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In this competing renewal grant application entitled "Human MRI to 9.4T and Beyond",
the emphasis is on "Beyond". The current grant now concluding supported the
development of whole body imaging at 7T, and human head imaging to 9.4T. While
refinements continue, the aims of demonstrating feasibility of human MRI at these
highest field strengths were achieved. The development and advancement of parallel
transmit, parallel transmitters, multi-channel transmission line arrays and B1 shimming
were key technologies and methodologies to make these feats possible. Now, with the
development of two new whole body MR systems, one at 10.5T for the University of
Minnesota, and the other at 11.7T for CEA Neurospin in Saclay, France, a pair of new
highest field MR systems are scheduled for delivery. As was the case with 7T and 9.4T,
and for 3T and 4T before, magnet technology has often preceded radiofrequency
technology in the evolution of MRI. Field strength has stepped ahead of our ability to
use it, again. The purpose of this proposal is therefore to solve this problem for the
world's most powerful magnets. Innovative new radiofrequency technology, coils,
method and techniques are proposed for achieving the first head and body images from
these unprecedented new fields. This effort is aimed at not only developing advanced
technology and techniques required to safely harness the world's most powerful whole
body MR magnets for science, but will safely achieve the highest field, highest signal,
highest speed images yet.
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This application seeks renewal of the grant: "Human MRI to 9.4T and "Beyond." With
Human MRI to 9.4T achieved, the effort of this proposal is directed to "Beyond". A
renewed grant will develop the radiofrequency technology and knowhow required to
acquire the first, whole-body images at 10.5T and 11.7T.
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RESEARCH PLAN

A. SPECIFIC AIMS

The objective of this proposal is to advance whole body MRI from 7T and 9.4T to 10.5T and 11.7T. The goal
therefore will be to achieve the first whole body human images at these two successive field strengths, safely
and successfully. By so doing, the trail will be blazed for the next step in high field NMR facilitated biomedical
research. To accomplish this objective, new paradigm shifting technologies and methodologies, some only
recently invented, must be developed, implemented and applied. Many new discoveries, inventions, and
innovations are undoubtedly ahead as well. New RF technology and protocols will be developed to take
advantage of five degrees of freedom in signal excitation and detection at the NMR transduction (RF coil-
tissue) interface. Time, space, frequency, phase angle, and magnitude will be modulated to optimize desired
signal criteria over targeted regions of interest. These new approaches, facilitated by dramatically shortened
Larmor wavelengths and unprecedented signal levels, will validate 10.5T and 11.7T systems for human MRI
and may compel advancement to higher fields still. Specifically, these approaches will be developed and
applied to the human head and trunk at the highest field strengths currently available for human imaging. To
assure not only successful, but safe human application of new methods and technology at magnetic field
strengths above the FDA “non-significant risk” status, “safety” is also listed as an Aim of primary importance.

Aim 1. Head Imaging Coil , 10.5T to 11.7T.
1.1 Specification and Design for RF coil systems at 450-500MHz
1.2 Construction
1.2.1 RF coil systems construction, bench testing
1.2.2 Auto-tuning system construction for driving multi-channel coils at 450-500MHz
1.2.3 Integrated coil amplifiers
1.3 Head MRI Testing and Evaluation, 10.5T to 11.7T

Aim 2. Body Imaging Coils, 10.5T to 11.7T.
2.1 Specification and Design for RF coil systems at 450-500MHz
2.2 Construction
2.2.1 RF coil systems construction, bench testing
2.2.2 Auto-tuning system
2.2.3 Integrated coil amplifiers
2.3 Body MRI Testing and Evaluation, 10.5T-11.7T

Aim 3. RF Safety, 10.5T to 11.7T.
3.1 Modeling and Design
3.1.1 SAR and temperature modeling in digital porcine models at 450-500 MHz.
3.1.2 SAR and temperature modeling in digital human models at 450-500 MHz.
3.2 Testing and Evaluation
3.2.1 Measurement of RF power input vs. temperature in porcine models by fluoroptic
thermometry
3.2.2 Determine RF heating data for a priori use in experiment planning.
3.3 Safety Assurance Implementation
3.3.1 Build and implement multi-channel MR power monitor
3.3.2 Monitor SAR on all channels, forward and reverse, for multi-channel coils
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B. RESEARCH STRATEGY

B.1 Significance

In recognition of the significant role that ultra-high field magnetic resonance (MR) has played and will continue
to play in basic biomedical research, the NIH NCRR recently awarded a High End Instrumentation grant to the
University of Minnesota, Center for Magnetic Resonance Research (CMRR). The grant (S10RR029672-01)
was for the purchase of a custom console (Siemens) and a shielded room to complement a 10.5 Tesla (T),
88cm bore magnet purchased by the University of Minnesota. An October 2011 delivery is scheduled for this
console and magnet; the 650 ton shielded room is already being installed. Unavailable commercially however
are the radiofrequency coils and related RF front-end technology required to complete this system. Similarly
unavailable is the support needed to bring this system to safe and successful operation. Our Neurospin
collaborators from the grant now proposed for renewal are in a similar spot with similar needs. They anticipate
their 11.7T, 90 cm bore magnet to be reach field in October 2013.

This grant is critical for meeting immediate, specific needs, as well as for a broader need for the advancement
of the field. One immediate need is to supply fully integrated and operational RF coil systems for head and
body imaging at 450 and 500 MHz (Aims 1 and 2). Aim 3 is to obtain data required for safe operation of these
systems for the required FDA Investigational Device Exemption, and for the University of Minnesota's IRB
approval which must precede human experiments. Neurospin will require the same data for meeting their
safety and regulatory criteria for human studies at 11.7T. More broadly, this investigation develops the means
to explore the feasibility for the first whole body imaging at the highest field strengths yet.

