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mogeneity for heart and body imaging, with a close-fitting,
16-channel TEM conformal array design with efficient
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AUTO-TUNE- AND-MATCH COILS FOR
HUMAN WHOLE-BODY IMAGING AND
METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional of U.S. patent application
Ser. No. 13/204,641, filed Aug. 5, 2011 and titled “Method
and coils for human whole-body imaging at 7 T,” (which
issued as U.S. Pat. No. 8,854,042 on Oct. 7, 2014), which
claims priority benefit, under 35 U.S.C. § 119(e), of U.S.
Provisional Patent Application No. 61/371,170, filed on
Aug. 5, 2010 and titled “Coils for human whole-body
imaging at 71,” each of which is incorporated herein by
reference in its entirety. This application is related to U.S.
patent application Ser. No. 12/719,841, filed Mar. 8, 2010
and titled “Remotely adjustable reactive and resistive elec-
trical elements and method” (which issued as U.S. Pat. No.
8,299,681 on Oct. 30, 2012), which is incorporated herein by
reference in its entirety.

FIELD OF THE INVENTION

This invention relates to the field of magnetic-resonance
imaging (MRI) and magnetic-resonance spectroscopy
(MRS), and more specifically to a method and apparatus for
transmitting (TX) and receiving (RX) radio-frequency (RF)
signals suitable for MRI and/or MRS.

BACKGROUND OF THE INVENTION

United States Patent Application Publication US 2006/
0279284 by J. Thomas Vaughan Jr. published Dec. 14, 2006,
titled “Wirelessly coupled magnetic resonance coil,” and is
incorporated herein by reference. In this document Vaughan
describes a radio frequency magnetic coil is coupled to a
wireless communication circuit. The wireless communica-
tion circuit allows control or monitoring of individual chan-
nels or other functions of a coil.

United States Patent Application Publication US 2009/
0237077 (which issued as U.S. Pat. No. 8,217,653 on Jul.
10, 2012) by J. Thomas Vaughan published on Sep. 24,
2009, titled “RF COIL FOR IMAGING SYSTEMS AND
METHODS OF OPERATION,” is incorporated herein by
reference. This publication describes an RF coil system for
magnetic resonance applications that includes a multi-chan-
nel RF coil transceiver and a multi-channel RF coil. The RF
coil system is structured for reconfiguration among a plu-
rality of operational modes.

United States Patent Application Publication US 2009/
0115417 (which issued as U.S. Pat. No. 8,193,809 on Jun. 5,
2012) by Akgun, et al. published on May 7, 2009, titled
“Three dimensional RF coil structures for field profiling,” is
incorporated herein by reference. This publication details
that in one illustrative embodiment, a radio frequency (RF)
coil 1s disclosed. The RF coil may include a plurality of
transmission line elements, wherein at least one of the
plurality of transmission line elements may have at least one
dimension different than a dimension of another one of the
plurality of transmission line elements. In some cases, each
of the transmission line elements may include a signal line
conductor and a ground plane conductor separated by a
dielectric.

PCT Patent Application PCT/US2009/060841 was filed
by Vaughan et al. on Oct. 15, 2009, is titled “COIL ELE-
MENT DECOUPLING FOR MRI,” and is incorporated
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2

herein by reference. In this document, Vaughan et al.
describe an RF coil adjacent an imaging region includes a
plurality of conducting coil elements, with each conducting
coil element including a proximal portion and a distal
portion. The RF coil also includes a capacitance between the
distal portions of the at least two conducting coil elements.
A mutual coupling inductance between at least two conduct-
ing coil elements of the plurality of conducting coil elements
is substantially cancelled by the capacitance between the
distal portions of the at least two conducting coil elements.

U.S. Pat. No. 7,268,554 issued to Vaughan on Sep. 11,
2007, titled “RF coil for imaging system,” is incorporated
herein by reference. In this patent, an RF coil suitable for use
in imaging systems is described, which coil has a dielectric
filled cavity formed by a surrounding conducting enclosure,
the conducting enclosure preferably being patterned to form
continuous electrical paths around the cavity, each of which
paths may be tuned to a selected resonant frequency. The
patterning breaks up any currents induced in the coil and
shortens path lengths to permit higher frequency, and thus
higher field strength operation. The invention also includes
improved mechanisms for tuning the resonant frequency of
the paths, for selectively detuning the paths, for applying
signal to the coil, for shortening the length of the coil and for
controlling the field profile of the coil and the delivery of
field to the object to the image.

U.S. Pat. No. 6,633,161 issued to Vaughan, Jr. on Oct. 14,
2003, titled “RF coil for imaging system,” is incorporated
herein by reference. In this patent, an RF coil suitable for use
in imaging systems is provided which coil has a dielectric
filled cavity formed by a surrounding conducting enclosure,
the conducting enclosure preferably being patterned to form
continuous electrical paths around the cavity, each of which
paths may be tuned to a selected resonant frequency. The
patterning breaks up any currents induced in the coil and
shortens path lengths to permit higher frequency, and thus
higher field strength operation. The invention also includes
improved mechanisms for tuning the resonant frequency of
the paths, for selectively detuning the paths, for applying
signal to the coil, for shortening the length of the coil and for
controlling the field profile of the coil and the delivery of
field to the object to the image.

U.S. Pat. No. 5,557,247 issued to Vaughan, Jr. on Sep. 17,
1996, titled “Radio frequency volume coils for imaging and
spectroscopy,” is incorporated herein by reference. This
patent describes a distributed impedance circuit MR coil
design comprised of a transmission line tunable cavity
resonator which is well suited for but not limited to use at
high frequencies and for large volumes such as in high field
(e.g., 4.1 tesla) clinical MR applications. The distributed
circuit transmission line resonator is designed for high
frequency, large conductive volume applications where con-
ventional lumped element coil designs fail. A resonant
coaxial cavity is variably tuned to the Larmor frequency of
interest by tunable transmission line elements. The resonator
is effective for large head and body sized volumes, high
efficiencies, and broad tuning ranges to frequencies of 500
MHz. The B, homogeneity of the resonator is a function of
the electromagnetic properties of the load itself. Maxwell’s
equations for the fully time-dependent B, field predicts
“coil” homogeneity with finite-element models of anatomic
structure. Coil design and construction, and methods of
quadrature driving and double tuning the transmission line
resonator, are set forth.

U.S. Pat. No. 5,744,957 issued to Vaughan, Jr. on Apr. 28,
1998, titled “Cavity resonator for NMR systems,” is incor-
porated herein by reference. In this patent, a cavity resonator
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is disclosed for use in nuclear magnetic resonance (NMR)
systems. The resonator has a housing defining a cavity
having a selected length and cross-sectional shape. A layer
of electrically conductive material is provided around at
least a portion of the housing enclosing a dielectric material
(air, gasses, Teflon®, etc.) and the cavity is energized at a
Larmor radio frequency useful for NMR systems. The
cavity, i.e., a volume enclosed by conductive walls, further-
more, is dimensioned to resonate at the selected radio
frequency to thereby generate an alternating magnetic field
through the cavity. An opening in the housing is adapted to
be placed adjacent an object to be analyzed.

U.S. Pat. No. 5,886,596 issued to Vaughan, Jr. on Mar. 23,
1999, titled “Radio frequency volume coils for imaging and
spectroscopy.” is incorporated herein by reference. This
patent describes an electromagnetic shield for an NMR radio
frequency coil designed to resonate at a selected Larmor
frequency. The shield includes an electrically conductive
layer surrounding the coil. This electrically conductive layer
has a thickness substantially the same as one skin depth at
the selected Larmor frequency. As such, the conductive layer
efficiently conducts radio frequency currents at the selected
Larmor frequency thereby conducting and containing the
radio frequency coils at the selected Larmor frequency
within the coil. Simultaneously, an electrically conductive
layer, due to its thinness, very inefficiently conducts eddy
currents of the type induced by the lower frequency DC
gradient current switching transients the gradients are uti-
lized to magnetically localize an image slice or volume.
Consequently, the conductive layer simultaneously attenu-
ates low frequency eddy current propagation of the type
induced by the switching field gradient currents in the NMR
application, and therefore does not substantially shield or
affect the gradient fields across the coil.

U.S. Pat. No. 7,800,368 issued to Vaughan, et al. on Sep.
21, 2010, titled “High field magnetic resonance,” is incor-
porated herein by reference. In this patent, a magnetic
resonance system is disclosed. The system includes a trans-
ceiver having a multichannel receiver and a multichannel
transmitter, where each channel of the transmitter is config-
ured for independent selection of frequency, phase, time,
space, and magnitude, and each channel of the receiver is
configured for independent selection of space, time, fre-
quency, phase and gain. The system also includes a magnetic
resonance coil having a plurality of current elements, with
each element coupled in one to one relation with a channel
of the receiver and a channel of the transmitter. The system
further includes a processor coupled to the transceiver, such
that the processor is configured to execute instructions to
control a current in each element and to perform a non-linear
algorithm to shim the coil.

U.S. Pat. No. 6,788,056 issued to Vaughan, et al. on Sep.
7, 2004, titled “Radio frequency magnetic field unit with
aperature [sic],” and is incorporated herein by reference. In
this document, Vaughan et al. describe an apparatus com-
prises a radio frequency magnetic field unit to generate a
desired magnetic field. In one embodiment, the radio fre-
quency magnetic field unit includes a first aperture that is
substantially unobstructed and a second aperture contiguous
to the first aperture. In an alternative embodiment, the radio
frequency magnetic field unit includes a first side aperture,
a second side aperture and one or more end apertures. In one
embodiment of a method, a current element is removed from
a radio frequency magnetic field unit to form a magnetic
field unit having an aperture. In an alternative embodiment,
two current elements located opposite from one another in a
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4

radio frequency magnetic field unit are removed to form a
magnetic filed unit having a first side aperture and a second
side aperture.

