of adjacent loop coils varied by up to 9 dB—depending on
the location where the loop coils were installed. We were able to reduce the variation of
the Sz1 of adjacent coils to 5 dB after the dimensions of the CAD design were pre-
compensated. We believe that, with this kind of calibration, one can achieve more
consistent performance if the coil former is outsourced using professional CNC machines

or 3D printers for final production.

Finally, we demonstrated that using a 3D printer allows us to miniaturize the form factor
of the coil assembly by integrating the array coil, the mechanical support, commercial
auxiliary devices such as anesthesia delivery and respiratory/cardiac gating, and animal-
handling mechanisms together. This is also very important because animal MRI scanners

usually have a smaller bore size.
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CHAPTER V

10-CHANNEL ARRAY COIL FOR AWAKE MARMOSET BRAIN IMAGING*

Synopsis
A 10-element head RF coil array was developed for imaging the brain of awake
marmosets. A soccer ball design was used to improve whole brain coverage and parallel
imaging acceleration of our previous designs. Coil clips and PLA cement were introduced
to help with assembling small coil elements on irregularly shaped surfaces, and to optimize
geometric decoupling. The proposed matching network provided independent adjustments
of tuning, matching, active detune traps and preamp decoupling, which greatly simplified
the construction of coil arrays in space-limited applications and enhanced image signal-
to-noise ratio. Finally, molded-in foam padding was introduced to provide additional
comfort during awake marmoset imaging, and motion-artifact-free images with enhanced

cortical coverage were achieved for awake marmoset brain imaging.

Introduction
The common marmoset, Callithrix jacchus, is gaining popularity in neuroscience and pre-
clinical research [131-136]. Functional neuroimaging studies require awake animals to

allow the animal to actively attend to functional tasks, and to avoid the confounding effects

*© 2017 ISMRM. Part of the data reported in this chapter is reprinted, with permission,
from Wen-Yang Chiang, Cecil Chern-Chyi Yen, Mary P. McDougall and Afonso C.
Silva. A 10-element receive-only RF coil array for imaging the brain of awake marmosets.
Proceedings of the 25th Annual Meeting of ISMRM, Honolulu, Hawaii, USA, April 2017.
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of anesthesia on neurovascular coupling [55-59]. Indeed, anesthesia-free animals show

stronger and faster hemodynamic responses [27, 66].

We previously reported the development of individualized mechanical restraints and coil
arrays for awake marmoset brain MRI [112, 137, 138]. Because each marmoset has a
different skull size and shape, custom-made helmet systems, in conjunction with animal
training, are used to stabilize the head position during awake marmoset imaging. A sheet
of thin foam padding is glued inside of a helmet for the comfort of the marmoset.
Individualized tailor-made coil arrays [112] and a one-size-fits-all coil array [137] are built
between the foam padding and the helmet and outside of the helmet, respectively.
However, it is difficult to apply a planer foam padding uniformly inside of the irregularly
shaped helmet. Furthermore, after repeated use, we found that the thickness of the foam
padding does not recover fully. In order to address these issues, the helmet is designed to
be 1 mm tighter to compensate for the heterogeneous thickness distribution and the
gradual thickness reduction of the foam padding. However, this extra tightness makes the

marmoset less comfortable when a new helmet is being used.

As more array elements are used in the limited space inside an animal scanner, the use of
traditional coil fabrication methods becomes increasingly challenging. Moreover, in our
previous matching network design, shown in Figure 30(a), one inductor is shared between
the noise matching and active detune trap, and it is sometimes difficult to optimize for
both. For example, the inductor value is sometimes small (~3 nH) when the inductor is

optimized for noise matching. Such a small inductor value compromises the performance
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of the active detune trap because of the lower Q. In addition, the forward-biased PIN diode
presents a short at the input of the preamplifier after half-wave cable, and this, when the
matching capacitor fails or the transmit power is coupled to the matching network,
promotes power matching from the output of the coil to the input of the preamplifier.

Consequently, the preamplifier might be damaged.

Here we describe streamlined design techniques to develop a one-size-fits-all coil array
for awake marmoset brain imaging. Matching network, coil clips and PLA cement were
used to streamline the design and assembly process of the coil array, and a molded-in foam
pad was used to increase the marmosets comfort. A specialized head-and-brain phantom
was also proposed to help the development of the coil array. MR images of both the
phantom and of the awake marmoset were used to evaluate the performance of the coil

array.

Materials and methods
The marmoset head coil array was developed and tested on a 12-channel 7 Tesla Ultra
Shielded Refrigerated pre-clinical MRI scanner (BioSpec 7T/30cm USR, Bruker Biospin
MRI GmbH, Ettingen, Germany) interfaced to an Avance AVIII console (Bruker Biospin
MRI GmbH, Ettingen, Germany). Only 10 out of the 12 receiving channels were used in
this report. A previously developed [112] linear 16-rung birdcage coil with inner diameter
of 110 mm was used as the transmitting volume coil. The helmet design for awake
marmoset imaging was modified from the previous report [ 137] with minor improvements

over the left-to-right symmetry. All in vivo marmoset imaging was performed under the
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guidelines set by the Animal Care and Use Committee (ACUC) of National Institute of

Neurological Disorders and Stroke (NINDS) in National Institutes of Health (NIH).

Construction of marmoset head-and-brain phantom
A head-and-brain phantom was developed and filled with 4.5 g/L saline and 0.5 mM
Gadovist to help with the development and testing of the one-size-fits-all head coil array.
The dimension and the shape of the phantom was based on a whole-head MRI of the
largest marmoset in our colony using the volume coil and gradient echo sequence. The

imaging parameters are shown in Table 3.

The 3D models of the head and the brain were individually generated using ITK-SNAP
[139] (University of Pennsylvania, Philadelphia, PA, USA). Meshmixer (Autodesk, San
Rafael, CA, USA) was used for further post processing. Small surface defects in the 3D
models were smoothed, and the smoothed 3D models were mirrored to generate left-to-
right symmetric 3D models. Shells of the head and the brain were generated with the wall
thickness of 0.55 mm. The negative of the body-center-cubic structure was used to support
the brain shell inside of the head shell. This structure consisted of cutouts of 6-mm spheres
with 5.75 mm of distance between each sphere. Tubes were placed on the back of the head
shell, and holes were placed on the brain shell at the occipital lobe, frontal lobe and brain
stem to allow the dielectric solution to be filled inside of the brain shell. When the phantom
was filled with the dielectric solution described above, the body-center-cubic structure
inside of the phantom was used to help localize the volume of interest in the following

imaging test. The phantom was printed on a Projet 3510 (3D Systems, Rockhill, SC, USA)
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using VisiJet Crystal material at a resolution of 0.16 mm, and post-processed in a heated
mineral oil bath to remove the internal wax used as support material. Figure 28(d) shows
a cut-away view inside of the phantom, and (a-c) show the localizer MRI of the phantom.
The brain shell was aligned along the AC-PC line and midline when all the repeated

spherical pattern were of the same size on each localizer viewing plane.
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Table 3. Imaging parameters for generating marmoset profiles and validation of coil

performance.

Validation of coil performance

Generating head Phantom In vivo brain
Imaging Parameter profile imaging imaging
3D FLASH?, 2D FLASH?, 2D RARE®,

Sequence

Repetition time (TR, ms)
Echo time (TE, ms)
Average (NEX)

Field of view (FOV,
mm?)

Matrix size

Resolution (mm?)

Total scan time

2 Fast low angle shot [140].

Flip angle = 30°
15
1.7

4

76.8x76.8 x 76.8

160 x 160 x 160
0.48x0.48 x 0.48

25 min 36 sec

b Rapid acquisition with relaxation enhancement [141].
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Flip angle = 30°
700
4.4

1

512x51.2x24

256 x 256 x 24
02x02x1

2 min 59 sec

RARE factor =16

9000
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16

40x32x30

200 x 160 x 60

02x02x0.5

24 min 0 sec



Figure 28. 3D model and MRI of head-and-brain phantom. (a-c) MR images of the
custom phantom. When the ball pattern is aligned in 3 pilot views, the brain area is
aligned with AC-PC line and midline. (d) Cross sectional view of the CAD design of
the custom phantom. A “head shell” and a “brain shell” were derived from an MRI
of a marmoset, and body-center-cubic structure was used to support the brain shell
in the phantom. This phantom allowed us to localize the position of the brain area
consistently and help evaluate SNR distribution inside of the brain area without the
use of a marmoset.

Molded-in foam padding
An individualized helmet with molded-in foam padding was made for each marmoset. The
outer profile of the helmet followed the design in our previous report [137]. The inner
profile of the helmet was based on whole-head MRI of each individual marmoset using
the same gradient echo sequence as shown in Table 3 and the following steps: ITK-SNAP
was used to segment the head profile, and Meshmixer was used to smooth out minor
surface defects of the head profile. Note that, contrary to the process that makes the head-

and-brain phantom, the head profile was not mirrored here in order to better follow the
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actual head profile of each individual marmoset. A mold plug was generated using the
“Drape” command in Rhinoceros 3D (McNeel North America, Seattle, WA). The mold
plug was isotropically enlarged by 2 mm, and therefore the inner profile of the helmet was
generated in SolidWorks (Dassault Systémes SolidWorks Corporation, Waltham, MA,
USA). The helmet was 3D printed by a 3D printer (Replicator 2, MakerBot Industries,
Brooklyn, NY) using polylactic acid material (PolyMax PLA, Polymaker, Shanghai,

China) as shown in Figure 29.