In the last two decades numerous magnetic resonance techniques, such as functional magnetic resonance
imaging (fMRI) (1-13), perfusion imaging (14-18), MR spectroscopy (19-27), etc. have come to play an
indispensable role in biomedical research, as well as in clinical practice. In our laboratory, the Center for
Magnetic Resonance Research (CMRR) at the University of Minnesota, the evolution of such methods has
been intricately tied with the development of high field MR, starting with one of the original three 4T magnets in
1990. This was followed by the installation of a 7 tesla whole body system in 1999 (the first such system),
ultimately leading to the rapidly growing interest in 7 T both in the research community and the manufacturers
of clinical MR platforms. Based on the dramatic improvements that can be realized at the ultrahigh fields due to
combined gains in signal-to-noise ratio (SNR) and contrast mechanisms, it is now anticipated that imaging at
this magnetic field will also impact clinical practice and that such a “clinical” scanner is inevitable. The thrust of
this proposal therefore is to push these gains further, broadening the boundaries of MR research by providing
the RF technology and knowhow to make the first human whole body imaging possible at 10.5 Tesla (~450
MHz proton frequency) and even higher to the current technology limits of 11.7T (500 MHz). 10.5 T represents
a significant increase over the current, most commonly available ultrahigh field platform of 7 tesla. No such
instruments currently exist in the world. The CMRR has the first 9.4T system capable of imaging human heads
only, with a 65cm bore magnet and very narrow, asymmetric head gradients. Four such systems exist today.
An 11.7 T, 68 cm bore (~500 MHz) “head only” system is planned for NIH intramural research. The rationale
for continuing to advance the technology is based on the demonstration, largely coming from our laboratory,
that (i) ultrahigh fields provide unique information that is not available at lower magnetic fields, (ii) such
information can be obtained not only in the human brain but, with appropriate technological developments, in
the human torso and extremities as well, and (iii) such information is useful both for basic biomedical and
translational research as well as for clinical medicine. Specific demonstrations at 7T and 9.4T include:

— SNR gains in the human brain at such high magnetic fields

(a concept that was questioned at the time) (28, 29),

— the feasibility of improved morphological imaging (28, 30),

— significantly improved fMRI contrast and accuracy (2-4, 8-11, 14, 31-35),

— higher resolution neurochemical spectroscopy (21-24),

— improved parallel imaging (36-38),

— feasibility of imaging in the human torso where the RF problems are the most difficult (39, 40).
If successful, this grant will first demonstrate the feasibility and advantages of a 10.5T system in the CMRR, a
Biotechnology Research Center (BTRC) for high field MR research and a laboratory with appropriate
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interdisciplinary expertise and infrastructure to maximally utilize it, and for an 11.7T system in a similarly
resourced national laboratory in France, CEA Neurospin.

This proposal is the fifth in a highly productive series of grants that supports the core of the Pl's research to
advance the state-of-the-art in high field RF engineering and safety, from 3T and 4T to 10.5T and 11.7T over
the time span 1998 through hopefully, 2015. The first grant (R01 CA076535 (2-10-1998 thru 1-31-2002))
advanced head imaging with transmit and receive birdcages and inductively coupled TEM coils at 3T and 4T to
TEM transmit coils with local receive arrays, and to the door steps of multi-channel TEM (aka transmission line
array) head coils at 3T to 7T (28, 41). Results and funding from this grant facilitated the bid for a DOD-ONDCP
award to the Massachusetts General Hospital to launch their 7T program, and provided the coils, methods and
safety data for acquiring the world's first 7T head images at the University of Minnesota, CMRR. The second
and third grants in this line, EB 00895 (12-1-2002 thru 7-31-2009), achieved the first 4T whole body imaging
(with B4 shimming) (42), produced the first multi-channel (16x) transmitter for head imaging (29) and high-field
body (43), numerous multi-channel transmit coils for 7T and 9.4T head imaging(28, 44-47), the first 9.4T head
images (29), and the first examples of interactive, programmable B, shimming to make this possible. (48, 49)
The fourth grant in this series EB 006835 (8-15-2007 thru 7-31-2011) continued improvements in 7T and 9.4T
head imaging (39, 46, 50-52) and spear-headed the first whole body imaging at 7T.(43) This fourth grant,
currently active until July 31 of this year, has provided many of the preliminary results from innovations to be
developed and applied in the drive to 10.5T and 11.7T with the grant proposed. Not everything proposed for
EB006835 was accomplished however, for a number of reasons. The five year proposal was funded for three,
and the budget for three years was cut. The 11.7T magnet delivery schedule was planned for year five of the
original proposal, and so was not available. So while 7T body imaging and 9.4T head imaging aims were
largely accomplished, 11.7T research and development was deferred to this proposal. The new 10.5T system,
not previously anticipated, now offers an additional in-house platform for whole-body MR at the highest fields.
This grant is therefore critically needed to continue the progress on this highly productive, thirteen year project
to advance the technology and methodology of high field human MR for the CMRR, for the CEA Neurospin,
and for the rest of the international high field MR community.