U.S. Pat. No. 6,958,607 issued to Vaughan, et al. on Oct.
25, 2005, titled “Assymetric [sic] radio frequency transmis-
sion line array,” is incorporated herein by reference. In this
document, Vaughan et al. describe an apparatus comprises a
radio frequency magnetic field unit to generate a desired
magnetic field. In one embodiment, the radio frequency
magnetic field unit includes a first aperture that is substan-
tially unobstructed and a second aperture contiguous to the
first aperture. In an alternative embodiment, the radio fre-
quency magnetic field unit includes a first side aperture, a
second side aperture and one or more end apertures. In one
embodiment of a method, a current element is removed from
a radio frequency magnetic field unit to form a magnetic
field unit having an aperture. In an alternative embodiment,
two current elements located opposite from one another in a
radio frequency magnetic field unit are removed to form a
magnetic filed unit having a first side aperture and a second
side aperture.

U.S. Pat. No. 7,023,209 issued to Zhang, et al. on Apr. 4,
2006 titled “Method and apparatus for magnetic resonance
imaging and spectroscopy using microstrip transmission line
coils,” and is incorporated herein by reference. In this
document, Zhang et al. describe an apparatus and method for
MRI imaging using a coil constructed of microstrip trans-
mission line (MTL coil) are disclosed. In one method, a
target is positioned to be imaged within the field of a main
magnetic field of a magnet resonance imaging (MRI) sys-
tem, a MTL coil is positioned proximate the target, and a
MRI image is obtained using the main magnet and the MTL
coil. In another embodiment, the MRI coil is used for
spectroscopy. MRI imaging and spectroscopy coils are
formed using microstrip transmission line. These MTL coils
have the advantageous property of good performance while
occupying a relatively small space, thus allowing MTL coils
to be used inside restricted areas more easily than some other
prior art coils. In addition, the MTL coils are relatively
simple to construct of inexpensive components and thus
relatively inexpensive compared to other designs. Further,
the MTL coils of the present invention can be readily formed
in a wide variety of coil configurations, and used in a wide
variety of ways. Further, while the MTL coils of the present
invention work well at high field strengths and frequencies,
they also work at low frequencies and in low field strengths
as well.

U.S. Pat. No. 6,969,992 issued to Vaughan, et al. on Nov.
29, 2005, titled “Parallel transceiver for nuclear magnetic
resonance system,” is incorporated herein by reference. This
patent describes an excitation and detection circuit having
individually controllable elements for use with a multi-
element radio frequency coil. Characteristics of the driving
signal, including, for example, the phase, amplitude, fre-
quency and timing, from each element of the circuit is
separately controllable using small signals. Negative feed-
back for the driving signal associated with each coil element
is derived from a receiver coupled to that coil element.

U.S. Pat. No. 7,710,117 issued to Vaughan, et al. on May
4, 2010, titled “Multi-current elements for magnetic reso-
nance radio frequency coils,” is incorporated herein by
reference. This patent describes a current unit having two or
more current paths that allow control of magnitude, phase,
time, frequency and position of each of element in a radio
frequency coil. For each current element, the current can be
adjusted as to a phase angle, frequency and magnitude.
Multiple current paths of a current unit can be used for
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targeting multiple spatial domains or strategic combinations
of the fields generated/detected by combination of elements
for targeting a single domain in magnitude, phase, time,
space and frequency.

U.S. Pat. No. 7,514,926 issued to Adriany, et al. on Apr.
7, 2009, titled “Spatially reconfigurable magnetic resonance
coil,” is incorporated herein by reference. This patent dis-
cusses, among other things, a system and method for a coil
having a plurality of resonant elements and an adjustable
frame. A position of at least one resonant element can be
adjusted relative to at least one other resonant element. A
variable impedance is coupled to adjacent resonant elements
and the impedance varies as a function of a separation
distance. Cables are coupled to each resonant element and
are gathered at a junction in a particular manner.

U.S. Pat. No. 7,598,739 issued to Vaughan, Jr., et al. on
Oct. 6, 2009, titled “Radio frequency gradient, shim and
parallel imaging coil,” is incorporated herein by reference.
This patent describes a plurality of linear current elements
that are configured about a specimen to be imaged. A current
in each current element is controlled independent of a
current in other current elements to select a gradient and to
provide radio frequency shimming. Each current element is
driven by a separate channel of a transmitter and connected
to a separate channel of a multi-channel receiver. The
impedance, and therefore, the current, in each current ele-
ment is controlled mechanically or electrically.

U.S. Pat. No. 7,633,293 issued to Olson, et al. on Dec. 15,
2009, titled “Radio frequency field localization for magnetic
resonance,” is incorporated herein by reference. This patent
describes that technology for controlling non-uniformity in
the B, field includes selecting the phase, magnitude, fre-
quency, time, or spatial relationship among various elements
of a multi-channel excitation coil in order to control the
radio frequency (RF) power emanating from the coil antenna
elements. Non-uniformity can be used to steer a construc-
tively interfering B, field node to spatially correlate with an
anatomic region of interest. A convex (quadratically con-
strained quadratic problem) formulation of the B, localiza-
tion problem can be used to select parameters for exciting
the coil. Localization can be used in simulated Finite Dif-
ference Time Domain B, field human head distributions and
human head phantom measurement.

U.S. Pat. No. 6,495,069 issued Dec. 17, 2002 to Lussey et
al. titled “Polymer composition,” is incorporated herein by
reference. Lussey et al. describe a polymer composition
comptises at least one substantially non-conductive polymer
and at least one electrically conductive filler and in the form
of granules. Their elastomer material was proposed for
devices for controlling or switching electric current, to avoid
or limit disadvantages such as the generation of transients
and sparks which are associated with the actuation of
conventional mechanical switches. They described an elec-
trical conductor composite providing conduction when sub-
jected to mechanical stress or electrostatic charge but elec-
trically insulating when quiescent comprising a granular
composition each granule of which comprises at least one
substantially non-conductive polymer and at least one elec-
trically conductive filler and is electrically insulating when
quiescent but conductive when subjected to mechanical
stress. They did not propose a means for electrically acti-
vating such switches.

There is a long-felt need for components having resis-
tance, inductance. and/or capacitance values that are vari-
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able under electrical control and are compatible with being
operated in extremely high electromagnetic fields.

SUMMARY OF THE INVENTION

According to the National Heart Lung and Blood Insti-
tute, more Americans die from cardiovascular diseases than
any other cause. Approximately 25% of all Americans have
one or more cardiovascular diseases (CVDs). With more
than 1.2 million deaths per year, nearly one out of every two
American adults dies of CVDs. Highly sensitive detection is
critical to biomedical science, and to diagnoses and success-
ful treatments for these diseases. MRI/MRS at 7 T have great
potential as tools for imaging and spectroscopic detection of
cardiovascular diseases. While forty 7-T MRI systems are
installed in luminary labs around the world, there were no
means available for practical 7-T cardiac MRI and MRS.
This problem is solved by the new technology and methods
required for applying MR techniques to the heart. A pro-
gressive series of five new coils is described. The first coil
solves problems of transmit-field inefficiency and inhomo-
geneity for heart and body imaging, with a close-fitting,
16-channel TEM (transverse electrical-magnetic field) con-
formal-array design with eflicient shield-capacitance decou-
pling. The second coil progresses directly from the first with
automatic tuning and matching, an innovation of huge
importance for multi-channel transmit coils. The third coil
combines the auto-tuned multi-channel transmitter of the
second coil with a 32-channel receiver for best transmit-
efficiency, control, receive-sensitivity and parallel-imaging
performance. The final two coils extend the innovative
technology of the first three coils to multi-nuclear (*'P—'H)
designs to make practical human-cardiac imaging and spec-
troscopy possible for the first time at 7 T. Other advantages
will become apparent to those skilled in the art upon reading
the following detailed description of various embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

FIG. 1 shows the destructive-interference patterns when a
circularly polarized body coil is used for excitation in the
thorax at 7T.

FIG. 2A is a photograph of a conventional cardiac coil
219. Similar coils are described in U.S. Pat. No. 7,710,117
titled “Multi-current elements for magnetic resonance radio
frequency coils,” which is incorporated herein by reference.

FIG. 2B is a diagram of an auto-tuned cardiac coil 220 of
one embodiment of the present invention.

FIG. 3 shows FDTD simulations of the 16-channel RF
array in two shimming configurations: (a) and (c) are thorax
cross-sectional graphs of calculated B, field magnitudes,
while (b) and (d) are calculated SAR magnitudes. In the
cross-sectional thorax simulation graph (a), the B,-field
magnitudes to all the transmit elements are being transmitted
with equal phases to all elements; however, when going to
the simulation graph (c) we reset (“shim”) the phase angles
at each element in order to obtain improved (higher) B, field
magnitude and better uniformity by adjusting phase angles
of the B, transmit signal to each coil element to image the
heart; (b) (unshimmed) to (d) (shimmed) shows consider-
ably lower SAR magnitudes in parts of the heart region.
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FIG. 4A shows a perspective schematic view of two
transmit elements 413A and 413B of a conventional bird-
cage coil 401.

FIG. 4B shows a perspective schematic view of two
transmit elements 413A and 413B of a conventional TEM
coil 402.

FIG. 4C shows a perspective schematic view of two
transmit elements 413A and 413B of auto-adjusted TEM
coil 403 according to some embodiments of the present
invention.

FIG. 4D shows a perspective schematic view of two
auto-adjusted TEM coils 410A and 410B according to some
embodiments of the present invention.

FIG. 4E shows a perspective schematic view of a trans-
mit-receive element 405 according to some embodiments of
the present invention.

FIG. 4F shows a perspective schematic view of a trans-
mit-receive element 406 according to some embodiments of
the present invention.

FIG. 4G shows a perspective schematic view of a trans-
mit-receive element 407 according to some embodiments of
the present invention.

FIG. 4H shows a perspective schematic view of a trans-
mit-receive element 408 according to some embodiments of
the present invention.

FIG. 5 shows a piezo motor 510 used to capacitively tune
and impedance match a “coil-element” circuit 501.