Flow channels were added inside of the original mold plug, before 2-mm isotropic
enlargement, using SolidWorks, and the mold plug was printed by a 3D printer (Dreamer,
Flashforge, Jinhua, Zhejiang, China) using water-soluble polyvinyl alcohol material
(PVA, LD Products Inc., Long Beach, CA, USA). The PVA mold plug was placed under
the helmet, and a mixing syringe was used to inject two-part urethane foam (Flexible
Foam, Alumilite, Kalamazoo, Michigan, USA) into the flow channel and eventually filled
up the space in between. Once the foam padding was cured, the entire assembly was
soaked in water to remove the PVA mold plug. After the foam was dried and trimmed, the
conforming 2-mm thick foam padding was embedded under the custom-made helmet.
Because part of the urethane foam entered the porous 3D-printed helmet, the urethane
foam lining and the helmet became inseparable after the urethane foam was cured. Figure
29(d) shows the helmet with embedded urethane foam lining after the PVA mold was

dissolved and excessive foam padding was removed.
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Figure 29. Marmoset head helmet with molded-in foam padding. (a) A marmoset
helmet was 3D printed using a Replicator 2 3D printer and PolyMax PLA material
in white. The mold plug in yellow was 3D printed using a Dreamer 3D printer and
water-soluble PVA material. (b) The PVA was placed centered and under the PLA
helmet waiting for the injection of two-part urethane foam. (c) The cut-away view
shows the y-shape injection channels. The excessive urethane foam exits from the
small gaps between the mold plug and the helmet at the back. (d) Because the PLA
helmet is porous, part of the urethane entered the helmet before it is cured. Once the
urethane is cured, the foam padding and the helmet became inseparable. After the
foam padding is dried and trimmed, the inside of the helmet is embedded with
urethane foam.

Matching network
A circuit diagram of the receive-only coil elements is proposed in Figure 30(b). Each
receiving coil was tuned to 300.35 MHz and noise matched individually before the coils
were mounted on the coil former. Fixed-value capacitors Cy, Cp (Passive Plus,
Huntington, NY)) and variable capacitor Cy (1-5 pF, 9402-1, Johanson Manufacturing,
Boonton, NJ, USA) were used to tune the coil frequency, and C,* was used for noise
match. The inductor Lq was used to form an active detune trap with the fixed tuning

capacitors Cp when the PIN diode (MA4P7470F-1072T, M/A-COM Tech, Lowell, MA,
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USA) was forward biased. Two RF chokes (0805CS-681X, Coilcraft, Cary, IL, USA)
were placed orthogonal to each other and provided 50 dB isolation between the RF line
and the PIN diode signal line. L, and C, were added in conjunction with a coaxial cable

connecting the coil to the preamplifier for proper preamplifier decoupling.

(a)

(b] —t—

Figure 30. Comparison of the previous and the proposed matching network. (a) Our
previous design. (b) The proposed circuit diagram of the coil. Previously, Lmis used
for both matching and active detuning trap. However, because Lm is usually very
small (~3 nH) when the coil is matched to 50 Ohms, performance of the active
detuning circuit is low. A common solution is to sacrifice matching by increasing the
value of Lm for better active detuning. In the new design, tuning, matching, active
detuning and phase shifter can be adjusted independently, so that no compromises
are necessary and optimal coil performance can be achieved. Component values:
trimmer capacitor Cv = 1-5 pF, tuning capacitor Ca = 10 pF and Ce = 12 pF,
matching capacitor Cm = Cm’ — Cp = 33-68 pF. Component values of Lp and Cp of
the phase shifter were determined for proper preamplifier decoupling.
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Single-coil comparison using traditional and proposed matching network
Three wire-based coils of the same dimension were made with the traditional, the proposed
and the control matching networks individually. All coils were made out of the same
AWG16 wire, and the same set of stamping tools were used to bend the wire into the same
shape. The matching networks were designed in EAGLE with the same trace width,
similar sizes of soldering pads and similar distance between each passive components.
The networks were produced by a milling machine (MDX-40A, Roland DG Corporation,
Japan) with the same sets of milling bits. All three wire loops were soldered on the

traditional, the proposed and the controlled networks individually.

For the traditional matching network, one can only prioritize either proper noise matching
or a better active detune trap because Ci, and L, are used for both purposes as shown in
Figure 30(a). Although choosing larger Ly and smaller Cy, can achieve better active
detune, the noise matching would suffer. As a compromise, we focused on sufficient active
detune over proper noise matching because better active detune is more desirable for the
development of coil arrays. For one, better active detune trap is needed to adjusting
preamplifier decoupling of each individual receiving coil. Secondly, better active detune
reduces the noise contributed from the transmitting coil. We chose L = 5.5 nH and Ci, =
30 pF and achieved active detune = 21 dB. Increasing Ln would yield even better
performance on the active detune trap, but it would also have made the noise matching
even worse. A variable capacitor Cy (1-5 pF, 9402-1, Johanson Manufacturing, Boonton,

NJ, USA) was added parallel to the fixed-value tuning capacitor Cy1 for the convenience
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of tuning the frequency of the coil, and The S11 was -1.9 dB when the coil was fine tuned

to the Larmor frequency of 300.35 MHz.

For the proposed matching network, components were chosen to adjust for the frequency
tuning, noise matching and active detune trap. The control matching network used the
same design as the proposed one, except that the matching capacitor Cn = Cn* was
replaced with the same 30 pF capacitor used on the traditional matching network instead

of the 75 pF capacitor used on the proposed one.

Phase shifters were still adjusted on all three coils for proper preamplifier decoupling to
compare the performance of preamplifier decoupling between different matching

networks. The component values used on the three coils are shown in Table 4.
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Table 4. Components used for single-coil comparison using traditional and proposed
matching networks.

Cable
Matching Cnor length
network  Co(pF) Cu(F) Co(®F) Cu‘(PF) L.(F)  C,(pF) L,(pF)  La(nH) (cm)
Traditional 1-5 15 12 30 5.5 1.8 8.9 N/A 21
Proposed 1-5 12 12 75 N/A 1.8 8.9 19.4 24
Control 1-5 15 12 30 N/A 1.8 8.9 19.4 26.5

Unloaded-versus-loaded Q ratio was measured using a pair of decoupled (< -75 dB) loop
probes and a 5-cm ball phantom filled with 0.5 mM Gadovist and 4.5 g/L saline. The coils
were resonated at 300.35 MHz without connecting the phase shifters and cables. The coil

was placed directly on the top of the phantom under the loaded condition.

Another pair of decoupled loop probes were mounted with mounting tape (Scotch Extreme
Mounting Tape, 3M, St. Paul, MN, USA) on the coil former, and S-parameters were used
to measure the performance of preamplifier decoupling and active detune traps. The head-
and-brain phantom described above was used as the load of the receiving coils to be tested.
Different amount of probe-probe decoupling and averages on the network analyzer were
used for the measurement of preamplifier decoupling (< -90 dB and 200 averages) and
active detune trap (< -98 dB and 500 averages). The preamplifier decoupling was
measured through the difference of S21 when a coil was connected to a 50 Q load and the
preamplifier. When performing these bench comparisons, three coils were individually
mounted and aligned with the fiducial mark on the coil former between the two decoupled

loop probes.
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Phantom imaging was used to compare the SNR performance of the three matching
networks. Coils were mounted and aligned on the coil former in the same manner as the
setup of the bench comparison except that the decoupled probes were removed before the

imaging.

Construction of receiving coil array
To build a one-size-fits-all head array coil, the coil former was designed to conform to our
previously reported head-restraining helmets [137]. In this report, a soccer ball pattern
[142] of the 10-element receiving coil array was projected onto the coil former as fiducial
marks in SolidWorks as shown in Figure 31. The actual dimension of the fiducial marks
(20 and 27 mm for the pentagonal patch and hexagonal patch respectively) was determined
to achieve optimal geometric decoupling. The pentagonal patch of the soccer ball was
placed on the top of the helmet. With this arrangement, 3 coils exceeded the boundary of
the helmet and therefore the circular-shaped loop coils had to be truncated. As a result,
one non-circular loop had to be used on the top of the forehead and two more on both sides
of the cheeks. We noticed that it was necessary to change the amount of overlap between
the non-circular coil element and its neighboring element for geometric decoupling. To
this end without perturbing the general location and dimension of the coil array, we
adjusted the amount of overlap locally by 1 to 2 mm between these non-circular loop
elements and their neighboring coils. Note that it was also possible to place the hexagonal
patch of the soccer ball on the top of the helmet and thus form an 11-element receiving
coil array. However, this arrangement would have resulted in two more non-circular loop

elements which made the 11-element design less desirable.
73



To follow the natural shape of a marmoset head, AWG 14 wire was used for constructing
Coil 1, 2, 9 and 10, as shown in Figure 31, and AWG 16 wire was used for the remaining
6 coils. The nominal size of the smaller coils was 2 cm, and the size of the larger coils was
2.7 cm. Custom stamping tools were 3D printed using PLA material, and each coil body
was shaped by its own set of stamping tools to form the coil bridges where the coil
elements overlap. All coil elements were fully populated, except the phase shifters, before

individual coils were mounted on the coil former.