B.2 Innovation

3T is the highest field strength used for clinical MRI. According to Frost and Sullivan, May 2010, sales of 3T
units makeup the fastest growing MRI systems market with approximately 2000 installed worldwide. 7T is the
highest field for "standard" factory supported systems with approximately 35 of these systems installed. Above
this, four 9.4T systems exist, and one 11.7T, 68cm bore (head only) system is being installed at the NIH. Due
primarily to technological and methodological shortcomings, most of the 7T and 9.4T systems are used for
imaging only human heads or smaller lab animals. In particular, commercial RF head coils are not available
for fields of 9.4T and higher, and commercial body coils are not available for 7T or above. While whole body
10.5T and 11.7T magnets for this study are being made available at the University of Minnesota and at the
CEA in France, Figure 1, there are many additional technological and physical challenges to human imaging at
these highest field strengths and accompanying Larmor resonance frequencies. The Larmor wavelengths in
the human tissue dielectrics at 450 MHz (10.5T) and 500 MHz (11.7T) are on the order of 8cm and 7cm
respectively in high water content tissues such as muscle and brain. By conventional methods and thinking,
these wavelengths would preclude any possibility of achieving safe and successful human-scale imaging. RF
interference patterns from conventional, uniform field volume coils would create severe RF field inhomogeneity
in the anatomy. RF losses to the tissue conductor and the tissue dielectric would result in severe heating for
conventional pulse protocols. Conventional RF coil and frontend circuits would be highly radiative (inefficient)
with poor current and field control. New methods and technology being developed at the University of
Minnesota may not only solve some of these problems, but may actually use the short wavelengths to new
advantage. Examples of new innovations proposed for solving high field problems follow.
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1.)_World's highest field, whole-body magnets.
These magnets are uniquely innovative. While this
proposal does not include magnet design, the fields
generated by these magnets necessitate the many
new innovations in the hardware and in the
experiment protocols of this proposal.

2.)_New methods of modeling the human body at
new, highest frequencies. See Figure 2. The
success of coil systems’ design and operation will
depend heavily on new approaches to modeling.
Modeling RF field propagation and losses of multiple
wavelengths in human anatomy is required for safe
and successful imaging. Safety can no longer rely
on course calculations of E fields and SAR alone.
Numerical predictions of heating (AT) and
temperature contours (T) must be included. These
thermal models must be accurate and precise to
0.2°C. The accuracy and precision of the SEMCAD
X FDTD solver (Speag, Zurich, CH) (53) will be
enhanced by our improved bioheat equation (54),
and validated in first-of, whole body experiments
with porcine models. (55)

3.)_Porcine Anatomy Atlas.

In order to validate thermal models with direct
measurements, a porcine anatomy atlas will be
created. Examples of segmented anatomy derived
from MRI of a pig's head are shown in Figure 3.
This unique work must be done for the whole
porcine body as well The World Health
Organization = recommends this model for
investigations of RF dosimetry, heating, and heat
stress. (56)

4.) _New head coil systems. Head coils don't exist
for 10.5T or 11.7T imaging. Existing approaches
can't be used for successfully imaging the whole
head at these fields. Significant innovation will be
required for a successful design. The coil systems
proposed will include short, efficient, "3D", shielded
coil element arrays, using linear elements for
transmit, loop elements, decoupled by orthogonality
will be used for receive elements. The elements will
be electronically tuned and matched.  On-coil
decoupling preamps, power amplifiers, and
transmit/receive (TR) switches are design goals. As
many as 32 transmit channels and 64 receive
channels will be distributed in x, y, and z for "3D" B1
shimming. Figure 4 includes pictures of a lower
frequency prototype with an early 9.4T image
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10.5T CMRR 11.75 T NeuroSpin, (Saclay, FR)
Field / diameter 10.5T/ 880mm 11.75T /900mm
Magnet Manufacturer Agilent Iseult, CEA NeuroSpin,
Temporal stability 0.03 ppm/hour 0.05 ppm/hour

Spatial homogeneity <0.07 ppm 250mm dsv <0.05 ppm within 220mm dsv

Current 1483 Amps

Stored Energy 280 MJ 338 MJ

Conductor NbTi (1433 km) NbTi (56 tons)
Temperature 3K 1.8K

Size 41x3.2m 5.0x5.2m

Weight 110 Tons 136 Tons

Delivery October, 2011 October, 2013 (At field)
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Figure 2. Calculated relative RF magnetic field (B1), RF
electric field (E), specific absorption rate (SAR), temperature
change (AT), all on log scale (dB), and absolute temperature
(T, °C) for 133 W, 300 MHz RF input into a 72 kg human
body from a 60 cm i.d. x 1 m long TEM body coil with 33cm
elements centered on the thorax.

Skin
Cartilage & Muscle
Figure 3. A segmented porcine head model developed
in-house.
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zoomed for detail. (29) The coil includes practical
features such as front to back view port channel,
and a compact diameter (32cm) that fits into a
head gradient coil set.

5.)_New body coil systems. Other than at the
CMRR, a whole body coil does not even exist for
7T. See Figure 7. Proposed here are 10.5T and
11.7T full, 32 channel body coils together with 32
and 64 channel receive arrays. Similar to the
head coil above, the proposed body coil will
incorporate on-coil power amps, preamps, TR
switches and feedback driven, auto-tuning
circuitry.