FIG. 6 shows relative voxel sizes comparison of 1.5 T, 3
T, and 7 T for a given NMR signal. (7T-4 cc voxel for *'P
for high-energy phosphate metabolism analysis) {Hudsmith,
2009 #341}

FIG. 7A shows general configuration of the porcine head,
FIG. 7B shows the porcine head surrounded by coil ele-
ments; FIG. 7C shows a Specific Absorption Rates (SAR)
map of a porcine head surrounded by TEM elements; FIG.
7D shows temperature sensor parameters measured at dif-
ferent distances from the skin surface.

FIG. 8 (which includes FIGS. 8A and 8B) shows a
sixteen-channel TEM array fully packaged in place on a
subject (left) and open with both halves visible (right) (FIG.
8A rendering of the TEM array with one part above and one
part below the body. FIG. 8B show a partially transparent
view that shows a plurality of TEM elements above and
below the body.

FIG. 9 shows an auto-tuned cardiac coil.

FIG. 10 shows a closed-loop automated system for tuning
and matching a cardiac transmit array.

FIG. 11 shows a schematic contour plot of reflected RF
power as a function of adjusting capacitance to tune and
match impedance for a single coil element.

FIG. 12 shows a schematic of an array of PIN-switched
capacitors.

FIG. 13 shows a capacitor bank approach.

FIG. 14 shows the Best Cardiac MRI Coil, including 16
auto-tuned, shielded, shield-capacitance decoupled, transmit
channels with B, shimming control, and 32 close-fitting,
decoupled receiver channels, in a stable, sealed, ergonomic
package.

FIG. 15 shows short-axis cine, FLASH and bSSFP, col-
lected on the same volunteer at 1.5 T, 3 T, and 7 T.

FIG. 16A is a photograph of an adjustable transmit
element and FIG. 16B is a freguency response graph that
shows proof of concept for remote piezoelectric tuning of
transceive coils.

DESCRIPTION OF PREFERRED
EMBODIMENTS

Although the following detailed description contains
many specifics for the purpose of illustration, a person of
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ordinary skill in the art will appreciate that many variations
and alterations to the following details are within the scope
of the invention. Accordingly, the following preferred
embodiments of the invention are set forth without any loss
of generality to, and without imposing limitations upon the
claimed invention. Further, in the following detailed
description of the preferred embodiments, reference is made
to the accompanying drawings that form a part hereof, and
in which are shown by way of illustration specific embodi-
ments in which the invention may be practiced. It is under-
stood that other embodiments may be utilized and structural
changes may be made without departing from the scope of
the present invention.

The leading digit(s) of reference numbers appearing in the
Figures generally corresponds to the Figure number in
which that component is first introduced, such that the same
reference number is used throughout to refer to an identical
component which appears in multiple Figures. Signals and
connections may be referred to by the same reference
number or label, and the actual meaning will be clear from
its use in the context of the description.

1. EMBODIMENTS

In some embodiments, the present invention includes a
series of RF coils that make practical 7-tesla (7-T) cardiac
and whole-body imaging and spectroscopy possible. This
taps the inherent potential of 7 T already proven with
neuroimaging for non-invasive observation of the living
human heart in health, disease, and therapeutic intervention.
There is no engineering target in medical imaging more
challenging than imaging the human heart in vivo at 7 T.
This is perhaps why the forty 7-T research systems in the
world are dedicated primarily to head imaging. The most
significant challenges to cardiac imaging are related to
radio-frequency (RF) field propagation and loss in the body.
At 7 T the Larmor wavelength in the body, specifically in
high-water-content tissues, is approximately 12 cm. This
reduced wavelength results in RF magnetic field (B, ) inter-
ference patterns that cause severe image inhomogeneity
when conventional circularly polarized body coils are used.
RF magnetic field “B,” interference patterns of 12-cm
Larmor wavelengths in high-water-content human tissues
result in severe image inhomogeneity when conventional
circularly polarized body coils are used. If these highly
inductive, lumped element, birdcage body coils could even
be tuned to 300 MHz, they would be very inefficient. At
12-cm wavelengths, electromagnetic (EM) energy is depos-
ited at high Specific Absorption Rates (SAR) with conse-
quences of increased RF heating and attenuated signal-to-
noise ratios (SNR). In electrical dimensions, the human
body at 300 MHz is the largest load ever imaged by MRI.
Dimensional differences between bodies and body place-
ment within a coil require per-subject tune and match
adjustments. Multi-nuclear signal excitation and acquisition
add another significant level of complexity. There are addi-
tional problems with imaging a heart at 7 T, including
dynamic susceptibility shifts, magnetohydrodynamic
(MHD) related artifacts in the vector cardiogram (VCG),
and new relaxation constants to be incorporated into new
pulse sequences. Ergonomics and human comfort are con-
siderations as well. Herein, we solve the RF-technology-
related problems and thereby render for the first time a
practical 7-T cardiac imager. This achievement will leverage
the remaining solutions and refinements through new pulse
protocol design and applications development. For this
purpose, we have joined forces with the University of
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Oxford to benefit from their strengths in cardiac imaging
research and diagnostics. Together, we will develop and
discover the potential of 7-T cardiac MRI and MRS for
biomedical research. The present invention includes a series
of embodiments of RF coils for 7-T cardiac imaging and
spectroscopy that each embodies uniquely innovative coils
listed as embodiments. These embodiments include:

Embodiment 1
16-Channel Transceiver Coil

Sixteen transmit channels are provided for maximizing B,
transmit eficiency while minimizing SAR through B, shim-
ming. Sixteen receive channels are required for parallel
acceleration. Key innovations in this Embodiment include
the first use of shield capacitance decoupling in a TEM
(transverse electrical-magnetic field) array and interface
provisions for Embodiment 2.

Embodiment 2
Auto-Tuned and Matched Transceiver Coil

In prior-art coils, every channel of a multi-channel trans-
mit or transceiver coil must be manually tuned and matched
before every study, rendering these coils impractical for
research use and unusable for clinical diagnostics. This
problem is solved by this unique, automated tune-and-match
system of this added to Embodiment 1.

Embodiment 3

Auto-Tuned, 16-Channel Transmit Coil with
Integrated 32-Channel Receiver

In clinical coils for lower fields, the transmit and receive
functions are separated in body imaging. Transmit coils are
used to excite a uniform field. Receive coils are used to
maximize sensitivity. High-count receiver elements maxi-
mize parallel imaging performance. This innovative design
will accomplish all three, and include multi-channel transmit
B, shimming with automated tune and match.

Embodiment 4
Auto-Tuned, Multinuclear Transceiver Coil

High SNR and spectral resolution at 7 T compel cardiac-
spectroscopy development. The double-tuned coil of this
embodiment 4 with autotuning meets the needs of this
environment.

Embodiment 5

Auto-Tuned, Multinuclear Transmit Coil with
Integrated Receiver

In this complex, double-tuned (*'P—'H) coil, transmit
and receive components are separated and the receive array
element count is doubled, for the same reasons as in
Embodiment 3.

MRI/MRS at 7 T may augment or replace other investi-
gational and diagnostics methods. Underscoring this belief,
the NHLBI has issued at least fourteen program announce-
ments over the last decade specifically requesting grant
applications for NMR-based investigation of CVDs. The
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National Center for Research Resources (NCRR) and
National Institute of Biomedical Imaging and Bioengineet-
ing (NIBIB) have also broadly supported the development of
MR methods and technology for cardiovascular research.

To realize the compelling potential for 7-T cardiac MR
diagnosis, the tools and methods must first be developed.
There are currently no commercially available methods or
tools for 7-T cardiac MR diagnosis. Not waiting for industry,
we have designed, built and employed new technology coils,
B, shimming methods, parallel-imaging (including parallel-
transmit) techniques, and a 16-channel transceiver. Based on
preliminary results from human studies facilitated by these
new tools, the signal-to-noise ratio required for enhanced
cardiovascular disease detection sensitivity can be improved
by a factor of five compared to conventional prior-art 1.5-T
MRI capabilities, and more than twice the SNR of 3-T
platforms. Parallel-imaging improvements with field
strength promise further increases in SNR and temporal
resolution (reference 1). According to our SAR modeling
and animal RF-heating experiments, these performance
gains can be obtained within safe SAR and thermal limita-
tions (references 2-4).

If cardiac imaging and spectroscopy are to benefit from
7-T NMR, then the engineering developments of this inven-
tion are necessary. There are many compelling and well-
supported scientific arguments for employing the imaging
signal, speed, contrast, and spatial and spectral resolution
power of 7T for human biomedical research. The fact that
forty 7-T whole-body systems exist today, and that even in
recessionary times this number is rapidly growing, under-
scores the vote from the scientific community for the need
of 7-T MR in the biomedical lab. Due to RF technology
limitations however, the vast majority of 7-T applications
are limited to head imaging. The new RF technology
described herein will extend the benefits of 7 T to cardiac
research, and to the other organs of the human trunk as well.
Without the new technology, the 7-T system and associated
significant resources and funding will remain for patient’s
heads only.

This application provides the critical innovation in tech-
nology and methodology to take 7-T cardiac imaging
beyond a demonstration of feasibility. A short list of some
innovations follows.

Cardiac Imaging at 7 T:

Cardiac imaging and spectroscopy of the human heart at
7 T is innovative. Cardiac imaging is still at the feasibility-
demonstration stage (references 5, 6, 7, 8, 9). Cardiac
spectroscopy for humans at 7 T is nonexistent. The innova-
tion provided by the present invention helps cardiac imaging
and spectroscopy become useful as a biomedical research or
clinical diagnostic tool. The most significant challenge for
7-T cardiac imaging comes from the destructive interference
patterns due to the 12-cm excitation wavelengths in the
thorax.