The coil former was 3D printed by Replicator 2 using PolyMax PLA material. The top
enclosure of the coil was printed by Fortus 360mc (Stratasys Inc., Eden Prairie, MN, USA)
using polycarbonate building material and SR-100 soluble support material. The outer
surface of the coil former and the top enclosure was painted with MR compatible paint
(EPO-TEK 301, Epoxy Technology Inc., Billerica, MA, USA) to seal the porous surface

and the ease of cleaning.

3D-printed PLA coil clips were used to mount the coils by fusing the clips onto the coil
former with tetrahydrofuran solvent. The ~0.2 mm tolerance of the coil clips allowed fine
adjustment for the optimization of geometric decoupling. PLA cement was made by
dissolving recycled PLA material into tetrahydrofuran, and the cement was applied on the
coil clips to permanently secure the coils after the geometric decoupling was optimized as

seen in Figure 32.

To ease the challenge of geometric decoupling in confined space, an outside-in approach

was used to mount the 10 receiving coils on the coil former. The outer elements Coil 1
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and 9 were installed first and followed by Coil 2 and 10. The rest of the elements were
installed in the spiraled-in fashion with the order of Coil 3,4, 8, 7, 5 and 6. This maintained

the left-to-right symmetry and achieved geometric decoupling without iteration.

Small floating cable traps (outer diameter/length = 8 mm/12 mm) [143] were installed on
coaxial cables (Temp-Flex 50CX-41, Molex, Lisle, IL, USA) close to the matching
network of each coil, and large floating cable traps (outer diameter/length = 22.9 mm/35
mm) were installed at every quarter-wave length. Multi-pin RF connectors (ODU GmbH
& Co. KG, Pregelstralie, Germany) were used to connect the coil array to our in-house

developed preamplifier modules.

The matching capacitors were adjusted after all 10 coil elements were secured on the coil
former, and the coils were tuned back to 300.35 MHz using the 1-5 pF variable capacitors.

Phase shifters were added for proper preamplifier decoupling.
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Figure 31. Spatial arrangement of 10-channel marmoset head coil array. Coil 6
corresponds to the pentagonal patch of a soccer ball. It is placed on the top the
marmoset head. The dimension of each circular loop is determined for optimal
geometric decoupling. Coil 1, 5 and 9 used non-circular loops because they were
placed at the boundaries of the coil former. The amount of geometric decoupling
between these non-circular loops and their neighboring elements need to be adjusted
because the amount of magnetic flux going through these loop elements is changed.
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Figure 32. 10-channel head coil array for in vivo marmoset brain imaging. (a) Photo
of 10-channel head coil array with large floating cable traps placed at every quarter-
wave. (b) The lid of the coil enclosure is removed to show the soccer ball construction.
Small floating cable traps were wrapped by blue heat-shrink tubes. Each receiving
coil was mounted by using 3D printed cable clips. Each clip was first fused with the
coil former by tetrahydrofuran solvent, and the gap between the clip and the coil was
filled by PLA cement after geometric decoupling was optimized. This technique
allowed streamlined construction of coil array in the space-limited application.

Bench measurements of receiving coil array
A custom-made testing rig and a network analyzer (Agilent Technology, Santa Clara, CA,
USA) were used for bench measurements. Coils were connected to in-house developed

preamplifier modules via ODU multi-pin connectors. Preamplifiers were connected to the
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custom rig which provides 10 V power to the preamplifiers, 50 Qterminations for the
preamplifier outputs, and PIN diode signals to enable/disable individual coils. Tuning and
noise matching were performed when the coil array was loaded with the proposed head-
and-brain phantom, and an individual coil was connected to the network analyzer while
other coils were active detuned through the custom testing rig. The performance of the
active detune trap was measured using the difference of S11 measurements before and after

the PIN diode on the coil was forward (+5 V) biased.

A geometrically decoupled (<-75 dB) double-loop probe was used for S1 measurements.
The unloaded to loaded Q ratio of a resonated loop coil without matching network was
measured using the double-loop probe. The Q ratio of each coil was measured again when
the coil array was fully populated and non-testing coils were actively detuned. The
performance of the preamplifier decoupling was measured by the difference of
S>imeasurements before and after each coil was power matched (connected to a 50

Qtermination) and noise matched (low-input impedance preamplifier termination) [144].

Phantom and in vivo imaging
The coil performance was evaluated on a phantom and a marmoset in vivo using a fast low
angle shot (FLASH) and spin-echo sequences respectively. The imaging parameters are

shown in Table 3.

Noise correlation matrix was used to validate the coil-to-coil isolation. The coil array was

loaded with the proposed phantom, and noise-only images n; and n; of the i-th and j-th
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coils were acquired without RF excitation [110] to calculate the noise covariance

coefficient
Wiy =y — ) - ( — 1)),

where y; and p; are the complex mean of images n; and n;. The noise correlation between

coils was calculated using
-1/2
Y = (W)

The calculation of noise correlation stated above was implemented on an in-house

developed MATLAB script and the built-in CORRCOEF function.

The performance of signal-to-noise ratio (SNR) of the proposed 10-channel marmoset
head coil array with soccer ball arrangement was compared to our previously reported
[137] 8-channel marmoset head coil array. Both coil arrays were developed to work with
our helmet system for awake marmoset brain imaging. Phantom imaging was used to
calculate the SNR maps of these two coil arrays. G-factor maps with acceleration factors
of 2X, 3X and 4X along anterior-posterior (A-P) and left-right (L-R) directions were used

to evaluate the distribution of increased noise under different acceleration conditions.

Results and discussions
The proposed design allowed independent development of frequency tuning, noise
matching, active detune trap and phase shifter. When the coil elements were installed on

the coil former and copper loading was increased, matching capacitors were replaced to
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maintain noise matching. The variable capacitor was used to adjust the frequency of the
coil back to 300.35 MHz. Unlike the traditional matching network shown in Figure 30(a),
these adjustments did not affect the performance of the active detune trap, therefore Lq did
not need to be changed. Phase shifters were added to each individual coil for preamp
decoupling, which transformed the low input impedance of the preamplifier to a shunt
inductance to form high impedance across the shunt matching capacitor. This reduced the
current flowing on the coil induced by inductive coupling from adjacent coils. The added

phase shifters did not affect the detuning, matching or the active detune trap.

Note that Ci,’ was shared between noise matching and phase shifter, but this did not affect
the streamlined design process. Cn’ = Cin + Cp where C, was the matching capacitor and
C, was the capacitor used for the phase shifter. Sometimes Ci, >> C,, depending on the
angle of the phase shifter, and C,, does not need to be replaced with Cy,’ to maintain proper
noise matching. For other times, C, was simply soldered on top of Ci, without replacing

Cm with Cp’.

Single-coil comparison using traditional and proposed matching network
As shown in Table 4, similar component values were chosen for all three matching
networks to reduce variations from the passive components. The cable lengths of the three
coils were slightly different to adapt for the preamplifier decoupling, but the difference of

cable loss should be minimal.

The bench comparison of traditional and proposed matching network is shown in Table 5.

The traditional, proposed and control matching network showed similar unloaded-versus-
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loaded Q ratio before they were matched and connected to a 50 Q termination. This
indicated good consistency of the coil dimension, and the subsequent differences of bench

measurements should not be related to the body of the coil.

Because both the traditional and the control matching networks were not matched to 50
Q, their S11 measurement was similarly underperformed. On the other hand, the proposed
matching network showed S11 = -25 dB which indicates good matching. While the 6-dB
bandwidths of preamplifier decoupling were similar among three networks, the
preamplifier decoupling of the proposed matching network was slightly lower while the
performance of traditional and the control matching network were similar. This was the
result of the higher shunt capacitor used on the proposed network (75 pF) versus the lower
shunt capacitor (30 pF) used on both the traditional and the control networks. Nonetheless,
proposed matching network still showed very usable preamplifier decoupling of 22 dB.
However, the proposed matching network showed significantly smaller distance between
horns of preamplifier decoupling. This difference was again because of the choice of shunt
capacitors used on the 3 matching networks. This means that the matching network uses
a large-value capacitor requires more precise tuning of the phase shifter to ensure the

preamplifier decoupling works properly.

Single-channel imaging test showed that the coil made out of proposed matching network
showed generally higher SNR in Figure 33. In Figure 34, one-dimensional SNR
comparison showed 28+6.2% and 244+4.1% of SNR increase in the brain region when the

proposed matching network was used.
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Table S. Single-channel comparison of traditional and proposed matching network.