Figure 4. High frequenc head coils consiéting of multi-channel
TEM transmit coils with multi-channel receive arrays. Detail in a
9.4T T,* weighted, zoomed FLASH image of a human brain is

6.)_Novel and necessary coil element decoupling. shown

The 32 channel TEM elements must be
decoupled to 20dB or better for best parallel
imaging and B4 shimming performance. A new
method for cancelling mutual inductance M
between elements with shield capacitance, C, in
Figure 6 (right) will limit losses and field
perturbations associated with  conventional
capacitive bridging as shown in Figure 6 (left). (43,
57)

C
P + iz]e’jﬂ" =% dy,dz, \dxdz
ror r'

_fa_ M
M= I, CAr .sz[”yozoj[

Figure 6. Decoupling coil elements by cancelling
mutual inductance, M, using the usual practice (left)
compared to the proposed method using shield
capacitance (right).

7.)_On-coil power amplifiers are a new innovation.
Due to cabling issues, power loss, and prohibitive
expense of high-power amplifiers, it's difficult to
imagine a 32 element 3D coil without local, on-coil
(or proximate) power amplifiers. To test feasibility
of this concept, class AB linear power amplifiers
were tested in the magnet with a single amplifier driving a single TEM element to image a phantom. It works.
Proposed is a more compact, significantly more efficient (without finned heat sinks) class E nonlinear power
amplifier that can be pre-compensated for linear output and mounted right on a coil element. This innovation
alone will revolutionize coil and MR system design.

Figure 5. A 16 channel, 7T body coil, half of a 32 channel
receiver, and a single frame of a By and By shimmed, cardiac
cine acquired with the 16 channel transmit, 32 channel receive
system.
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Figure 7. Local power
amplifiers mounted on
multi-channel, 7T body
coil (a). Single TEM
channel element (b) used

| toacquire phantom image
: with local amplifier (c) and
with remote amplifier (d).
Image (c) was acquired
with %2 power of image (d).

8.)_Automatic tuning and matching is also highly innovative and needed.

A high frequency, multi-channel transmit coil must be tuned and matched per subject. Currently in the lab this
is done manually, one element at a time. Note in Figure 7a the 16 tuning and 16 matching stems that must
each be adjusted for each scan. Even if the applications scientist would not mind using a major part of her
experiment time tuning and matching multiple coil elements, the coils proposed with double the element count
and inaccessible elements would make such manual adjustments impossible. The RF signal feedback driven,
PIN diode switched, capacitance matrices for tuning and matching each coil element electronically,
automatically with algorithm control, Figure 8, is therefore an innovation needed for the coils proposed, and for
all practical multi-channel, transmit coils.

S14
0dB

Electrically
« auto-tuned
RF coil

S
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Freq.
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fLarmor fLarmor

Figure 8. Electronic auto-tuning. Every channel in a multi-channel coil must be electronically tuned and matched per
subject for best results. A feedback algorithm driven, PIN switched capacitance matrix adjusts frequency tune and
impedance match per element, in-situ. Diagram 8a details the circuit, b shows a prototypical implementation of the circuit
into a single coil element, and ¢ shows a modeled result.

9.)_On-coil transceiver

Extending from Figure 7 technology above, a high performance, low cost solution (integrated power modulator
units) to the costly and cumbersome parallel transmitters and receivers now driving mutli-channel coils will be
designed, built and implemented in the new head and body coils of this proposal. Combined with the
preamplifiers in the coil, a high speed parallel transceiver will be developed and implemented for automated B
shimming Transmit SENSE, and other “on the fly” applications at 10.5T and higher. The 66 us command cycle
of first generation transceivers is sufficient for controlling phase and gain settings for interactive RF shimming.
But these are too slow for many other important applications. The new system proposed will reduce this time
delay to a sub-microsecond control cycle to facilitate Transmit SENSE, automated shimming and other high
speed applications requiring on-the-fly waveform modulation and feedback control. The broadband power
amplifiers and other system components also allow for simultaneous or interleaved multi-nuclear applications,
swept frequency methods, and other frequency dependent protocols.

At the heart of the second generation parallel transceiver proposed is a transmitter module consisting of a
single chip modulator, and a single Field Effect Transistor (FET) power amp. The compactness of this unit
(approximately 1cm x 2cm x 3cm) will make it possible to integrate this unit with its dedicated coil element.
Together with a similarly compact PIN diode protected preamp, this second generation parallel transceiver will
be integrated at the probe head (coil) for maximum RF speed, performance and flexibility. A coil with local
phase, gain, frequency, temporal, and spatial (per element) control will bring a true paradigm shift to the
concept of an RF coil and equally to a new family of RF excitation sequences to take advantage of this new
technology.
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To build the new device, an adjustable integrated circuit
will be designed that allows for frequency shifting over
100 kHz of bandwidth, phase shifting over 360 degrees,
and amplitude adjustment over 30dB. The circuit I
architecture will consist of the blocks shown above,
Figure 9. The incoming signal will be amplified to a
known output value through an automatic gain control
(AGC) circuit to maintain optimal operating conditions for
the mixer. This signal will be mixed with a low frequency
signal to adjust the input signal around the center
frequency. The low frequency signal will be produced by Figure 9. RF transmit signal phase and magnitude (gain)

a voltage-controlled oscillator (VCO) controlled through modulator with power FET (amp).

the frequency adjustment line. The output of the mixer

will then be supplied to the phase adjustment circuitry. The phase of the signal will be modified according to
the phase control signal from zero degrees to 360 degrees through capacitors that are switched into the
system. Last of all, the signals’ amplitude will be adjusted as required by the system, taking into account the
fixed input amplitude supplied via the AGC.