FIG. 1 shows the destructive interference patterns when a
circularly polarized body coil is used for excitation in the
thorax at 7 T (reference 4). (It should be noted that this is the
method used for cardiac imaging, with success, in existing
1.5-T and 3-T systems.) Due to this problem and other
technological challenges, 7-T systems do not have body
coils and are not configured for body imaging of any sort.
Note that the regions of destructive interference are stron-
gest, to —40 dB, in the heart, resulting in very low or no
signal from the heart. Conventional efforts of compensating
by increasing RF transmit power quickly reach SAR limits
without correcting the problem. B, shimming and the tech-
nology to execute it was invented by our team to mitigate
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this problem, first for 7-T and 9.4-T head imaging. (Van de
Moortele, 2006 #146; Van de Moortele, 2005 #130;
Vaughan, 2006 #286.) B, shimming, based on choosing the
phase, magnitude, and/or temporal dimensions of current
waveforms on independent transmit elements to generate
constructively interfering waveforms at the region of interest
(ROI) to optimize RF-dependent parameters and to mini-
mize SAR, has also been demonstrated for successful human
heart imaging at 4 T and 7 T. (Vaughan, 2004 #284; Snyder,
2009 #311.)

FIG. 1 shows Maxwell models of B, and SAR contours
generated by a body coil in the human body at 7 T. Figures
a and b show relative B, equipotentials, T/m (dB) in cen-
terline transverse and sagittal planes. Figures ¢ and d show
SAR, W/kg (dB) equipotentials in the same planes, respec-
tively. The body coil modeled measured i1.d.=57.5 cm,
0.d.=62.5 cm, element length=33 cm, cavity length=100 cm.
This 32-element body coil was driven at four ports (45°,
135°, 225°, 315°) referenced to 0 degrees at the bottom of
the coil. The B, field generated in the coil was circularly
polarized and uniform in the unloaded state.

Multi-Channel Transmission Line “TEM” Arrays

A cardiac coil should include an array of electrically short,
highly distributed, resonant elements for highest efliciency
at 300 MHz. The array should be composed of multiple,
independently driven transmit elements surrounding the
heart for B, field control and coverage. To further maxi-
mize efficiency, the transmit coil elements should be backed
by a cavity wall or shield of a slotted, double-sided skin-
depth foil design to attenuate switched gradient-induced
currents. Multiple, small receive elements, which may be the
same as transmit elements with transmit and receive func-
tions separated in time by a transmit-receive switch, are
required for sensitivity, field-of-view (FOV) coverage and
for faster, parallel acquisition. To further maximize transmit
and receive efliciency, the transmit and receive elements
should be closely fitted to the thorax while allowing a couple
of centimeters for electrical insulation and ergonomic pad-
ding. All of these requirements for a cardiac coil are met in
the prototype coil 219 shown in FIG. 2A. A pair of these
multi-channel TEM coils was used to acquire the cardiac-
imaging feasibility data shown in FIG. 16. Similar coils are
described in U.S. Pat. No. 7,710,117 titled “Multi-current
elements for magnetic resonance radio frequency coils,”
which is incorporated herein by reference.

The prototype coil 219 shown in FIG. 2a would not be
useful for most 7-T research sites, since it must be manually
tuned and matched in place on each and every subject inside
the magnet bore. For the 16-element coil, 32 tune-and-match
operations must be performed for each study, by means of
long tuning rods extending from the back of the magnet,
beneath the head and over the face of the subject. (For
example, to a manually-adjustable capacitor connected seri-
ally between the end of each cable and the end of each
transmit element (not visible here) and to a manually-
adjustable capacitor connected in parallel between the end of
each cable and the end of each shield element 211.) This
cumbersome and uncomfortable, 15-20 minute process per-
formed by an engineer with a quasi-magnetic network
analyzer will alone preclude the use of this coil and method
for any but the most desperate, experienced, and equipped
experimentalists. The transmit-receive (T/R) switches and
preamps for this transceiver coil are at the end of lossy coax
cables, remote from the coil. Incorporation of additional
advantageous features like nested receiver arrays or multi-
nuclear elements are not a possibility with this basic coil.
Further, the coil being made of copper-foil elements and
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shield material wrapped around a rigid 2.5-cm thickx17.3
cmx41.3 cm Teflon® block is uncomfortably heavy and non
conforming to the anatomy. Electrically, it is open with
exposed conductors. The Teflon® is thermally unstable, and
shifts the frequency of the elements as the coil warms up
during pulsing, and with body heat. Mechanically the coil is
unstable as well. This coil has served its purpose (feasibility
demonstration) but needs to be retired.

Our invention replaces prototype feasibility coils of FIG.
2A with research-grade utility coils FIG. 2B by incorporat-
ing a host of new innovations, the sum of which will render
the 7-T MR system a powerful instrument for human cardiac
imaging and spectroscopy. This invention includes devel-
oping the coil form factor in FIG. 25 in five, progressively
innovative, steps:

A.) The first coil will use the form of FIG. 2B, but will be
lighter, more electrically efficient and thermally stable with
air as the dielectric between the element and the slotted
shield. T/R switches and preamps will be onboard the coil,
eliminating cable losses before the first amplification stage.
Innovative new shield capacitance decoupling will replace
bridge capacitor decoupling between the TEM elements, to
limit loss and preserve field (reference 14; Vaughan, 2009
#320). (14)

B.) The second coil will incorporate, for the first time, a
critical necessity: auto-tuning capability. At lower 1.5-T and
3-T fields, precise tuning and matching of large, monolithic
resonators is less critical. RF field penetration, uniformity,
and coil efficiency are better; miss-matched loads are more
tolerable. Therefore, fixed tuned and matched transmitters
are the standard. At 300 MHz however, large, single transmit
coils are replaced by parallel arrays of small resonant
elements, and they must be tuned and matched to a propor-
tionately lossier load. The only conceivable coil for practical
7-T cardiac imaging must have 16 or more actively tuned,
matched, and electromagnetically (EM) shimmed elements.
Therefore the 16-channel auto-tuned transceiver is the sec-
ond coil to be completed and evaluated.

C.) The third coil adds a separate 32-channel receive
array, nested symmetrically inside the 16-channel TEM
transmit array of A.) and B.) above. This design extends auto
tuning and matching to a multi-channel transmit coil with a
32-channel receiver for improved signal detection and par-
allel imaging performance.

D.) The fourth coil brings human cardiac spectroscopy for
the first time to 7T. The design basis of this coil began with
B.) above, but alternates the tuning of even and odd TEM
elements between 300 MHz for '"H NMR (proton nuclear
magnetic resonance), and 120 MHz for *'P MRS (phospho-
rus magnetic resonance spectroscopy).

E.) The fifth and final coil tunes even and odd transmit
elements in coil of C.), to 300 MHz and 120 MHz respec-
tively. Similarly, symmetrically distributed receiver ele-
ments are tuned alternately to the proton and phosphorous
frequencies. This coil has the highest performance for proton
scout imaging and shimming, with efficient and uniform
excitation and detection on of *'P spectra.

FIG. 2A is a photograph of a conventional cardiac coil
219. One half of a pair of eight-channel TEM arrays (eight
copper coil elements mounted on a dielectric substrate, and
connected to eight respective cables) and is shown. This is
the coil was used to demonstrate the feasibility of 7-T
cardiac imaging.

FIG. 2B is a diagram of a cardiac coil 220 of one
embodiment of the present invention, with one half of a pair
of eight-channel TEM arrays nested with receive arrays is
shown. In some embodiments, eight TEM elements 221,
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each having ONE piezo motor 223 for tuning, AND ONE
piezo motor 223 FOR MATCHING, and an array of eight
receive elements 222 each connected to its own onboard
preamplifier 224. This coil also incorporates auto-tuning
capability.

Electromagnetic (EM) Shimming

The electromagnetic (EM) fields that RF coils generate
can be separated into the electric (E) and magnetic (B) fields.
The net E-field interacts with the tissues and is responsible
for RF heating, expressed as the Specific Absorption Ratio
(SAR). Due to the spin of the nucleus, the B-field is further
broken down into two oppositely rotating components: B, ™,
which corresponds to the transmitting field, and B, ~, which
represents the reception field of an RF coil. It has been
shown that the phase and/or magnitude of individual coils
can be modified to improve the constructive interference of
the B, * fields over an ROI (B,* shimming). This can reduce
the SAR by improving the efficiency (flip angle versus input
power) of the array.(11, 15, 16) Improving B,* shimming
will continue to be an active area of research, but it will be
expanded to include an estimated E-field and resulting SAR.
By optimizing the magnetic field and minimizing the electric
field interactions in the body, or EM shimming, we hope to
further reduce SAR limitations during RF intensive pulse
sequences.

While the B, * field can be measured directly with MR, the
electric field cannot be practically measured—it can only be
simulated. Finite difference time domain (FDTD) electro-
magnetic (EM) simulations require substantial computa-
tional time (days). Therefore, we describe a hybrid tech-
nique to incorporate SAR estimations into the optimization
criteria. The B, fields are calculated from data acquired
from the patient in the magnet (e.g., a phase map of image
data from a known excitation), but the resulting SAR from
a particular B,* shim configuration will be estimated from
the linear superposition of the previously calculated E-fields
of an FDTD model of the RF array on a full-human model.
Of course, the SAR is a prediction from the model, but this
is a valid estimation for several reasons. First, multiple body
shapes will be modeled with FDTD beforehand. A cata-
logued modeled library will be composed and will allow us
to choose an EM model that most closely resembles the
patient. Secondly, even at 7 T, it has been shown that the
SAR distribution is substantially similar across several dif-
ferent body models.(17) Thirdly, it is expected the highest,
and therefore most restrictive, SAR will occur in the inter-
costal tissue near elements, which dramatically reduces the
importance of matching the dimensions of the width or
thickness of an individual to a particular model. FIGS. 35
and 34 are examples of the SAR concentrated in the periph-
ery. At first, the SAR estimation will be calculated, but it will
not influence the B, * shim. After the algorithm is refined and
stable, the SAR estimation will be used as a penalty param-
eter during shim optimization calculations. This will require
appropriate weighting of two criteria, homogeneous B, and
minimum local SAR, in calculating the optimal EM shim.

FIG. 3 shows FDTD simulations of the 16-channel RF
array in two shimming configurations. The phase of each
coil is the same in figs a) and b), but shimmed over the heart
(indicated by the circle) in figs ¢) and d). In the posterior of
the heart, the efficiency has been improved without signifi-
cant increase in SAR.