Bench measurement Traditional Proposed Control
Qu/Qi 2.22 2.24 2.29
S11 (dB) -1.9 -25 2.2
Active detune (dB) 45 50 44
Preamplifier

25 22 26
decoupling (dB)
Preamplifier
decoupling: 6-dB 2.1 2.0 1.8
bandwidth? (MHz)
Preamplifier
decoupling: distance

16.3 4 17.4

between horns®

(MHz)

2 6-dB bandwidth: distance between frequency points which are 6 dB higher than the mid-frequency which has the highest

preamplifier decoupling/lowest Sa1 value.

b Distance between horns: distance between frequency points which are the highest peaks on the Sz1 plot when measurement

of preamplifier decoupling is performed.
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Figure 33. Comparison of SNR maps between coils using traditional, proposed and
control matching networks. Phantom images were acquired to comparison the SNR
maps at sagittal view. The distance between each sagittal SNR map is 2 mm. The red
lines on Slice 6 to 8 indicate the location of 1D comparison of SNR distribution among
coils made with these three different matching networks. The coil with proposed
matching network showed generally higher SNR from Slice 4 to Slice 8 which are -5
mm and 5 mm from the center slice respectively.
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Figure 34. Comparison of SNR distribution among coils made with traditional,
proposed and control matching network. One-dimensional SNR distribution is
plotted. Note that the horizontal axis, Distance (cm), is plotted from the edge of the
field of view, instead from the location of the coil. The coil is roughly S mm away
from the edge of the FOV. Slice 6 is the center slice, Slice 7 and Slice 8 are 2 mm and
5 mm away from Slice 6 respectively. The location of brain on Slice 6, 7 and 8 are
2.81 to 15.94 cm, 2.5 to 16.25 cm and 3.44 cm to 16.25 cm respectively. The three coils
showed similar SNR performance at the center images, and the coil with the
proposed matching network showed 1.28+0.06 and 1.24+0.04 times of SNR in the
brain region when compared to the coil with traditional matching network on images
2 mm and 5 mm away from the center image.
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Performance of head coil array
Because the proposed matching network allowed individual adjustments of tuning,
matching, active detune trap and phase shifter, the proposed matching network largely
reduced the tedious and iterative work throughout the fabrication of the 10-channel
marmoset coil array. In addition, because the PIN diode was moved away from the main
RF signal path and isolated by RF chokes, the matching network would not power match
to the preamplifier when some of the passive components failed. This helps to prevent the
preamplifiers from being damaged when failure mode occurs. The physical length of the
new circuit design was also shorter, and the reduced length helped with fitting extra coil
elements in the limited space. All 10 coil elements were tuned to 300.35 MHz and noise
matched to 50 Q (Si1 <-21 dB) when the array was loaded with the phantom. The active
detune trap achieved an uncompromised performance of 45 dB isolation when a 22 nH
inductor was used to resonate with the 12 pF tuning capacitor. Phase shifters were installed
to achieve 24+5.7 dB of preamp decoupling among all 10 receiving coils. Unloaded-to-
loaded Q ratios were measured (Coil 1 to 10): 1.19, 1.15, 1.13, 1.10, 1.07, 1.09, 1.10, 1.14,
1.13 and 1.2, down from 1.23 and 1.20 when single coils made out of AWG14 and AWG
16 wire. This showed that the coil elements at the center of the head coil array suffered
more from the inductive loss. Note that the measurement of unloaded-to-loaded Q ratios
of the single coils were a lot lower than the ones (2.22 to 2.29) showed in Table 5. This
was because the unloaded-to-loaded Q ratio here was measured when the single coil and
the phantom was separated by a coil former, a helmet and one layer of molded urethane

foam, while the unloaded-to-loaded Q ratio in Table 5 was done when the single coil was
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mounted directed on top of the phantom. This comparison also showed the amount of
sacrifice we made for animals comfort over the coil performance in awake marmoset brain

imaging.

The noise correlation matrix showed satisfactory coil isolation in Figure 35. This
confirmed the efficacy of geometric decoupling and preamplifier decoupling with the

proposed matching network.

Phantom images showed that the 10-channel coil array present 1.83, 1.70, 1.87, 2.37and
2.62 times SNR over the transmitting volume coil at the center of the brain, occipital,
temporal, frontal, and parietal lobe areas, respectively. When compared to our previously
reported 8-channel marmoset head coil array as shown in Figure 36, the proposed 10-
channel head coil array showed 17+0.69% of SNR improvement at the center of the brain
area. SNR was improved by 27+14% at cortical areas except occipital lobe where the
proposed array showed almost no SNR improvements. This was because, for both coil
arrays, the occipital lobe was far away from the posterior coil elements, and the posterior

coil elements were placed closely perpendicular to the direction of By field.

G-factor maps and GRAPPA images showed minimal SNR reduction when 3X
acceleration was used along the right-left or the anterior-posterior direction as shown in
Figure 37. This confirmed the good coil isolation provided by geometric decoupling and
preamplifier decoupling. This also demonstrated the benefit of increased coil number in

the accelerated imaging which is important for awake marmoset brain imaging.
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To demonstrate the efficacy of the 10-channel marmoset brain coil array, awake marmoset
brain images (Figure 38) showed good sensitivity and contrast over the entire marmoset

brain without noticeable motion artifact.
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Figure 35. Noise correlation matrix of the 10-channel marmoset head coil array.
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Figure 36. Comparison of SNR maps between previously reported 8-channel
marmoset head coil array and the proposed 10-channel coil array with soccer ball
arrangement. (a and e) are the cartoon illustrations of the arrangement of coil
elements of the previous 8-channel coil array and the proposed 10-channel coil array
relative to a marmoset head. (b-d) and (f-h) are sagittal, coronal and axial views of
SNR maps of the previously reported 8-channel array and the proposed 10-channel
coil array.
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Figure 37. Axial views of g-factor maps with 2, 3 and 4 acceleration factors along
right-left and anterior-posterior directions and their corresponding GRAPPA
reconstruction. 3X acceleration along R-L. and A-P directions show a satisfactory
compromise between acceleration and minimal SNR reduction.

Figure 38. In vivo marmoset brain imaging shows excellent sensitivity and
homogeneity over the entire marmoset brain.
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Conclusion
Because phased array coils for small-animal imaging are usually built in tight spaces,
iterating capacitor/inductor values throughout the fabrication of the array is difficult. With
the streamlined design developed here, replacing components throughout the process of
coil development is largely reduced, and the performance of each individual element is
not compromised. The new molded-in foam padding does not shrink and provides perfect

fit for the marmoset every time, and increases the marmosets’ comfort.

As a result, the proposed design showed better decoupling among coil elements and thus
enabled better accelerated parallel imaging compared to that of our previous coil array
[137]. This work will greatly improve the quality of awake marmoset brain imaging for

ongoing neurovascular studies.
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CHAPTER VI

12-CHANNEL ARRAY COIL FOR MARMOSET SPINE IMAGING

Synopsis
A 12-channel receive-only coil array was developed for in vivo imaging of marmoset
whose spinal cords were being studied as disease models of multiple sclerosis, tumor and
spinal injuries. The array is comprised of 6 shifted pairs of loop and butterfly elements
arranged in an anatomically conforming coil former. Shifting the elements within each
pair reduced inductive coupling and produced consistent sensitivity throughout the entire
spinal cord—including cervical, thoracic and lumbar areas. The substantial increase of
SNR enabled high-resolution in vivo imaging of marmoset spinal cords. The design of coil

former also increased animal safety and reduced setup time over 80%.

Introduction
Common marmosets (Callithrix jacchus), a type of New World monkey, are gaining
popularity due to their features of smaller body size, shorter time to maturity, shorter
gestation period and easier breeding. Compared with mice, marmosets also have longer
lifespans [20-29]. In addition, using marmosets as a pre-clinical research model can be
advantageous in studies, such as those involving the spinal cord, because the neural
functions and anatomies of non-human primates are more similar to humans than rodents
[145-152]. Further, Kanehiro et al. reported that transplantation of human neural
progenitor cells into a damaged marmoset spinal cord promotes functional recovery [153].

This suggests the compatibility of neural progenitor cells between marmosets and humans.
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In addition, marmosets are naturally occurring bone marrow chimeras, therefore they are
tolerant of each other’s bone marrow-derived cells even though the animals are genetically
different [152, 154]. This feature is important for developing disease models such as
multiple sclerosis in the spinal cord and alleviates the problem of individual phylogenetic

differences because non-human primates are usually outbred [152].

To study the integrity of spinal cords in disease models or spinal cord injury (SCI), the
conventional trace-based method is highly invasive [145, 147, 155]. Magnetic resonance
imaging (MRI) offers a non-invasive method and provides a variety of contrast
mechanisms and versatile imaging functionalities that are powerful both in human and
animal studies. In vivo T1-/T2-weighted imaging [ 146, 153, 156-158] and diffusion tensor
imaging (DTI) [145, 151] of marmosets have been used for evaluation of SCI including
hemorrhage, edema and cavity formation. However, only the cervical area was imaged by
MRI in these reports. Kelley et al. reported ex vivo DTI of the entire spinal cord, which
was segmented and flat mounted on a surface coil, on a 9.4 Tesla system. However, ex

vivo imaging is limited in longitudinal studies of recovery from SCI.

Various MRI coils have previously been developed for studying human spinal cords. The
earliest quadrature pair for imaging the human lumbar spine was reported in 1988 [159].
Roemer et al. demonstrated the first MRI phased array that images the entire human spine
[37]. The phased array consists of 4 receiving loop elements which increases signal
sensitivity and spatial coverage. Later, a 12-element coil array consisting of six loop-

butterfly pairs was used to image the entire human spine [160]. The signal of each pair of
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loop and butterfly elements is combined by a quadrature hybrid, and different parts of the

spine also can be selectively imaged through the control of PIN diode signals.

While marmoset models of spinal cord lesions are promising [145, 146, 151-154, 156-
158, 161-163], to date there are no specialized coil arrays available for high-resolution
imaging of the entire marmoset spinal cord in vivo. More importantly, when engineering
MRI hardware for small animal models, the design and finished product should help
streamline animal experiments and meet the ever changing needs of the research
community. To this end, the design and implementation of a 12-channel receive-only RF
coil array is described. Furthermore, a whole-body conforming coil former was developed
to streamline the experimental setup and reduce the risk of anesthesia-induced

hypothermia.