Phase Adj
Amplitude Adj

Phase Adj
C Switch -
Network

Due to the need for linear, high voltage signals, a bipolar junction transistor (BJT) process such as IBM’s
0.35um SiGe best suits the needs of the project. The first pass of this design will take approximately five
months of design effort followed by a month of layout and two weeks of re-simulation. The design will be
verified in simulation against the system specifications that will be developed first. From the specifications, a
system architecture will be decided upon and implemented. Each circuit block will be designed and simulated
to the specifications of the architecture and then combined into the full architecture for system simulation.
From here, the circuits will be laid out, checked, and extracted. Using the extracted decks, the system will be
re-simulated to ensure that parasitics of the chip are not affecting the system performance. These simulations
will be performed with Analog Artist, Spectre, and Spectre RF; layout will be performed with Vituoso XL; and
checking will be done with the appropriate checking decks for the process.

B.3 Approach

A general engineering approach toward reaching design goals for safe and successful coil systems and their
operational protocols will be followed. This approach consists of 1. specification and design, 2. construction, 3.
test and evaluation. These steps often require iterations of each step before the design goals are met. The
Specific Aims for head and body coil development generally follow this engineering approach.

Aim 1. Head Imaging Coil, 10.5T to 11.7T.

1. Specification and Design: Head coils for 10.5T and 11.7T will be built in years 2 and 4 respectively to meet
the following criteria. Physical: The i.d. must be 25cm to snugly fit most human heads (and noses), together
with a foam head cup and ear protection. The o.d. will be constrained to 33cm to fit on top of the patient table,
but within optional head gradients. An optical view port will be incorporated into the roof of the coil to permit
forward or rear projection screen viewing by means of a configurable mirror. See Figures 4,11a. The coil shall
be packaged and connectorized to meet IEC standards. Based on modeling and extrapolation from
experience at lower fields,
reasonable performance
goals are : B;= 0.23 uT/W"?
peak; 15 cm dsv, B,
shimmed to 80%
homogeniety with efficiency =
0.1 uT/W"; iSNR >165/uL in
head center; 1.2 mean ¢
factor for a 4x3 2D reduction  Figure 10. 9.4T Predictions of non-uniformities in a head with a 16 element,

factor;  decoupling  18dB  homogeneous CP coil. Each color represents a 20 dB, B1 field contour. This coil
nominal. SAR = 0.4 W/kg/W.  and current drive scheme are clearly suboptimal.
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2. Construction: To meet these performance specifications, a head coil consisting a thirty two channel receiver
nested with a thirty channel TEM TR coil will be built, for a combined total of thirty transmit channels and 63
receive channels. Simulations suggest that this configuration will produce good depth of B1 coverage in the
head. Thirty, 8 cm TEM transmit and receive elements will be arrayed in a 2x15 configuration per Figure 11c,
leaving room for view channel over the face. The 2x15 array will better cover the whole head together with
x.y.z. "3D" By shimming, to correct the B, field nonuniformities shown in Figure 10. Short, 8cm elements will

Figure11. High frequency, “3D” head coil system disassembled to show the,compact package with
view port (a), the slotted, capacitive shield (b), 32 auto-tuned TEM transmit/receive elements in x,y,z,
(c), and the 32 channel receive elements (d).

also be less radiative and more efficient at 450 — 500 MHz. The shielded TEM elements as shown un-split in
Figure 11b will be decoupled by the innovative method described in Figure 6 to an adequate 18 dB decoupling.
Thirty-two receiver loops will be arrayed in a 2x16 configuration per Figure 11d. The loop receive elements will
be centered with the linear transmit/receive TEM elements for maximum orthogonal field decoupling between
the two circuits as shown in Figure 11c. Orthogonal decoupling, decoupling preamps, and additional
capacitive bridging, if necessary, will ensure 18 dB decoupling between the loop receiver array and the TEM
transceive array. The TEM array will be electronically tuned and matched per Figure 8, and ultimately driven
by thirty local, on-coil amplifiers described in Figure 7. Ultimately, g-factor map
the on-coil transceiver will move most of the RF spectrometer onto
the coil itself, significantly saving performance, cost, bulk and
complexity of the front end of the console.

Noise Covariance .

3.) Test and Evaluation

Before a coil or array is put into service, it is rigorously tested,
evaluated, and characterized both on the bench and in the
magnet. Coil resonance, Q, and isolation, in both the loaded and
unloaded condition as well as dynamic detuning are verified on the
bench. In the magnet, coil coupling, image homogeneity, transmit
efficiency, and SNR are characterized. Unfortunately, for high-field
coils these conventional metrics are often insufficient to completely
characterize and describe the transmit degrees of freedom,
spatially varying characteristics of the coils, and the potential
synergy of RF coil fields and imaging methodology. More
characterization is needed. The noise covariance matrix (58), SAR (dB) ATemp.  Abs.Temp. (°C)
Figure 12a of the loaded array is computed from the collected
noise data. B;" shimming calibration data is then acquired. (48)
Individual receiver data is used to calculate receiver sensitivity
maps and geometry-factor maps, Figure 12b.(58) The magnitude
of the B4" is mapped with two fully-relaxed gradient echo images
collected with excitations nominally set to 60° and 120° (double
angle method), Figure 12c. (59) Additionally, the 60° excitation  Figure 12. Example coil

gradient echo image is carefully post-processed so that the result  characterization data of a custom 7T