Capacitive Shield Decoupling

To preserve independent control over neighboring trans-
mit elements, and independent B, field components gener-
ated by them, they must be inductively mutually decoupled.
The standard approach to decoupling elements is to add a
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capacitive bridge “C” to balance the mutual inductance “M”
shown in FIG. 4A. This method, however, decreases field
uniformity by generating secondary circuit loops, as shown
in FIG. 4A. The decoupling capacitor, C, can store resonant
energy and therefore decreases the overall efficiency of the
coil. FIG. 4B shows a new innovation using capacitance in
the overlapping layers of our split-shield design to cancel
mutual inductance while preserving both energy and field
uniformity in the coil. This new decoupling method will be
implemented for the first time in the cardiac coils planned
for this invention. Decoupling performance is measured by
creating a decoupling matrix showing the percent coupling
of any element to any other element in the sixteen-element
array for the cardiac coils planned.

FIG. 4A shows a perspective schematic view of two
transmit elements 413A and 413B of a conventional bird-
cage coil 401. Transmit element 413A and transmit element
413 A are each capacitively coupled to a common shield 409,
and their mutual inductance M is compensated by a variable
capacitor between them

FIG. 4B shows a perspective schematic view of two
transmit elements 413A and 413B of a conventional TEM
coil 402. In this conventional embodiment, transmit element
413A and transmit element 413A are each capacitively
coupled to their own separate shields 412 that are separated
from one another by a small lengthwise gap, and each of
these are covered by separated outer shields 411. Each
transmit element can be separately driven.

FIG. 4C shows a perspective schematic view of two
transmit elements 413A and 413B of auto-adjusted TEM
coil 403 according to some embodiments of the present
invention. The improvement provided by the present inven-
tion is that each transmit element can be automatically
individually frequency tuned (e.g., by a series-connected
non-magnetic variable capacitance 415 connected between
the respective transmit amplifier 416 and the transmit ele-
ment 413) and individually impedance matched (e.g., by a
parallel-connected non-magnetic variable capacitance 414
connected between the respective shield 412 and the trans-
mit element 413). This FIG. 4C shows just a small portion
of two transmit elements 413 A and 413B, their inner shields
412A and 412B, the overlapping outer shields 411, the
parallel-connected variable impedance-matching capacitors
414A and 414B, the series-connected variable resonance-
frequency-tuning capacitors 415A and 415B, the power
amplifiers 416A and 416B of the transmit circuit (in some
embodiments, these power amplifiers are non-magnetic
class-D power amplifiers located in the coil unit), and the
transmit signal wires or fibers 417A and 417B. In various
embodiments, the coil units of the present invention use 16
or 32 transmit elements and 16, 32 or 64 receive channels,
however any suitable number of transmit elements and
receive channels may be used—the invention is not limited
by the number used. FIG. 4C omits the receive loops for
clarity of presentation. See the figures below for exemplary
receive configurations.

FIG. 4D shows a perspective schematic view of a cardiac-
imaging coils system 404 having two auto-adjusted TEM
coils 410A and 410B according to some embodiments of the
present invention. In some embodiments, each of the TEM
coils 410A and 410B includes a plurality of transmit units
each including a transmit element 413 (e.g., a rod, rectan-
gular prism or other suitable shape (e.g., in some embodi-
ments, a copper trace on a flexible circuit board), an inner
shield 412, the overlapping outer shields 411, the parallel-
connected variable impedance-matching capacitor 414, the
series-connected ~ variable  resonance-frequency-tuning
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capacitor 415, power amplifier 416 of the transmit circuit,
and transmit signal wire or fiber 417. Also shown is a
plurality of receive loops 421 each connected to its respec-
tive preamplifier 426. In some embodiments, all of the
components shown are assembled into the unit 801 shown in
FIG. 8A. In other embodiments, all of the components
shown except for the transmit amplifiers 416 are assembled
into the unit 801 shown in FIG. 8A, and the transmit
amplifiers are located remote from the magnet bore.

FIG. 4E shows a perspective schematic view of a single
transmit-receive element 405 according to some embodi-
ments of the present invention. In some embodiments, TEM
coils (such as 410A and 410B of FIG. 4D or coils 801 of
FIG. 8A) each include a plurality of such transmit-receive
units 405 each including a transmit element 413 (e.g., a rod,
rectangular prism or other suitable shape (e.g., in some
embodiments, a copper trace on a flexible circuit board), an
inner shield 412, the overlapping outer shields 411, the
parallel-connected variable impedance-matching capacitor
414, the series-connected variable resonance-frequency-tun-
ing capacitor 415, power amplifier 416, and transmit signal
wire or fiber 417. Also included is a receive loop 421
connected to a differential preamplifier 426.

FIG. 4F shows a perspective schematic view of a trans-
mit-receive element 406 according to some embodiments of
the present invention. In some embodiments, transmit-re-
ceive element 406 is substantially similar to transmit-receive
element 405 described above, but here are included two
receive loops 421 A and 421B each connected to a respective
differential preamplifier 426 A and 426B.

FIG. 4G shows a perspective schematic view of a trans-
mit-receive element 407 according to some embodiments of
the present invention. In some embodiments, transmit-re-
ceive element 407 is substantially similar to transmit-receive
element 406 described above, but here the two receive loops
421A and 421B are each connected to be impedance
matched and resonance frequency matched (e.g., in some
embodiments, using parallel-connected variable capacitor
424A to impedance match receive-loop antenna 421A to
preamplifier 426A, and series-connected variable capacitor
425A to resonance-frequency match receive-loop antenna
421A to preamplifier 426A, and using parallel-connected
variable capacitor 424B to impedance match receive-loop
antenna 421B to preamplifier 426B, and series-connected
variable capacitor 425B to resonance-frequency match
receive-loop antenna 421B to preamplifier 426B). In the
embodiment shown there is a two-to-one ratio of receive
elements to transmit elements. In other embodiments, a
one-to-one ratio is used, (while in yet other embodiments,
other ratios of transmit elements to receive elements are
used) and impedance and frequency matching are used on
both transmit and receive circuits as is shown and described
here.

FIG. 4H shows a perspective schematic view of a trans-
mit-receive element 408 according to some embodiments of
the present invention. As just described, a one-to-one ratio of
receive elements to transmit elements is used, with two rows
of transmit elements 413A and 413B being used with two
rows of receive loops 421A and 421B. A plurality of such
elements 408 are implemented in the top coil unit 410A and
a plurality of such elements 408 are implemented in the top
coil unit 410B as indicated in FIG. 4D and shown in the
system of FIG. 8A.

Piezo Motor Tuning and Matching

FIG. 5 shows a piezo motor used to capacitively tune and
match a “coil” circuit. There will be a tune and match pair
of these circuits for each of 16 coil elements.
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The quality factor, or Q, of the ultra-high-frequency TEM
elements is relatively high, which means that the 3-dB
bandwidth of the element’s resonance is relatively narrow.
Since the resonance frequency is load dependent, the coil
elements must be adjusted for each subject to minimize
losses during transmission and/or reception. Without auto-
matic tuning and impedance matching of the multiple coil
elements, the scientific and clinical utility of these multi-
channel transmit methods will not be realized. Previous
efforts in remote tuning have been restricted to low-power
coils because the active components would fail at transmit
power levels.(18, 19) Therefore, the development of the
means to automatically tune and match every transmit coil
as specified in the Embodiments is an important innovation.
To develop autotune capability, a non-magnetic, linear
piezoelectric-actuated reactance (capacitance or inductance)
for controlling tuning and matching operations per element
will be incorporated in the coils. Initially, the piezoelectric
motor will move the center conductor in a coaxial TEM coil
element to efficiently and smoothly adjust the impedance of
the element. The whole tuning and matching process will be
algorithm-driven from the console.

Multi-Nuclear Spectroscopy

FIG. 6 shows voxel-size comparison of 1.5 T, 3 T, and 7
T for a given NMR signal. {Hudsmith, 2009 #341} For the
first time, 7 T brings the SNR and spectral resolution for *'P
spectroscopy required for signal acquisition from heart-
wall-sized voxels (down to 2 cc). {Cho, 2001 #299} This
opens many possibilities for metabolic observation of infarct
regions, allografs, and other conditions without partial vol-
ume contamination from intercostal muscle and the blood
pool. The multi-nuclear coils planned will make possible the
first spectroscopic investigations of the whole heart in
humans at 7 T.

Thermal Modeling and Measurement

New coil development cannot proceed without a parallel
investigation determining the safety of new coils in the
context of their applications. While the industry too much
relies on SAR calculations from cartoons of anatomy, this is
not sufficient for determining RF safety. Our institutional
review board (IRB) and Food and Drug Administration
(FDA) investigational-device exemptions subscribe to our
using temperature as determined from the World Health
Organization recommended porcine heating model as the
most accurate method for thermal safety determination.
SAR is but one of six variables in the well-known Pennes
Bio-heat equation, and one of seven in the more-general and
also now well-known Shrivastava-Vaughan equation, which
also accounts for blood temperature. SAR by itself, ignoring
the thermodynamics and thermoregulatory reflexes of a
living system, is a poor predictor of temperature. Therefore,
our laboratory not only calculates SAR and temperature
contours, but validates these model predictions with direct
temperature measurements. Because the direct measure-
ments are invasive, they cannot be performed on humans.
By directly measuring the temperature in live pig tissue by
fluoroptic thermometry, we can correlate temperature to
SAR measurements, which in turn are monitored by the MR
system. For each new coil and pulse sequence, we correlate
and calibrate system SAR measurements to actual tempera-
ture measurements, and set SAR thresholds accordingly to
the FDA Guideline, or to our thermally identified guideline,
whichever is the most conservative (most safe). Our
approach we feel is safer and more informed than that of
industry SAR monitoring or FDA Guidelines alone, and a
true innovation above current standards. Porcine head mod-
els and measurements are shown in FIG. 7. An anatomic
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atlas and pig body model must be constructed for the project,
another innovation planned. In summary, we predict, moni-
tor and adhere to FDA, SAR guidelines. We add to this an
extra measure of safety by predicting and measuring tem-
perature as well. Our temperature work sets us apart from
convention, is a more informed and safer direction.