Materials and methods
The marmoset spine coil array was developed and tested on a 12-channel 7 Tesla Ultra
Shielded Refrigerated pre-clinical MRI scanner (BioSpec 7T/30cm USR, Bruker Biospin
MRI GmbH, Ettingen, Germany) interfaced to an Avance AVIII console (Bruker Biospin
MRI GmbH, Ettingen, Germany). All in vivo marmoset imaging was performed under the
guidelines set by the Animal Care and Use Committee (ACUC) of National Institute of

Neurological Disorders and Stroke (NINDS) in National Institutes of Health (NIH).

Construction of marmoset body-and-spine phantom and coil former
A body-and-spine phantom was designed and filled with 4.5 g/L saline and 0.5 mM

Gadovist to help with the development and testing of the one-size-fits-all spine coil array.
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The dimension and the shape of the phantom was based on a whole-body MRI of one of
the largest marmosets in our colony. The anesthetized marmoset was laid in the most
relaxing and stable supine position on stacks of cotton pads. The neck of the marmoset
was elevated to follow the shape of the intubation tube and accommodate the isoflurane
connections. The lumbar area was also elevated to help stabilize the position of the
marmoset body. The MRI scan was performed using a 3D-FLASH sequence [140] (Table
6) and the previously developed [112] linear 16-rung birdcage coil with inner diameter of
108 mm. Because of the limitation of the diameter spherical volume (DSV), the top,
middle and bottom segments of the marmoset body were scanned separately, and the 3
segments were stitched into one whole-body data set manually using Mipav [164]

(National Institutes of Health, Bethesda, MD, USA).

Using ITK-SNAP [139] (University of Pennsylvania, Philadelphia, PA, USA), the body
and the central nervous system (CNS) were segmented into separate binary masks. The
masks were imported into Mipav and converted to 3D surfaces using a surface extraction

algorithm.

The 3D surfaces were imported into Netfabb Professional (Autodesk, San Rafael, CA,
USA) and surface repair and smoothing algorithms were applied. The body was then cut
down the midline and mirrored to create a right-to-left symmetric body. In Meshmixer
(Autodesk, San Rafael, CA, USA) a pattern of tiled spheres (10 mm diameter, 9.5 mm
spacing, regular/Cartesian pattern) was subtracted from the solid marmoset body. The

resultant grid of empty spheres was then combined with a hollow, 1.5 mm offset, body
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shell and converted to a solid part. This creates a grid of regular hollow spheres inside of
the body shell, of which the CNS 3D surface was then subtracted. The result of this
subtraction is then combined with a 1 mm offset, hollow shell of the CNS surface and
converted to a solid part. To allow for proper filling and sealing of the phantom, 6 tubes
(3.3 mm inner diameter, 5.8mm outer diameter, 1 screw in the brain cavity, 1 in the lumbar
spine, 2 in the head shell, 2 in the lower body) were added to accommodate #4 screws.
The resulting phantom is 172.5 mm x 60.8 mm x 58.75 mm. The phantom was printed on
a Projet 3510 (3D Systems, Rockhill, SC, USA) using VisiJet Crystal material at a
resolution of 0.16 mm, and post-processed in a heated mineral oil bath to remove wax

support material.

To design the coil former, the same 3D model of the marmoset body was used. The coil
former was designed according to the 3D body model with the body size expanded by 5
mm laterally in SolidWorks (Dassault Systeémes SolidWorks Corporation, Waltham, MA).
This extra space allowed us to further maintain the body temperature by wrapping a cotton
sheet under the marmoset body. The fiducial marks were etched on the coil former to guide
the assembly of the coil array. The coil former was 3D printed by Replicator 2 (MakerBot
Industries, Brooklyn, NY) using polylactic acid material (PolyMax PLA, Polymaker,
Shanghai, China). The coil cover was 3D printed by Fortus 360mc (Stratasys Inc., Eden
Prairie, MN, USA) using polycarbonate building material and SR-100 soluble support

material.
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Table 6. MRI parameters for generating whole-body marmoset profile and for
validation of coil performance.

Validating coil performance

In vivo spine imaging

Generating Axial
phantom and Phantom
Imaging coil former (all  imaging (all 3 Sagittal (all 3 Lower
Parameter 3 segments) segment) segment) Top segment Mid segment segment
b b b

Sequence soruas, - 20RaRe, - aomare, oL R -

q Flip angle =30°  RARE factor=2  RARE factor = 2 5 N ) N 5 N
Repetition time 50 700 3500 3500 3500 3500
(TR, ms)
Echo time
(TE, ms) 3 10 15 15 15 15
Average (NEX) 1 1 4 4 4 4
Field of view

102.4x102.4 64 x 62 50 x 32 26 x 39 24 x 32 24 x 32

(FOV, mm?)
Matrix size 128 x 128 256 x 256 400 x 256 192 x 288 192 x 256 192 x 256
In-plane
Resolution 0.8x0.8 0.25x0.25 0.125x0.125 0.135x0.135 0.125x0.125 0.125x0.125
(mm?)
Slice thickness 08 06 06 06 06 06
(mm)
Distance b/t 038 06 0.6 06 12 0.6
slices (mm)
Number of slice 96 8 10 16 16 16
Total scan time 10 min 40 sec 1m 29 sec 29 min 52 sec 33 min 36 sec 29 min 52 sec 29 min 52 sec

2 Fast low angle shot [140].

b Rapid acquisition with relaxation enhancement [141].

Construction of spine coil array

The design of the 12-element whole-spine coil array for marmosets was based on an early
human spine coil that employs six pairs of loop-butterfly elements [160], but with an

important difference: the loop elements were displaced from the butterfly elements by
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one-half of a coil length, so that the loop and butterfly conductors were not overlapping
(Figure 39). There are two reasons for this design: first, mutual inductance and electric
field coupling among coil elements were minimized because the wire of the loop and the
butterfly elements are orthogonal to each other. Second, while it is necessary to place the
butterfly coil at the middle of the neck region to maximize the sensitivity of the cervical
spinal cord, the shifted-pair design avoided placing a loop coil element at the middle of
the neck region where the coil axis would be in a direction close to that of Bo. Furthermore,
compared with Guclu et al.’s design [160], the MRI signal from each coil was acquired
independently without the use of quadrature combiners. The coils were formed using
AWG 16 wire instead of printed circuit boards, and the coils were assembled on an
anatomically conforming curved former that follows the natural shape of a large

marmoset. The matching network of the loop and butterfly coils are shown in Figure 40.

3D-printed PLA coil clips were used to mount the coils by fusing the clips onto the coil
former with tetrahydrofuran solvent. The approximately 0.2 mm tolerance of the coil clips
allowed fine adjustment for the optimization of geometric decoupling. PLA cement was
made by dissolving recycled PLA material into tetrahydrofuran, and the cement was
applied on the coil clips to permanently secure the coils after the geometric decoupling

was optimized as seen in Figure 41.

Small floating cable traps (outer diameter/length = 8§ mm/12 mm) [143] were installed on
coaxial cables (Temp-Flex 50CX-41, Molex, Lisle, IL, USA) close to the matching

network of each coil, and large floating cable traps (outer diameter/length = 22.9 mm/35
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mm) were installed at every quarter-wave length. Multi-pin RF connectors (ODU GmbH
& Co. KG, Miihldorf a. Inn, Bavaria, Germany) were used to connect the coil array to our
in-house developed preamplifier modules. The cable lengths and phase shifters of each
receiving coils are adjusted to transform the low input impedance to shunt reactance for

preamplifier decoupling.

The total length of a marmoset spinal cord from cervical, thoracic, lumbar to sacral parts
is typically 98 [165] to 150 [166] mm. To cover the entire region, a 12-element coil array
was built. Before the coil array was deformed to follow the natural shape of the marmoset
spine, as shown in Figure 39, the dimension of the coil array was 179 mm (L) x 30 mm
(W). The length of the coil array where the loop coils and the butterfly coils overlap was
154 mm. The first loop coil was placed under the cerebellum, and the last loop coil was

placed under the L4 segment of spine.

To provide a comparison, a 4-element linear loop coil array (diameter = 21 mm and length
= 65 mm) was used. A full-scale 12-element linear loop coil array consisting of the same
size of loop coils would be approximately of the same length of the proposed 12-element

coil array with shifted loop-butterfly elements.
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Figure 39. Comparison of traditional and proposed coil arrangements. (a) Human
spinal cord coil array featuring loop and butterfly elements with a traditional
quadrature arrangement.? (b) Proposed 12-channel design with shifted pairs of loop
and butterfly coil elements that minimized inductive coupling between the elements.
The center of the first loop coil on the left is placed at the beginning of the cervical
segment of the spinal cord, and the center of the last loop coil on the right is placed
at the end of the lumbar segment. Dimensions of the coil array: 179 mm (L) x 30 mm
(W).
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Figure 40. Circuit diagrams of loop and butterfly coil used on the 12-channel
marmoset spine coil array. Circuit diagram schematics of (a) butterfly and (b) loop
coil elements. A variable capacitor (C1) is used for tuning, and a fixed inductor (L1)
is used for noise matching. The inductors L1 (for matching), L2 (for active detune)
and L3 (for phase shifter) are arranged in a way that maximizes the spatial distance
between them. Two RF chokes (RFC) provide 50 dB of isolation between the PIN
diode signal line and the RF line.
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Bench measurements
A custom-made testing rig and a network analyzer (Agilent Technology, Santa Clara, CA,
USA) were used for bench measurements. Coils were connected to in-house developed
preamplifier modules via ODU (ODU GmbH & Co. KG, Miihldorf a. Inn, Bavaria,
Germany) multi-pin connectors. Preamplifiers were connected to the custom rig which
provides 10 V power to the preamplifiers, 50 Q terminations for the preamplifier outputs,
and PIN diode signals to enable/disable individual coils. Tuning and noise matching were
performed when the coil array was loaded with the proposed head-and-brain phantom, and
an individual coil was connected to the network analyzer while other coils were active
detuned through the custom testing rig. The performance of the active detune trap was
measured using the difference of Si; measurements before and after the PIN diode on the

coil was forward (+5 V) biased.