is in SNR Un|t3(60) USing the B1 map, the SNR image, and TEM transmit/16 |Oop receive head coil.
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acquisition parameters, the SNR image is converted into intrinsic SNR units which describes receiver
performance independent of transmit performance, Figure 12d.(45) By combining the above data, single-
channel transmit field maps can be synthesized to predict the transmit efficiency for any B;* shim. The
transmit efficiency verses transmit homogeneity can then be calculated for a region and reported for the
constraints of 90%, 80%, and 70% transmit homogeneity. Electromagnetic modeling is used to predict the
SAR, Figure 12e, change in temperature, Figure 12f, and absolute temperature, Figure 12g. Imaging five
volunteers for each coil would be sufficient to report a coil’s characteristics statistically. However, optimizing a
coil prototype is an iterative process requiring ten additional volunteers per coil. This coil characterization
provides the information needed to predict parallel acceleration performance, transmit efficiency, transmit
homogeneity, and the SNR for an arbitrary imaging sequence. Accordingly, progress toward reaching the
stated performance goals can be checked and validated. Furthermore, these results are reported in units that
can be compared across systems and field strengths.

Aim 2. Body Imaging Coils, 10.5T to 11.7T.

1.) Specification and Design: A 32 channel (2x16) TR whole body coil combined with a 32 channel receiver is
proposed. Based on the bore size of the new Siemens SC72 gradients for the new 10.5T and 11.7T magnets,
the o.d. of the new body coil must be slightly less than 72cm. Extrapolating from experience with similar design
at 7T (Figure 5), we can set minimum performance specifications to be: Bs= 0.1 uT/W"? peak; B1 = 0.05
uT/W"2 for B; shimmed to 80% homogeneity over a 15cm dsv; iSNR >70/uL in central structures like the
prostate. Central slice g-factor = 1.2 for a 6 x 3 2D reduction factor. Coil element decoupling 18 dB nominal.
SAR = 0.5 W/kg/W.

2.) Construction: The 32 channel TEM transmit and receive (TR) coil structure will consist of a double sided,
slotted cavity lining the inside of a fiberglass bore tube of dimensions 71.5cm x 120cm. 32, 15 cm long TEM
elements will configured in a 2x16 array. These elements will be secured to the o.d. of a second, 5mm wall
thickness fiberglass tube of 65cm 0.d. x 120 cm length. Initially available to drive this transceive body coil (and
the head coil) are 32, 1 kW power amplifiers at the CMRR. However, the plan is to build on-coil 1 kW power
amplifiers, and then on-coil power modulators described with Figures 7 and 9 above. These will be added to
the Neurospin coil as well. Each of the 32 elements will be auto-tuned as described in Figure 8. The receiver
coil planned will be a close fitting pair of 16 element "breast plates" for a combined 32 channel receiver. See
Figures 5 and 13. The full RF body coil system will include 32 transmit channels and 64 receiver channels for
best B1 FOV coverage, 3D B4 shimming capability, and parallel transmit and receive performance.

3.) Test and Evaluation:

T&E will proceed as described for
the head coils in Specific Aim 1.
While a similar basic coil system
(though far less sophisticated) has
been demonstrated to be successful
at 7T, radiative losses from the coil
circuits and tissue losses from the
human load will increase significantly
at 10.5T and 11.7T. An effort to
anticipate  these losses was
incorporated into the minimum
performance goals, together with
performance specifications required
for at least, FLASH imaging

protocols. However, if the . , P . .
performance of the whole body coil Figure 13. High frequency “3D” body coil system comprised of

does fall short of its design goals, an 32 channel transmit and receive elements and a 32-channel loop

alternative  approach  will  be array within.
considered.
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4.) Alternative Design
Pictured in Figure 14 is an alternative, proven approach to
body imaging. (39, 49, 61) To conserve RF power, this
approach applies transmit coil elements arrayed close
(5¢cm) to the body. Sandwiched between the 16 transmit
elements (8 top, 8 bottom) and the body are receiver S = X R\
arrays which will be configured as 2x8 top and 2x8 bottom TEM Elements | ’ Il
LI
il

for a total of 32 channels. While the proposed PIN  Receive Array
switched capacitance matrix (Figure 8) could be deployed
with this design, an alternative approach to auto-tuning and
matching is shown. This approach makes use of piezo Preamps
motors to electromechanically drive tuning and matching of

the TEM transmit elements.(62-64)

Piezo Motors

Aim 3. RF Safety 10.5T to 11.7T.

The primary purpose of this Aim is to assure human safety Figure 14. High frequency torso array
in for the first human studies at these unprecedented field comprised of 16 channel transmit and
strengths. Local SAR and temperature contours will be 16 channel receive (eight channels top,
numerically predicted using digitized porcine and human eight channels bottom).

models for heads and bodies. Systemic and local

temperature predictions will be validated in direct measurements in anesthetized pigs, in vivo. Measured
temperature in pigs will be correlated to measured SAR using the same coils, amplifiers, and protocols
proposed herein for human use. In addition to publishing the data acquired from these studies, it will be
submitted to the FDA and to our IRB in annual progress reports.

1.) Modeling and Design

SAR and temperature will be modeled in digital porcine models at 450-500 MHz in order to create a porcine
model that can be directly validated by fluroptic measurements. For human sized RF coils at 450 and 500
MHz, phantoms adjusted to physiologic conductivity and permittivity are only useful for loading the MR system
to verify proper system circuit and control functions. By our experience, even the best phantoms (mimicking
physiological electrical properties, geometry, tissue segmentation, etc.) at these frequencies and dimensions
are not very accurate or precise when predicting in vivo safety data. For this purpose, we have through many
years of experience, come to rely on porcine models to predict heating of tissues exposed to RF energy. In
addition to the most accurate electrical properties (conductivity, permittivity, permeability) the anesthetized pig
model supplies the thermodynamic properties (specific heat, perfusion, metabolic heating and
thermoregulatory reflexes e.g. heart rate, vasodilation, etc.) necessary to truly investigate RF heating in a living
system of approximate human size, mass, and temperature. NMR imaging parameters for a live pig are also
more similar to human measurements. Also, farm pigs are desirable for their availability, inexpensive cost, and

Sagittal Coronal

a.