FIG. 7. a.) shows the pig head imaged for creating a
digital anatomy atlas. With this atlas, we can predict b.) the
B, field in the coil and head, c.), the SAR in the head, and
temperature contours not shown. By correlating system-
monitored SAR to direct temperature measurements from
the anatomy d.) we can better assure that our new coils and
experiments using them are safe.

In some embodiments, the invention is based on five coils
of increasing complexity and innovation. The coils represent
a progressive design series, with each coil extending to the
next, one innovation at a time. The basis of all five coils is
a 16-element TEM array packaged as a pair of eight-element
anterior and posterior halves. (See FIG. 8, which shows a
sixteen-channel TEM array fully packaged in place on a
subject (left), and open with both halves visible (right).) The
coil pairs will be housed in ergonomic forms of molded
plastic, and connectorized to the Siemens 7-T system with
Siemens connectors as shown. This will provide a robust,
utility platform for further coil development. As a standard
method, each coil in the series will be first designed by
finite-difference time-domain modeling (e.g., in some
embodiments, XFDTD-brand of XDTD, available from
Remcom, Inc. St. College, Pa.) of human-loaded coil cir-
cuits, dimensions and materials to obtain the desired maxi-
mized B, field and minimal SAR contour for the human
chest as shown in FIG. 3. Once a coil model is shown to
generate the design field for an ROI (region of interest), the
coil will be constructed, bench tested, safety tested, imple-
mented, and evaluated with image data acquired from vol-
unteer subjects. Details specific to the design, building and
testing of each of the coils, follow.

1. 16-Channel Transceiver Coil

The conventional prior-art 16-channel transceiver coil
(FIG. 2a) is improved upon by the 16-channel TEM trans-
ceiver shown in FIG. 8. The design is derived from extensive
modeling; the new coil includes coaxial array elements and
is much lighter and more efficient, having air dielectric
between the elements and the slotted shield. Per FIG. 4, the
new coil includes shield capacitance for the first time to
more efficiently decouple the elements without perturbing
the field. Tt also includes on-board T/R switches and pre-
amps. To bench test the constructed coil, basic network
analyzer measurements S11 measure the capacitive imped-
ance matching and frequency tuning of each element. A
receiver probe measuring S12 will determine the field effi-
ciency for a reference input power. Smith chart measure-
ments too will be employed for determination of match and
Q, another measure of coil efficiency. If the coil elements are
tuned, matched, and more efficient than the previous coil of
FIG. 2, with more B, field detected over the probed field or
view within the coil, then we have an improved, higher
performance cardiac coil. Our design goal is for a 50%
efficiency improvement with this design. The coil must then
be tested to be safe. Following the method described in FIG.
7, the coil pair will be fitted to an anesthetized pig instru-
mented with fluoroptic probes. RF power will be transmitted
to the coil pair from the 7-T system power amplifiers at the
maximum FDA guideline SAR. If the FDA temperature
guideline of 2° C. above core temperature for the trunk is
reached, the SAR level and time will be noted, and the RF
power turned off. If the experiment continues for two hours
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without reaching 2° C., the SAR at that point will be noted
and the experiment ended. In this way, actual unsafe heating
is correlated to easily monitored system SAR. Because a pig
is not a human, the SAR threshold will be set at half that
required to reach 2° C. in a pig for a given time period, to
better assure erring on the safe side. In this way, RF coils and
sequences driving them will be safety tested . . . in addition
to the SAR model calculations also done. To minimize the
number of pigs sacrificed for this experiment, six pigs will
be used twice each in vivo for statistically significant 12
studies for each coil.

After a coil a coil is built, bench tested, and safety tested
outside of the magnet, it is subjected to a battery of tests on
the scanner to further ensure coil performance and patient
safety. The first tests are always on a loading phantom. Basic
tests on a phantom for noise consistency and independence
between receiver channels, individual coil-transmit patterns
and efficiency, EPI ghosting intensity, overall transmit effi-
ciency, reflected transmit power, and SNR can usually
highlight any problems early in the testing phase.

Finally, the coil is safe for evaluation in the magnet on a
human subject. As depicted in FIG. 8, the subject is
instructed to recline onto the cushioned posterior half of the
coil pre-positioned on the 7-T system’s patient bed. After
placement and training of vector cardiogram (VCG) leads,
the padded top half of the coil is then comfortably secured
in position over the subject’s chest with a Velcro® strap. The
subject is then slowly introduced into the magnet and the
VCG signal checked. Siemens’ newest-release VCG system
and software gives reliable gating on every subject, exceed-
ing 100 to date.

First, human measurements will be acquired from the
pelvis. The performance of these coils will be more accu-
rately evaluated in a more homogeneous tissue (gluteus
maximus), without breathing artifacts and without cardiac
motion. Additional criteria such as the array’s g-factor,
which determines the maximum usable reduction factors in
parallel imaging, and overall parallel imaging performance,
are examined at this time. The coil efficiency (B,*) and
intrinsic SNR (B,") are calculated from two fully relaxed
gradient echo images using the double-angle method and
specific image-processing methods amenable to SNR analy-
sis. (31,32) {Insko, 1993 #101} {Kellman, 2005 #302}
From this information, a transmit-efficiency map in absolute
units (B,*/Volt) is calculated. Similarly, the SNR of the
receivers is calculated independent of the transmit field or
the console’s receive chain. By these metrics comparisons
can be made to performance of other coils in our laboratory,
and to any reported in the literature. Of course, the real test
of a cardiac coil is in cardiac imaging. For clinical insight,
three clinical readers (Neubauer, Suttie, Bache) perform a
double-blind image quality comparisons made between 1.5-
T, 3-T and 7-T cardiac images. Rapid B, maps of the heart
will be collected and the relative SNR of the heart will be
calculated. (References 34, 35, 36, 37; Cunningham, 2006
#304; Sung, 2008 #400; Sung, 2008 #401.) Refer to FIG. 15
for an example.

2. Auto-Tuned and Matched Transceiver Coil.

In this second Embodiment, the coil of Embodiment 1
will be fitted with piezoelectric actuators and sliding cylin-
drical capacitors to effect console-driven tuning and match-
ing of the multi-channel transmit array. Of several piezo-
electric actuators on the market, we have selected, for some
embodiments, the SQ-150NM series from New Scale Tech-
nologies (New Scale Technologies, Inc. 121 Victor Heights
Parkway, Victor, N.Y. 14564) due to its small package (7.4
mm in diameter and 12.5 mm in length), significant travel



US 9,995,803 B2

19

distance (50 mm), increased movement resolution (20 nm),
high force generation (greater then SN), and comparatively
low cost. While the piezoelectric actuators are not affected
by strong maguet fields, most commercial controllers used
to drive the piezoelectric devices use iron-core step-up
transformers and inductors to generate the voltages neces-
sary to drive the piezo-motor. These controller/drivers fail in
strong magnetic fields. Therefore, we design a field-tolerant
controller. The controller includes three parts: (1) sine-wave
generator, (2) low-pass filter and (3) signal amplifier. Sine-
wave generation occurs via two AD9835 direct-digital-
synthesis (DDS) ICs (integrated circuits from Analog
Devices, One Technology Way, P. O. Box 9106, Norwood,
Mass. 02062) synchronized to the same master clock. Low-
pass filtering removes phase truncation spurs and Nyquist
ghosts associated in the digital-to-analog conversion in the
DDS. Finally, control-signal amplification provides the
desired drive signals to the piezo motors. Output from the
DDS (approximately 0.5 V rms) is amplified, over several
stages, to reach the 200 V rms required by the piezoelectric
actuators. Apex Precision Power® operational amplifiers by
Cirrus Logic, Inc. (2901 Via Fortuna, Austin, Tex. 78746) in
conjunction with Communication Power Corporation’s
(CPC—280 Davids Drive. Suite 3, Hauppauge, N.Y. 11788)
400-V power supply is used for amplification.

FIG. 9 shows an auto-tuned cardiac coil 900, according to
some embodiments.

Auto-Tune Approach

The goal of automated tuning and matching will be
achieved by incorporating adjustable capacitors into the
coils, which will be driven using non-magnetic, piezoelec-
tric linear actuators. The mechanism of such actuators,
which have only recently become commercially available, is
non-magnetic and unhindered by the strong B, magnetic
field (reference 8) [8]. FIG. 5 shows a proof-of-concept
implementation, where the piezoelectric actuator moves the
center conductor in a coaxial TEM coil element, thus
efficiently and smoothly adjusting its impedance. Thus, with
two actuators the tune and match of a coil element may be
adjusted for optimal B, power.

FIG. 10 shows a closed-loop automated system for tuning
and matching a cardiac transmit array. A-C are components
of the B,-shimming, 7-T MRI system already operating at
the University of Minnesota’s Center for Magnetic Record-
ing Research (CMRR). D shows a demonstration single
TEM element with a piezo motor attached. See FIG. 16 for
results. Block E is a microcontroller-based drive unit for the
piezoelectric actuators (to be constructed).

The significant advantage of electronic tuning and match-
ing hardware is that it can be controlled by computer,
allowing an array coil to be rapidly adjusted without manual
intervention. FIG. 10 shows the five key elements to imple-
menting this strategy as applied to our 7-T MRI scanner.
Each coil in turn is probed at the Larmor frequency using the
scanner’s normal B, shimming RF hardware (A & B), with
a “real-time feedback” pulse sequence programmed in the
Siemens IDEA environment. The magnitude of the forward
and reflected RF power is monitored using pairs of direc-
tional couplers built into the RF power amplifiers (B),
rectified and digitized with a National Instruments Corpo-
ration (11500 N Mopac Expwy, Austin, Tex. 78759) PXI
1042 (C), which is already in use for RF safety monitoring.
A computer program running on the console (A) uses these
data to decide how to adjust the piezoelectric actuators in
each coil (D) and sends appropriate commands to a micro-
controller (E) which produces the voltages necessary to
move the tune and match actuators. Alterations to the
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scanner RF output were minimized in order to make this
technology easy to transfer to other sites in the future.