A geometrically decoupled (<-75 dB) double-loop probe was used for S»1 measurements.
The ratio of unloaded to loaded quality factor (Qu-to-Q ratio) of a resonated loop coil
without matching network was measured using the double-loop probe. A 4-mm spacer
was used to separate the coil from a bag of normal saline as the loaded condition. The Qu-
to-Q ratio of a resonated butterfly coil was also measured in the same method. The Q ratio
of each coil was measured again when the coil array was fully populated and non-testing
coils were actively detuned. The performance of the preamplifier decoupling was
measured by the difference of S21 measurements before and after each coil was power
matched (connected to a 50 € termination) and noise matched (low-input impedance

preamplifier termination) [144].
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Phantom and in vivo imaging
The coil performance was evaluated on a phantom and a marmoset in vivo using 3D fast
low angle shot (FLASH) and spin-echo sequences, respectively. The imaging parameters

are shown in Table 6.

When the coil array was loaded with the proposed phantom, noise-only images n; and n;
of the i-th and j-th coils were acquired without RF excitation [110] to calculate the noise

covariance matrix
—_ *
qji,j = (ni . nj )
The noise correlation matrix between coils was computed using

-1/2
T =y (W)

SNR and signal homogeneity of the high-resolution spinal cord images were evaluated

for the performance of the spine coil array.

Results and discussions
The 12-channel coil array connected to two preamplifier modules is shown in Figure 41.
The Qu-to-Q ratios of individual loop and butterfly coils were 7.5 and 6.2 respectively.

This demonstrated good sample-loss dominance.

All coils were tuned to 300.128 MHz and noise matched close to 50 Q (S11 < -19 dB)
when the array was loaded with two different anesthetized marmosets. In addition to

geometric decoupling, low input impedance preamplifiers provided additional decoupling
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of23+2.3 dB. Unloaded to loaded Q ratios were measured with a decoupled double probe
when the array was loaded with normal saline (from head to tail): 5.17, 3.28, 2.48, 2.13,
2.87, 2.60, 3.86, 2.46, 3.43, 4.04, 5.00 and 5.48. The reduced Q.-to-Q ratios suggest
inductive loss from adjacent copper and wire. Nonetheless, all receive coils present

satisfactory sample-loss dominance.

The noise correlation matrix obtained from noise-only images is shown in Figure 42. The
maximum noise correlation was 34%, the minimum noise correlation was 1.0%, and the
average noise correlation was 14%. This demonstrated satisfactory isolation between each

receive coil elements.

MRI images of the phantom are shown in Figure 43. The images received by individual
images confirmed good coil-to-coil isolation. Compared to a previously built generic 4-
channel loop array, the 12-element coil array presented an SNR gain of 5.3 fold at the
cervical spinal cord area. Spinal cord images obtained in vivo are shown in Figure 44 and
Figure 45. Notice the detailed delineation of spinal cords and nerve roots in sagittal and
axial views. Analysis of the high-resolution in vivo spinal cord images obtained in both
sagittal and axial views showed complete coverage of the spinal cord and SNR of 30 in
spinal cord areas. Compared with the previous setup using the generic 4-channel loop
array, the new conformal 12-element design reduced the setup time from 90 minutes to 15
minutes and enabled imaging experiments in time frames that were previously

unattainable for high-resolution in vivo imaging.
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Figure 41. 12-channel marmoset spine coil array using shifted loop-butterfly pairs.
(a) Picture of the anatomically conforming coil former showing the coaxial cables
connecting the spinal cord coil array to the preamplifiers. The former was designed
to fit marmosets of all sizes while keeping the spine straight. Additional padding may
be used to accommodate smaller marmosets. (b) Open view of the coil former
revealing the layout of the coil elements, which are placed to follow the natural shape
of the marmoset back. Floating cable traps are shown in red and yellow heat-shrink

insulation tubing.
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Figure 42. Noise correlation matrix of the 12-channel spine coil array. Maximum
noise correlation coefficient is 34%, the minimum noise correlation coefficient is
1.0%, and the average noise correlation coefficient is 14%.

101



Middle

#2 #4 #6 #8 #10 #12

Figure 43. MR images of the body-and-spine phantom acquired by the 12-channel
spine coil array. Because of a limitation of the gradient diameter spherical volume
(DSV), the upper, middle and lower segments (which focuses on cervical, thoracic
and lumbar areas) of the spinal cord have to be imaged separately. (a) The spatial
arrangement of the 6 loop coils (orange) and the 6 butterfly coils (green) is illustrated.
Coil #1 is placed under the marmoset head, and Coil #12 is placed at the end of the
lumbar part of the spinal cord. Although all the receiving coils are enabled during
receive, only signals from part of the coil array are combined to slightly improve the
SNR. Coil #1 to #5 (red) are used for the image reconstruction of the upper part of
the spinal cord, Coil #4 to #9 (blue) are used for the middle part of the spinal cord,
and Coil #8 to #12 (yellow) are for the lower part of the spinal cord.
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Figure 43. Continued. (b) The images received by individual coils for the upper,
middle and lower part of the phantom is shown on the left side. The combined image
of each segment is reconstructed through the square root of the sum-of-square
images (rSOS). The SNR of each segment is shown on the right side.
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Figure 44. In vivo MRI of one entire marmoset spinal cord. Three segments of one
marmoset spinal cord are imaged one-at-a-time due to the limitation of the diameter
spherical volume. The montage of these three segments presents the overall spinal
profile when the marmoset is placed inside of the proposed 12-channel spinal coil
array. Fast spin echo sequence (RARE factor =2, NEX =4, TR/TE = 3500/15 ms, in-
plane resolution: 125 pm x 125 pm, slice thickness = 0.6 mm, slice number = 10) is
used to acquire sagittal images which cover the cervical, thoracic and lumbar
segments of the marmoset spinal cord in vivo. The gray matter is shown in white and
white matter is shown in gray inside of the spinal cord. The thin white line inside of
the spinal cord serves as the indication that the spine is generally self-aligned when
the marmoset is placed inside of the proposed 12-channel coil array.

Figure 45. Axial view of in vivo MRI of marmoset spinal cords on cervical, thoracic
and lumbar segments. Imaging parameters: fast spin echo sequence, RARE factor
=2, NEX =4, TR/TE = 3500/15 msec, slice thickness = 0.6 mm, slice number = 16.
The in-plane resolution of cervical segment (a) is 135 pm x 135 pm. Because of the
smaller size of a spinal cord in the thoracic segment and the finer feature of
longitudinal nerve roots in the lumbar segment, the in-plane resolution is increased
to 125 pm x 125 pm in images of thoracic (b) and lumbar (c) segments.
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Conclusion
The unloaded to loaded Q ratios showed good overall sample-noise dominance over the
entire length of the array. The reduced Q ratio of the coil elements located around the
thoracic segment of the spinal cord suggests copper-induced losses from neighboring
coils. This is almost unavoidable considering the size of the coils. The phantom imaging
showed satisfactory channel-to-channel isolation and consistent sensitivity throughout the
entire spinal cord, and the improved SNR allowed a substantial reduction in scan-time. In
additional to respiratory/cardiac gating and anesthesia, motion artifacts were also greatly
reduced with use of the anatomically conforming coil former. Warming is absolutely
necessary to prevent hypothermia when anesthesia is used [167, 168]. We found that, with
the help of the conforming coil former and a heated water pad, keeping the body
temperature stable correlated with more stable heart rate, SpO; and CO; levels, suggesting
improved animal comfort and safety. The 12-channel coil array will substantially improve
ongoing and future studies of marmoset models of multiple-sclerosis, spinal cord tumors

and spinal cord injuries.
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CHAPTER VII

SUMMARY OF DESIGN TECHNIQUES FOR SMALL ANIMAL COIL ARRAYS

Streamlined design strategy and streamlined experimental setup
Four small-animal coil arrays were developed using streamlined strategies to create high
performance coil arrays with reduced iterations. Experimental setups for mouse and

marmoset scans were also streamlined by design. Here is the summary:

Main concept
Space limitations, necessary equipment, routing of cables and tubes and workflow of
experimental setup were all planned as one system at the beginning of the design phase.
Computer-aided design (CAD) software, 3D printing and smaller scale prototypes were
used to validate clearance, coil performance and experimental setup prior to the full-scale

hardware implementation.

Enabling tools
Various tools were developed to streamline the design of small coil arrays. Here is the

summary of tools developed in this dissertation:

(1) Matching networks that allow independent development of tuning, noise matching,
active detune traps and phase shifters. Figure 15, Figure 30 and Figure 40 present
three different matching networks, all of which allow optimization of each
functional block while exerting minimal effects on others. This feature allows

streamlined development of coil arrays with less time spent on iterations. Note that
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each variable capacitor with small tuning range is paired with a fixed-value
capacitor to allow adjustability and stability.