Figure 15. In the model above, 15a shows a pig head rendered from MR images. Figure
15b shows a FDTC model of the pig head with segmented anatomy in a coil. Figure 15c
shows the center slice B1 field (a), E field (b) and SAR (c) in 3D.
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unlike human subjects, they can be measured directly by invasive means.

Direct temperature measurements from the tissues of live pigs can be used to validate and calibrate numerical
models which can then be used to predict and understand RF heating and SAR. To make this possible, digital
models of the pig (whole body this time) must first be created by the approach demonstrated in Figure 15
below. In 15a, a pig’s head was imaged with a 3D multi-slice protocol. From this 3D image data set, the
tissue boundaries were edge detected and the tissues segmented as in 15b. Each tissue segment was then
assigned table values for conductivity and permittivity (dielectric constant). B, field, E field, and SAR could
then be numerically calculated for a given coil design, placement, and excitation. The SAR (power loss density)
can then be equated to temperature through the Pennes’ Bioheat Equation or better, or own generalized
bioheat transfer equation.(54) Our models and methods will then be calibrated, tested, and validated with
additional pig studies.

RF heating (the actual safety issue) will be calculated and measured in porcine models of adult human weight
to identify the RF power level limit that can be safely transmitted from the head and body transmit coils being
developed for this grant. The FDA has specified guidelines for RF energy dosimetry to the human body in two
ways: 1) Average and local specific absorption rates (SAR) as discussed above, or 2) RF power deposition
must not create a core temperature increase in excess of 1 °C or localized heating to greater than 38°C in the
head, 39°C in the torso or 40°C in the extremities. Equating the power loss density to temperature through the
bioheat equation, temperature contours will be calculated for 3D head and body models.(65) Contours will be
calculated for the human head and body for each RF head and body transmit coil used. The result will be
coronal, axial, and sagittal, temperature maps for each coil system, and for each frequency 450 and 500 MHz.

2.) Testing and Evaluation

By measuring RF power vs. temperature in porcine models by fluroptic thermometry, our goal is to correlate
RF power to RF heating measurements in live pigs in order to directly identify FDA temperature guideline
limits. RF coils used for these measurements will be characterized in terms of °C/W/kg.

It is prudent to validate temperature models by direct temperature measurement. Why? Because the thermal
criteria most directly influence the underlying safety issues (localized thermal tissue damage, systemic stress,
etc). Also, local temperature can be directly measured in the porcine model, and temperature contours are
more extreme due to shorter wavelength losses in tissue at higher frequencies. Temperature will be measured
on the coronal, axial, and sagittal planes modeled, rectally, and also adjacent to receiver coils placed on the
porcine model within the head and body coils. In this way any power coupled to receiver loops will be
monitored for local heating, in addition to the measured core heating. Figure 16 illustrates the technique of
fiber optic probe placement (guided by porcine digital model of Figure 15) in a perfused porcine model, within a
coil field. This study will use the same arrangement in the head and body of the pig model.

To secure a minimum of N=5 measurements per study, five, 70 kg farm pigs will be used to test each coil
system, at the rate of one coil per year to assure RF safety of the coil before human studies with the coil begin.
A total of twenty pigs will be required for the four-coil, four-year study. To most accurately simulate the RF
portion of the NMR experiment, anesthetized pigs will be placed on a patient table bridge, inside the head or
body coil. RF power will be set to the SAR guideline limit for humans. Temperature vs. time will be measured
for multiple locations inside the pig model until the temperature reaches steady state, or until the FDA
temperature limit is reached locally or globally. The head or torso will be instrumented with seven temperature
probes from the eight channel Luxtron thermometer. The eighth probe will remain in a thermometer referenced
control cell (water bath) outside the coil. For transmit power input from the coil, temperature will be measured
in the anesthetized pig’s head or chest. This study seeks to identify the location and magnitude of “hot spots”,
then to correlate the RF coil input power with hard to detect, RF coil specific heating patterns and limits in
tissues.
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Figure 16. Figure 16a shows a laboratory set up for direct measurement RF protocol induced heating.
Figure 16b plots temperature vs. time measurements as obtained from fluoroptic probes placed at various
and model guided positions in the head and brain. Each trace registers a different probe position in the
tissue. In this experiment, SAR will be correlated to heating for coil applications, using the porcine model
for human studies planned. Finally, plot 16c shows a “thermal characteristic” of the head coil shown in 16a.

Scaled Temperature |
o
2
1

The following data grid (Table 1) will be completed two times for each of 20 pigs (5/yr.), first for an In vivo
experiment with anaesthetized pigs, then for another experiment immediately after sacrifice to determine the
worst case (hon-perfused) conditions. The measurement grid below will be completed for body and for head at
450 MHz and 500 MHz.