Computer control of the tune and match will be effected
as follows: Prior to first use, the capacitance is calibrated as
a function of steps of the linear actuator. Also, the ratio of
forward/reflected power at the Larmor frequency is recorded
as a function of the tune and match capacitance, giving
“known good” information on the coil Q and matching.

The following algorithm, illustrated in FIG. 11 (which
shows a schematic contour plot of reflected RF power as a
function of tune and match capacitances for a single coil
element), will perform the automatic adjustment:

1. Adjust all elements to the approximate optimal values

determined during calibration.

2. Activate a single coil element for transmit and power
monitoring.

3. Perform a line-search on the tune capacitance (“1” in
FIG. 11) for the point of minimum reflection (23, 24).

4. Check the ratio of minimum reflected power to that at
other tune capacitances. If not low enough, locate the
resonance with a 2-D grid search from the calibrated
optimum.

5. Begin 2-D Nelder Mead optimization (“2” in FIG. 11)
to fix both match and tune of that element.

6. Repeat for all elements in turn until there is little
change.

7. Except: if more than 10 iterations, or if the final
reflected/forward power ratios fall above a threshold,
report FAILURE and request manual input from an
operator or service engineer.

Line-searches and the 2-D Nelder Mead algorithm are
favorable in this situation because they do not require
numerical derivatives and are highly robust in the presence
of noise and uncertainties in the calibration of capacitance
(Nelder J A, Mead R. A simplex method for function mini-
mization. Comput J. 1965; 7(4):308-13.; Lagarias J C, Reeds
JA, Wright M H, Wright P E. Convergence properties of the
Nelder-Mead simplex method in low dimensions. Siam J
Optimiz. 1998; 9(1):112-47.) (references 25, 26). Prelimi-
nary experiments performing manual tuning using a network
analyzer support this approach. The algorithm will be imple-
mented in Matlab on the host computer, allowing easy
adaptations, should they be necessary.

Only the magnitude of the forward and reflected RF
power is monitored by B and C in FIG. 10. If this is
insufficient, the complex forward and reflected RF power
will be measured using the TALES safety monitor hardware
in the 16-channel parallel transmit system being installed
soon by Siemens. Tune and match capacitances will be
adjusted to minimize the imaginary component of the
reflected RF power (Venook R D, Hargreaves B A, Gold G
E, Conolly S M, Scott G C. Automatic tuning of flexible
interventional RF receiver coils. Magn Reson Med. 2005;
54(4):983-93, Hoult D I, Tomanek B. Use of mutually
inductive coupling in probe design. Concepts in Magnetic
Resonance. 2002; 15(4):262-85.) (references 19, 27). If,
unlike in high-resolution NMR (Hwang F, Hoult D 1. Auto-
matic probe tuning and matching. Magn Reson Med. 1998;
39(2):214-22.) (reference 28), measurements are required at
frequencies other than the Larmor frequency, we would
insert a second pair of directional couplers between B and D
in FIG. 10 and use a separate signal generator to probe the
coil.

As an alternative approach for electronic tuning and
matching if the piezo-motor approach proves sub-optimal
for yet unknown reasons, we will construct a transmit coil
containing a bank of capacitors switched by high-power PIN
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diodes for the tuning and matching in place of the piezo-
electric actuators in (D). Replacing the microcontroller
circuit (E) with one that switches combinations of these
capacitors will yield another realization of the automatically
tuneable transmit coil. See FIG. 13, which shows this
capacitor-bank approach.

With the auto-tuned TEM transceiver coil completed it is
implemented, tested and evaluated by the methods of Coil
#1 (F1G. 8) of Embodiment 1 above.

3. Auto-Tuned, 16-Channel Transmit Coil with Integrated
32-Channel Receiver.

The ultimate coil envisioned for cardiac MRI is com-
prised of 16 auto-tuned transmit channels, combined with 32
receiver channels. This coil takes full advantage of our 7-T
system with 16 power amplifiers and 32 receivers. This
configuration should give us best transmit efficiency and
control, together with best receiver sensitivity and parallel-
imaging performance. More specifically, the auto-tuned
transmit coil will be identical in form and function to the one
developed in Embodiment 2, but without the T/R switches
and preamps. Instead the 32-channel receiver array will
consist of a pair of 2x8 arrays, fit on the inside of respective
halves of the transmit coil pair. FIG. 14 shows the anterior
half of the TEM transmit array mated with the anterior half
of the receive array, in position on the chest. The actively
detuned receiver array is composed of loop coil elements,
PIN diode detuning circuits and drivers, impedance-trans-
formation elements, and one or more channels each con-
taining PIN limiters, preamplifiers and multi-channel digital
receivers. The cardiac receive coil array system will consist
of a pair of 16-element arrays of 8-cm-diameter coil loop
elements. An active PIN diode trap tuned to the proton
frequency detunes each array element during transmission
(Edelstein, 1986 #419). The array elements are etched on
flexible circuit board and placed within the molded formers
between the transmit elements and the body. The arrays must
also be spaced 3 c¢cm above high-impedance VCG leads,
which in turn must be routed for minimal coupling with coil.
In addition to SNR benefits, the smaller receiver coil ele-
ments minimize the effects of subject load changes. Baluns
in the coaxial RF signal lines from the array elements
attenuate sheath currents due to unbalanced receiver coils
and load-dependent coupling between the coil elements. The
individual coil array elements are electrically isolated from
one another by adjusting the inductive overlap of adjacent
coils to a mutual null. Coupling between coils is further
minimized by using a low-noise preamplifier and a trans-
forming network between coil output circuitry and pream-
plifier. The isolation between the transmit and receive coil
will be bench tested for the design goal of at least 35 dB,
which has been achieved.

Design, test and evaluation steps for this coil will follow
those laid down for Coil #1.

FIG. 14 shows the best cardiac MRI coil, including 16
auto-tuned, shielded, shield-capacitance decoupled, transmit
channels with B, shimming control, and 32 close-fitting,
decoupled receiver channels, in a stable, sealed, ergonomic
package.

4. Auto-Tuned, Multinuclear Transceiver Coil.

In order for *'P spectroscopic data to be acquired in the
human heart, a novel dual-tuned coil is necessary. Using the
optimized transceiver design from Embodiment 1 and the
automated tune and match strategy from Embodiment 2,
eight “even” TEM elements will be tuned to the 'H Larmor
frequency (300 MHz) and eight “odd” elements will be
tuned to the *'P frequency of 120 MHz at 7 T. Dual-tuned
TEM volume coils have been demonstrated by the inventor
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before, but never for a surface array, never with multi-
channel drive, never with electronic tuning, and never at 77T.
The innovative shield-capacitance decoupling method will
be employed and especially useful for achieving the high
degree of isolation required to separate 'H channels from
31p channels. To auto-tune this coil, the methods from Coil
#2 (FIG. 9) will be followed. Other than tuning this coil to
operate simultaneously at two frequencies, its design, bench
test, safety test, implementation and evaluation in the mag-
net on humans will follow the methods of Coil 1. However,
by halving the number of transmit and receive elements in
this transceiver design, the B, efficiency and receive sensi-
tivity will not equal the performance of the single-tuned
coils above. While this coil is expected to be useful, it is then
transformed into the following coil of Embodiment 5.

5. Auto-Tuned, Multinuclear Transmit Coil with Inte-
grated Receiver.

This coil builds on and incorporates features of all four
previous coils, and adds one feature, a dual-tuned 32-chan-
nel receiver array. The receiver array is designed along the
same principles as the 'H receiver array in Embodiment 3
and planned to be implemented on the array designed in
Embodiment 4. There are other options still being consid-
ered for this coil. In some embodiments, we combine a full
16-channel TEM proton coil together with a single-channel
120-MHz *'P transmitter of possibly birdcage design to
preserve full power for both nuclei. In some embodiments,
a surplus 3-T power amp can be found cheaply, and tweaked
for service as a >*P amplifier. If proton decoupling were not
a requirement and 'H and *'P transmit could be interleaved
in time, it is possible to use a PIN-switched capacitor
scheme to tune 16 channels between 300- and 120 MHz by
a process the military calls “frequency hopping.” This
auto-tuned, multinuclear coil with integrated dual-tuned
receiver array will definitely be the most complicated coil.
But with the advent of a powerful new 7-T human spec-
troscopy machine, it may prove to be the most valuable.

As the B, shimming example in FIG. 3 showed, some
shimming is required to get any signal from all parts of the
heart, but better shims produce better images. Further
improvements in B,* shim methodologies have improved
image quality and reduced SAR.

These improvements have been incorporated into a study
that compares standard clinical cardiac applications, like
ejection fraction as measured by FLASH (fast low-angle
shot MRI) and TrueFISP (true fast imaging with steady-state
precession), at 1.5 T, 3 Tand 7 T on the same volunteer. An
example of short-axis cine on the same volunteer at the three
field strengths is shown in FIG. 15. (FIG. 15 shows short-
axis cine, FLASH and bSSFP, collected on the same vol-
unteer at 1.5 T,3 T, and 7 T.)

FIG. 16A shows a simple RF coil coupled to a piezoelec-
tric motor. The plots from a network analyzer show what
fraction of power is reflected from the coil over a range of
frequencies. The two plots represent the before and after
spectra of remote tuning the coil to the phantom in the
magnet. The deeper “dip” shows a more eflicient power
transfer from the coil to the phantom for the Larmor fre-
quency at 296.8 MHz. The presence of a piezoelectric motor
did not affect the images acquired with the coil. FIG. 16A
shows proof of concept for remote piezoelectric tuning of
transceive coils.