(2) Preamplifier modules: for coil arrays without integrated preamplifiers, modular
preamplifiers were used as shown in Figure 46. The multi-pin connectors of the
input and the output ports of the preamplifier module and the non-magnetic

latching mechanism (Figure 47) were used to streamline the experimental setup.

Figure 46. Modular preamplifier with multi-pin input and output ports. (a)
Overview of the modular preamplifier. The enclosure has ventilation holes to reduce
potential accumulation of heat during long scans. (b) Internal view of the
preamplifier module. Semi-rigid cables were used to connect the ODU connectors to
the input/output of the shielded preamplifiers. Cable traps were installed on the
shield of the cables to suppress common mode. Bias-tees and lowpass filters were
used to mix PIN diode control signals to the input of the preamplifiers.
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Figure 47. Latching mechanism of modular preamplifier. This non-magnetic
latching mechanism connects the system cable to the preamplifier module to
streamline the experiment setup. This allows the preamplifiers to be connected to the
receiver without feeding the system cable through the narrow bore of the scanner.

(3) Coil shaping tools: Coils made out of wire have less copper related loss than coils
made out of microstrips. Coil shaping tools enabled the routine use of wire on the
development of coil arrays in a consistent way. Figure 48 and Figure 49 show how
wired loop and butterfly coil arrays are built using a “winding tool” and a “bending

tool” to form the shapes and the bridges of a coil.
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Design the winding Make the winding tool Wind the wire using Measure the linear length
tool in SolidWorks using a 3D printer winding tool and mark between intersections
intersections with
adjacent coil elements

Design bending tool in Make the bending tool Bend the wire using
SolidWorks using a 3D printer the bending tool
| and wind the wire
using the winding
tool

Figure 49. Example of constructing a butterfly coil array using coil shaping tools.
One side of the butterfly coils are demonstrated here.

(4) 3D printing, coil clips and PLA cement: 3D printing is very useful for making parts
of a complicated shape without the limitations of traditional manufacturing
methods. It also makes engraving fiducial marks of coil arrays on the coil former

easier. When the coil former is printed by PLA material, 3D printed coil clips and
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PLA cement can be used to mount coils on the former with high accuracy and

stability as shown in Figure 50.

Figure 50. Using coil clips and PLA cement to help assemble coil arrays on a coil
former of irregular shape in a space-restricted environment. (a) 3D printed coil clips
made of PLA material. (b) PLA cement made by dissolving recycled PLA material
in tetrahydrofuran solvent. (c) A coil mounted on the coil former by fusing coil clips
with tetrahydrofuran. The gaps between the coil and the coil clips were filled with
PLA cement. As is demonstrated in (c¢), all components except the phase shifter were
able to be soldered on the coil before the coil was mounted on the coil former, because
of the streamlined circuit design. This negated the need to solder small components
in confined spaces.

(5) Customized phantoms: Multi-compartment phantoms can help measure the SNR
of specific areas of interests without requiring the use of real animals. Figure 28
and Figure 51 show a head-and-brain phantom and a body-and-spine phantom,
respectively. The regular lattice pattern inside of the phantom serves as the support
of the inner compartment as well as the guide for slice planning. The SNR inside
of volume of interest, i.e. the brain or CNS, can be calculated easily using phantom

images without the use of marmosets.
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Figure 51. Marmoset body-and-spine phantom. (a) 3D model of the phantom
consisted of the body shell, CNS shell and the regular lattice pattern which supports
the CNS shell. (b) MRI of the phantom in sagittal view. The regular lattice pattern
serves as the guide for imaging. The slice orientation is aligned with the phantom
when the size of the circular discs are the same. (¢) The 3D printed phantom inside
of a prototype cradle.

(6) Simulated scanner interface for coil tuning, noise matching, active detune and
preamplifier decoupling: A piece of custom hardware was built to simulate the
scanner interface of the Bruker system as shown in Figure 52. The interface
simulated the power supply to the preamplifiers and 50 € terminations at the
output of the preamplifiers. Each 50 Q termination consisted of 4 pairs of one
large-value capacitor (as DC block) and one 200 € resistor (as a distributed load).
RF outputs of the preamplifiers had shared ground and isolated 50 € loads. The
power source was isolated from the RF outputs of the preamplifiers using
distributed RF chokes (next to each MCX connector and the power input on the
board) to prevent hidden RF paths. Two controller boards were used to control the
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PIN diode signals. Coils connected to the preamplifier modules could be detuned

individually using pin headers on one of the controller boards.

Figure 52. Simulated scanner interface for Bruker system. (a) The Interface board
which supports power to the preamplifiers and provides 50 ( terminations. (b and
¢) System connectors are connected to the interface board and the PIN diode
controller board.

(7) Molded foam pads: Foam padding is important for animal MRI coils to provide
for the comfort and thermal insulation of animals. Moldable foam enables custom-
shaped foam padding to be used on any kinds of application. Figure 29 shows the
application of molded foam padding used inside of a marmoset helmet for awake

brain imaging.
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Decoupling between receiving elements
Decoupling between receiving elements is crucial for MRI. Here is the summary of

designs and techniques developed/used in this dissertation:

(1) Special coil array: some special coil elements, such as DPP and DPPX coils are
naturally decoupled from neighboring elements. Figure 4 shows the proposed
DPPX coil.

(2) Loop/butterfly coil arrays: Loop and butterfly coils are commonly used in the
construction of coil arrays. These coils need to overlap by a critical amount of
distance to reduce the magnetic field between two adjacent coils and thus achieve
geometric decoupling. Two streamlined strategies for geometric decoupling of
these two types of coil arrays were used:

a. 1D array or 2D array with regular mesh: small scale prototype and 3D
printing were used to streamline the process of geometric decoupling as
described in 0. Once the size and amount of overlap between a pair of
adjacent coils was determined with the help of 3D printed coil formers, the
rest of the coils were populated using coil bending tools and coil winding
tools as shown in Figure 48 and Figure 49. Figure 14 shows an example of
the geometric decoupling of a 6-channel loop coil array using this strategy.
Figure 53 shows an example of the geometric decoupling of a 6-channel

butterfly coil array.
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Figure 53. Geometric decoupling of a butterfly coil array for imaging marmoset
spinal cords. The photo was taken before the coils were permanently mounted on
the coil former.

b. Soccer ball: For building a coil array using soccer ball arrangement, the
“outside-in,” “local-bend” and “coil clips and PLA cement” approaches
were proposed to streamline the development: “Outside-in approach”, as
shown in Figure 54, means to start building the coil elements from the outer
ones which are close to the edge of the coil former, and continue building
by spiraling-in to the center of the soccer ball pattern. This strategy reduces
the number of neighboring elements of each new coil being mounted.
“Local-bend strategy,” as shown in Figure 55, was used to optimize
geometric decoupling between neighboring elements while exerting

minimal effect on the global arrangement of the soccer ball pattern or on
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the locations of other coils. In addition, right-left symmetry was preserved.
Note that the optimization of geometric decoupling was done with the
presence of un-resonated copper traces around the coil to be mounted to
simulate the condition of the final coil construction. With “outside-in” and
“local-bend” strategies, the iteration for geometric decoupling for soccer
ball coil arrays was eliminated. “Coil clips and PLA cement” were used to

help with mounting the coils and to optimize geometric decoupling

accurately on a strong structure.

Figure 54. ""Outside-in" strategy for streamlining the development of coil arrays with
soccer ball arrangement. (a) Number 1 to 10 indicate the order of coil construction—
from the outer elements toward the center of the soccer ball arrangement. (b) After
Coil 1&2 have been installed, determining the geometric decoupling between Coil 5
and Coil 1/2 needs the presence of the other surrounding Coil 6, 9 and 10 to simulate
the environment of the final coil array. With this streamlined strategy, the iteration
for geometric decoupling is eliminated.
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Figure 55. "Local-bend" strategy for streamlining the geometric decoupling between
loop elements. Local-bends are used to decrease the overlap (a and b) and increase
the overlap (¢ and d) for the optimization of geometric decoupling. This strategy
prevents the iteration for geometric decoupling and the propagation of geometrical
changes to other coils.

Adaptation for size variation of research subjects
The size variation of animals makes optimization of tuning and matching of MRI coils

difficult. Here is the summary of techniques developed in this dissertation:

(1) Adjustable mechanical design: Mechanical designs allowed the adjustment of coil
positions to accommodate for the size variation of research subjects. Figure 5
shows the scissor-jack-like mechanism that moves the coil arrays to adapt for

different sizes of mice while keeping the arrays parallel to the z-axis. This kind of
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design requires coil elements that naturally do not couple to each other or high-
performance preamplifier decoupling.

(2) Image-driven CAD design of models with flexible padding: Image-driven 3D
models were used to design coil formers. MRI-derived 3D models mimicked the
natural shape of the animal of interest, helped stabilize the position of the animal
and streamlined experimental setup. Usually a larger animal was used to generate
the 3D model. Therefore, to accommodate for smaller animals, and to increase
animal comfort and thermal insulation, foam padding was used. Figure 29 shows
the helmet with molded-in foam padding for awake marmoset brain imaging.
Figure 32 and Figure 56 show the 10-channel marmoset head coil array built on a
coil former which was derived from MRI of a large marmoset head. Figure 41
shows the 12-channel marmoset spine coil array built on a coil former which was

derived from MRI of a large marmoset body.
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Figure 56. CAD design of a 10-channel marmoset head coil array.