Table 1.
Temperature, °C vs. time will be recorded for the following parametric permutations:

Coil Power probe 1 2 3 4 5 6 core cal h.r. B;
10.5T Head @maxSAR ? ? ? ? ? ? ? ? ? ?
10.5T Body. @maxSAR ? ? ? ? ? ? ? ? ? ?
11.7T Head _@maxSAR ? ? ? ? ? ? ? ? ? ?
11.7T Body @maxSAR ? ? ? ? ? ? ? ? ? ?

A more detailed explanation of the methods used to fill the data grid follows. Fluoroptic probes from a Luxtron
3000 unit will be inserted via an 18 gage hypodermic needle, into the drilled head or chest wall muscle. A
linear probe with transducers 1-4 spaced at 1 cm intervals will be positioned in the brain, or subcutaneous fat
and intercostal muscle, centered beneath the receiver coil, to a depth of 0 to 4 cm. Two more single transducer
probes will be inserted into the scalp, or chest wall immediately beneath the receiver coil elements to measure
local heating adjacent to the coil conductors. A seventh transducer will be inserted rectally to monitor the core
temperature of the animal, outside the body coil. The eighth remaining probe is dedicated to a water calibration
bath apart from the animal measurements. The heart rate, h.r. will be monitored. B4 for each power setting and
frequency will be measured at the head or chest wall with a field probe, after the animal is sacrificed. The coll
input power P will be determined using a four port directional coupler and a power meter. The line losses to
the coil will be calibrated, as will any reflected power. Past experience indicates that each heating study from
resting state to guideline limit heating, and back to resting state takes about 4 hours. Two studies per pig will
require a minimum of 8 hours.

We can know for a given coil coupled to a given tissue mass with a given RF power input, what the
temperature vs. time chart will look like. This is very useful information for determining the safety of
experiments a priori. Such data will be determined for the coils before they are used in human experiments.
Much of our IRB and IDE record is supported by our combined approach of modeling, measurement, and
cumulative experience with both. The predicted sources of error from the experiments above will be due to the
anesthetically suppressed thermoregulatory reflexes of the pigs. Resulting errors will be conservative (safe),
predicting slightly more heating than will occur in non-anaesthetized, healthy humans. The body of data will
tabulate a priori information correlating RF power input to maximum local temperature contours for the different
coil combinations, applications, and frequencies. Also in the data are the heating rates for these parametric
variations.
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3. Safety Assurance Implementation

To assure human safety in the planned investigations, system power monitors will be set using either 1.) FDA
SAR guideline limits for head or body, or 2.) measured SAR values correlated to FDA temperature guideline
limits, whichever is the lower value. In this manner, we can be better assured that we are compliant and safe.
RF power needs to monitored per channel in multi-channel transceiver coils. To monitor forward and reverse
power for a 32 element coil, a 64 channel RF power meter is required. Such a meter does not exist from a
commercial source. Therefore this instrument is being built in-house with other support. It will be built and
integrated with a failsafe feedback loop into each MR system used in this investigation. This equipment will be
in place and tested before human subjects are imaged. A priori information determined from the SAR and
temperature modeling and measurement components of this proposal will be used to establish and set RF
power limits, per coil, load, and power setting for a given experiment. Forward and reverse power will be
monitored per channel. Each channel will be independently limited. Additionally power will be integrated for all
channels. In this way, both local and global power will be monitored. When any preset limit is exceeded on
single or multiple elements, a redundant failsafe will both blank RF power input to the parallel transceiver, and
will power off each power amplifier of the parallel transceiver. These practices will be installed prior to human
use.

Project Time Line

The timeline for this project will generally follow the outline of the Aims below, advancing with the field strength
of the magnet, but with safety studies and implementation coming early. To move the field of human MRI into
the “Deca-Tesla / centimeter band” range, the proposed project is necessarily ambitious in scope, and highly
multi-disciplinary. Parallel progress is required on multiple fronts to move this field forward. There are few
obvious “starting points” as much of this work as evidenced by Preliminary Results and Appendices is already
underway. There are few obvious “end points” as development of the full potential of 10.5T and 11.7T MRI will
require significantly more effort and resources than proposed herein. In time and human resources, the
proposal seeks only to defray the much larger costs of moving high field MRI ahead to the next tier. This
proposal also looks to leverage the significant investment already made by the NIH, the University of
Minnesota, and CEA NeuroSpin to launch the first whole body systems higher than ten tesla. Most importantly,
this project strives to introduce new and powerful MRI technology, methodology, and applications for the
benefit biomedical science. A twelve page proposal necessarily limits the detail into which an ambitious
proposal can delve. It is therefore hoped that those reviewing will appreciate the experience and productivity
of the team proposing this work.

Project Timeline
Human & porcine models |
Safety Assurance: 10.5 T Head —

10.5T Head Coil

Safety Assurance: 10.5 T Body
10.5T Body Coil

G
[ )
[ )
Safety Assurance: 11.7 T Head —
[ )
[ )
[

11.7T Head Coil
Safety Assurance: 11.7 T Body
11.7T Body Caoil

Year1 ‘ Year 2 ‘ Year 3 ‘ Year 4 ‘ Year 5
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Progress Report Publications List

The publication productivity stemming in whole or in part from this grant is extensive in count and

dimension. The current grant, EB 006835 and its pedigree of predecessors have supported all RF coils
and RF safety protocols for a large, productive research lab, the Center for Magnetic Resonance
Research (CMRR). All of the papers, abstracts, patents, books, and chapters listed have directly
benefitted from custom RF coils, RF safety modeling, measurement, monitoring, and other support from
this grant and its investigators, staff and students. The list below, as extensive as it is, does not reflect
the entirety of this grant's impact on the field.
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