Streamlining experimental setup
Streamlining experimental setup can reduce the burden of researchers, reduce experiment
errors and promote animal safety. Here is the summary of techniques developed/used in

this dissertation:

(1) Integrated connections, tubes, multi-pin connectors and design of coil shapes:
Various designs were used to streamline experimental setups. Figure 18 shows a
mouse bed design for loading a mouse efficiently. The integrated anesthesia and
heating tubes streamline the experimental setup. Figure 20 shows the twist-n-lock
mechanism of the mouse for inserting a mouse into the coil array easily. Figure 21
shows the design to quickly select the anatomy of interest to image different parts

of'a mouse. Multi-pin connectors help to connect multi-channel coil arrays into the
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preamplifiers and receivers quickly as shown in Figure 57(b). Experimental setup
was also streamlined by designing the coil shape to fit on the animal cradle and to

house the animal body as shown in Figure 57(a).

Figure 57. Design of coil shape and use of multi-pin connectors to streamline
experimental setup. (a) The 12-channel spine coil array follows the shape of the half-
cylindrical coil holder. (b) Multi-pin connectors streamline the connections of the
coils and preamplifiers.

(2) Ease of cleaning: Disposable liners and 3D printed mouse beds helped to clean
coils after animal experiments as shown in Figure 19. Non-magnetic paints, such
as epoxy based paint (EPO-TEK 301, Epoxy Technology Inc., Billerica, MA,
USA), rubber based paint (Performix F-717, Plesti Dip International, Blaine, MN,
USA) and acrylic based paint (clear acrylic: gloss/matt, Aervoe Industries, Inc.,
Gardnerville, NV, USA) were used to seal/waterproof porous 3D printed parts for

easier cleaning.
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CHAPTER VIII

CONCLUSIONS AND FUTURE WORK

In conclusion, this doctoral work has examined the need to streamline the design and
construction and increase the usability of array coils for small animal MRI. The
performance of the various coil arrays described in this dissertation with respect to
achieving this goal, in comparison to previous reports or commercial products, is

summarized in Table 7.

Performance of coil arrays
Performance of coil arrays, in terms of streamlined design strategy and efficiency of

streamlined experimental setups, are summarized in Table 7.

As the last coil array being developed in this work, the 12-channel coil array for in vivo
marmoset spine imaging has the highest performance in terms of SNR, streamlined
development and streamlined experimental setup. Serving as thermal insulation, the
installation of carton pads was part of the coil design, therefore the coil array scored
“better” in “streamlined experimental setup: temperature control.” The coil former was
designed to accommodate for the external tubing of anesthesia and heating, however, these
tubes were not integrated into the coil. Therefore, in the category of “streamlined
experimental setup: anesthesia and heating tubing,” it only scored “acceptable/no

improvements.”
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The 10-channel coil array for awake marmoset brain imaging performed well overall,
especially for the excellent decoupling between array elements which enabled parallel
imaging in both x- and z-directions. The streamlined design strategy successfully reduced
iterations through the coil development. The SNR of the 10-channel coil array also showed
17-27% of SNR increase compared to the previous 8-channel design [137]. Previously,
water-pad heating was used and no improvement was done on this part, therefore,
“streamlined experiment: temperature control” was only “acceptable/no improvements.”
Because the 10-channel coil array was designed for awake brain imaging, anesthesia was

not used and marked as “N/A.”

The general-purpose 6-channel mouse loop coil array demonstrated high image quality,
streamlined coil design and streamlined experimental setup through the use of innovative
mouse handling design and integrated tubing for anesthesia and heating. With these

improvements, the 6-channel coil array scored “better” in many of these categories.

However, both the 6-channel mouse loop coil array and the 10-channel mouse DPPX coil
array scored “lower” in the category of “streamlined experimental setup: coil connection”
because multi-pin connectors were not used. Instead, common BNC connectors were used.
That being said, the connectors could be easily replaced with ODU multi-pin connectors,
and the score of this category will be “acceptable/no difference” compared to industry
standard. The 12-channel coil array for in vivo marmoset spine imaging and the 10-channel
coil array for awake marmoset brain imaging both scored “better” in this category because

both the input and the output of the preamplifier module used multi-pin connectors.
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Commercial products do not use multi-pin connectors at the output of the preamplifier
module. This design negated the need to feed the output cable of the preamplifier module

through the narrow bore and streamlined the imaging setup.

Commercial MRI coils use MR-compatible paint to make coil-cleaning easier. Both the
10-channel marmoset head coil array and the 12-channel marmoset spine coil array used
similar design, therefore they score “acceptable/no difference” in the “ease of cleaning”
category. The 6-channel mouse loop coil array and the 10-channel mouse DPPX coil array
both scored “better” in this category because both used disposable liners and the later even

used disposable 3D-printed mouse bed which minimizes the need of cleaning.

Although 10-channel mouse DPPX coil array did not meet our expectation in terms of the
SNR at the center of the subject, this proprietary design had a lot of unique properties. The
receiving coil array was able to decouple from the transmitting coil without the need of
active detune traps which greatly streamlined the design of the coil and ultimately solved
the problem of fitting components and cable routing into a confined space. The geometry
of the coil element also straightforwardly prevented the coupling of neighboring elements.
The scissor-jack mechanism allowed unique size adjustment in a confined space. It is
possible to increase the sensitivity of the coil array if the distance between the signal line

and the crisscrossed return paths is increased in the future.
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Table 7. Comparison of performance of coil arrays: SNR, streamlined coil designs and streamlined experimental setups.

Streamlined coil design

Streamlined experimental setup

Anesthesia
geometric Animal Coil and heating Temperature Ease of
Coil arra SNR circuit network decouplin handling connection tubing control cleaning
y pling
12-ch
¢ (reduced 75 - . 0 (both

marmoset ¢ (5.3X SNR over O (-15dB to - input/output of

. . . . 225 min prep . o O o
spine coil 4-ch array) adjacent Rx coil) fime) preamplifier are
array modular)
10-ch 017 27% 0 (both N/A (no
marmoset . O (-15dB to ¢ (reduced 20 input/output of anesthesia used

. increase over 8- . . . . o o
head coil h ) adjacent Rx coil) min prep time) preamplifier are in awake
array charray modular) imaging)
6-ch mouse 21-4, indivi
u ¢ (1.21 - 4.08X 0(-15dB o 0 (reduced 20 o (individual _
loop coil over quad diacent Rx coil) min prep time) BNC 0 (integrated) o 0
array volume coil) adjacent Rx cot connectors)
10-ch mouse ® (0.42-457X o (individual
DPPX coil over Tx volume 019~ -5.4 dB to o BNC o o o
. Tx coil)

array coil) connectors)
0: better o: acceptable/no difference
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Future work
As the development of electronic components slows down, researchers are looking for
new materials to further improve SNR of MRI. High dielectric materials such as BaTiOs3,
and special geometric arrangement of such materials, can manipulate the distribution of
RF fields in three-dimensional space. One can use this feature to either reduce coil-to-coil
coupling or to focus RF field into a region of interest. New materials can also be used to
manufacture thin, yet strong, mechanical parts to reduce the distance between receiving
coils and the research subject, leading to higher SNR. Cryo-cooled coils and preamplifiers

are also candidates for increasing SNR.

Most pre-clinical MRI scanners have very small bore size, and the lack of space makes
advanced pre-clinical imaging difficult. For example, in addition to the transmitting and
receiving coils, fMRI of awake marmoset imaging also requires body-restraint
accessories, audio/visual/tactile stimulation devices, and devices that monitor the safety
of the marmoset. Another example is arterial spin labeling (ASL) which requires another
set of spin-labeling coil(s) to be added on top of the imaging coils. In this doctoral
dissertation, most of the challenges were solved by strategic planning and integration of
various devices. Perhaps, a thinner and shorter transmitting coil which provides equal or
larger homogenous region, is a more general solution. For marmoset brain imaging, the
extra room provided by thinner transmitting coil can be used to image the marmoset in a
more comfortable position by lowering the body of the marmoset. This would also expose
the posterior part of the marmoset head, and more receiving coil elements could be added

to increase the SNR in the occipital lobe of the brain. Extra coil elements could also be
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added around a marmoset head on top of the 12-channel spine coil array, thereby allowing
the brain and the spinal cord to be imaged in a single session. This would drastically reduce
the image preparation time for multiple sclerosis studies which require longitudinal studies
of the entire central nervous system. Currently, brain and spinal cord imaging have to be
done separately. In addition, the ACUC of NIH limits the frequency of anesthetizing a
marmoset to once per week, and this poses a problem for disease models, such as multiple
sclerosis, which progress rapidly in certain stages, yet the brain and the spinal cord have

to be imaged in alternating weeks.

The complexity of hardware required for current pre-clinical studies is restrained by either
space or system limitations. For example, when a dedicated arterial spin labeling coil is
used with the proposed 10-channel receiving head coil array, all four system sockets
provided by a Bruker MRI scanner are used. We were able to fit one infrared camera with
infrared light source to monitor the marmoset’s safety, but we ran out of space for our
visual stimulation device. We also ran out of space and system sockets for additional

arterial spin labeling coils.

Therefore, custom-made accessories are also needed for future pre-clinical MRI studies.
For example, one can integrate a miniature visual stimulation display with infrared camera
to save space and streamline the setup of animal imaging. To reduce system complexity,
the ultimate solution is to connect coils and devices either through optic fibers or wireless

links to keep up with the pace of the increasing complexity of pre-clinical imaging. This
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would also require the advancement of non-magnetic miniature optical transceivers and

RF power amplifiers.
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