According to the National Heart Lung and Blood Insti-
tute, more Americans die from cardiovascular diseases than
any other cause. Approximately 25% of all Americans have
one or more cardiovascular diseases. Highly sensitive detec-
tion 1s critical to biomedical science, and to diagnoses and
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successful treatments for these diseases. MRI/MRS at 7 T
has great potential for imaging and spectroscopic detection
of cardiovascular diseases. While forty 7-T MRI systems are
installed in luminary labs around the world, there are cur-
rently no means available for practical 7-T cardiac MRI and
MRS. This problem is solved by developing the new tech-
nology and methods required. A progressive series of five
new coils is described. The first coil solves problems of
transmit-field inefficiency and inhomogeneity for heart and
body imaging, with a close-fitting, 16-channel TEM confor-
mal array design with efficient shield-capacitance decou-
pling. The second coil progresses directly from the first with
automatic tuning and matching, an innovation of huge
importance for multi-channel transmit coils. The third coil
combines the second, auto-tuned multi-channel transmitter
with a 32-channel receiver for best transmit efficiency,
control, receive sensitivity and parallel imaging perfor-
mance. The final two coils extend the innovative technology
of the first three coils to multi-nuclear *'P—'H) designs to
make practical human cardiac imaging and spectroscopy
possible for the first time at 7 T.

Currently, in forty luminary labs around the world 7-T
MR is proving to be a powerful instrument for imaging the
human brain. While the same potential exists for cardiac
imaging at 7 T, the radio-frequency coil technology and
methods critical to realizing this potential have yet to be
developed. The present innovations transform the 7-T MRI
system into a powerful tool for cardiac imaging and spec-
troscopy.
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In some embodiments, the present invention provides an

apparatus that includes a coil for operation in a magnetic-

resonance machine that operates at magnetic fields of at least

7 tesla, the coil including: a plurality of coil elements, a

plurality of transmit-receive circuits, a plurality non-mag-

netic circuit elements that are tunable, a plurality of actua-
tors operatively coupled to the tunable non-magnetic circuit
elements, and a controller operatively coupled to control the
actuators to automatically tune resonance frequency and
match impedance of each of the plurality of circuit elements.

In some embodiments of the apparatus, each one of the
plurality of circuit elements is a mechanically tunable
capacitor. In some embodiments, the plurality of circuit
elements includes capacitors. In some embodiments, the
plurality of circuit elements includes mechanically tunable
inductance.

In some embodiments, the plurality of coil elements
includes a plurality of transmit elements, and wherein the
plurality of circuit elements include a variable capacitor in
series with each of the plurality of transmit elements and a
variable capacitor in parallel with each of the plurality of
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transmit elements. In some embodiments, the plurality of
coil elements includes a plurality of transmit elements, and
the plurality of circuit elements include a mechanically
tunable capacitor in series with each of the plurality of
transmit elements and a mechanically tunable capacitor in
parallel with each of the plurality of transmit elements.

In some embodiments, the plurality of coil elements
includes a plurality of transmit elements, and wherein the
plurality of circuit elements include a mechanically tunable
inductance in each of the plurality of transmit elements.

In some embodiments, the present invention provides a
computer implemented method that includes providing a
magnetic-resonance coil for operation at a field strength of
at least seven tesla, the coil having a plurality of coil
elements; setting each of the plurality of coil elements to
approximate optimal values determined during a prior cali-
bration; activating an Nth single coil element for transmit
and power monitoring; varying a tune capacitance for a
point of minimum reflection; checking a ratio of minimum
reflected power to that at other tune capacitances; if the ratio
is not low enough to meet a predetermined criterion, pet-
forming a two-dimensional grid search from the calibrated
optimal values to locate a resonance; adjusting both an
impedance match and tuning match of the Nth single coil
element using a two-dimensional Nelder-Mead optimization
of the Nth element; and repeating the activating, varying,
checking, performing, and adjusting for each of the plurality
of coil elements in turn until an amount of change at each
coil element is below a predetermined criterion change
amount.

In some embodiments, the method further includes if after
more than 10 iterations, or if a final reflected/forward power
ratio falls above a threshold, report a FAILURE and request
manual input from an operator or service engineer.

In some embodiments of the method, the adjusting
includes mechanically adjusting. In some embodiments, the
method further includes providing a plurality of mechani-
cally tunable capacitors, wherein the mechanically adjusting
is performed using at least the plurality of mechanically
tunable capacitors. In some embodiments, the method fur-
ther includes providing mechanically tunable inductance,
wherein the mechanically adjusting is performed using at
least the mechanically tunable inductance. In some embodi-
ments, the method further includes providing a plurality of
capacitors, wherein the adjusting is performed using at least
the plurality of capacitors.

In some embodiments of the method, the plurality of coil
elements includes a plurality of transmit elements, the
method further including connecting a variable capacitor in
series with each of the plurality of transmit elements and
connecting a variable capacitor in parallel with each of the
plurality of transmit elements, wherein the adjusting is
performed using at least the variable capacitors connected in
series and the variable capacitors connected in parallel.

In some embodiments, the present invention provides an
apparatus that includes a magnetic-resonance coil for opera-
tion at a field strength of at least seven tesla, the coil having
a plurality of coil elements; means for setting each of the
plurality of coil elements to approximate optimal values
determined during a prior calibration; means for activating
an Nth single coil element for transmit and power monitor-
ing; means for varying a tune capacitance for a point of
minimum reflection; means for checking a ratio of minimum
reflected power to that at other tune capacitances; if the ratio
is not low enough to meet a predetermined criterion, means
for performing a two-dimensional grid search from the
calibrated optimal values to locate a resonance; means for
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adjusting both an impedance match and tuning match of the
Nth single coil element; and means for repeatedly operating
the means for activating, means for varying, means for
checking, means for performing, and means for adjusting for
each of the plurality of coil elements in turn until the amount
of change at each coil element is below a predetermined
criterion change amount.

In some embodiments of the apparatus, the means for
adjusting includes means for mechanically adjusting. In
some embodiments, the means for mechanically adjusting
includes a plurality of mechanically tunable capacitors. In
some embodiments, the means for mechanically adjusting
includes mechanically tunable inductance. In some embodi-
ments, the means for adjusting includes a plurality of
capacitors. In some embodiments, the plurality of coil
elements includes a plurality of transmit elements, wherein
the apparatus further includes a variable capacitor connected
in series with each of the plurality of transmit elements; and
a variable capacitor connected in parallel with each of the
plurality of transmit elements.

In some embodiments, the present invention provides a
computer-readable medium having instructions stored
thereon for causing a suitably programmed information
processor to execute a method that includes setting a plu-
rality of coil elements to approximate optimal values deter-
mined during a prior calibration; activating an Nth single
coil for transmit and power monitoring; performing a line-
search on the tune capacitance for a point of minimum
reflection; checking a ratio of minimum reflected power to
that at other tune capacitances; if the ratio is not low enough
to meet a predetermined criterion, performing a two-dimen-
sional grid search from the calibrated optimum to locate a
resonance; adjusting both an impedance match and tuning
match of the Nth single coil using a two-dimensional
Nelder-Mead optimization of the Nth element; and repeating
for all of the plurality of elements in turn until the amount
of change is below a predetermined criterion.

In some embodiments, the present invention provides a
computer-readable medium having instructions stored
thereon for causing a suitably programmed information
processor to execute a method that includes setting each of
a plurality of coil elements to approximate optimal values
determined during a prior calibration; activating an Nth
single coil element for transmit and power monitoring;
varying a tune capacitance for a point of minimum reflec-
tion; checking a ratio of minimum reflected power to that at
other tune capacitances; if the ratio is not low enough to
meet a predetermined criterion, performing a two-dimen-
sional grid search from the calibrated optimal values to
locate a resonance; adjusting both an impedance match and
tuning match of the Nth single coil element using a two-
dimensional Nelder-Mead optimization of the Nth element;
and repeating the activating, varying, checking, performing,
and adjusting for each of the plurality of coil elements in
turn until an amount of change at each coil element is below
a predetermined criterion change amount.

In some embodiments, the computer-readable medium
further includes instructions such that the method further
includes if after more than 10 iterations, or if a final
reflected/forward power ratio falls above a threshold, report
a FAILURE and request manual input from an operator or
service engineer. In some embodiments, the computer-read-
able medium further includes instructions such that the
adjusting includes mechanically adjusting. In some embodi-
ments, the computer-readable medium further includes
instructions such that the method further includes perform-
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ing the mechanically adjusting using at least a plurality of
mechanically tunable capacitors.

In some embodiments, the computer-readable medium,
further includes instructions such that the method further
includes performing the mechanically adjusting using at
least mechanically tunable inductance. In some embodi-
ments, the computer-readable medium further includes
instructions such that the method further includes perform-
ing the adjusting using at least a plurality of capacitors. In
some embodiments, the computer-readable medium further
includes instructions such that the method further includes
performing the adjusting using at least a variable capacitor
connected in parallel to each of the plurality of coil elements
and a variable capacitor connected in series to each of the
plurality of coil elements.

In some embodiments, the present invention provides an
apparatus that includes a coil for operation in an magnetic-
resonance machine that operates at magnetic fields of at least
7 tesla, the coil including: a plurality of coil elements, a
plurality of transmit-receive circuits, a plurality non-mag-
netic circuit elements that are tunable, wherein the plurality
non-magnetic circuit elements are connected to the plurality
of coil elements, a plurality of actuators operatively coupled
to the tunable non-magnetic circuit elements, and a control-
ler operatively coupled to control the actuators to automati-
cally tune resonance frequency and match impedance of
each of the plurality of coil elements. In some embodiments,
each one of the plurality of circuit elements is a mechani-
cally tunable capacitor. In some embodiments, the plurality
of coil elements that the controller automatically tunes the
resonance frequency of and matches the impedance of
includes both transmit elements and receive elements. In
some embodiments, the plurality of circuit elements
includes mechanically tunable inductance. In some embodi-
ments, the plurality of coil elements includes a plurality of
transmit elements, and wherein the plurality of circuit ele-
ments include a variable capacitor in series with each of the
plurality of transmit elements and a variable capacitor in
parallel with each of the plurality of transmit elements. In
some embodiments, the plurality of coil elements includes a
plurality of transmit elements, and wherein the plurality of
circuit elements include a mechanically tunable capacitor in
series with each of the plurality of transmit elements and a
mechanically tunable capacitor in parallel with each of the
plurality of transmit elements. In some embodiments, the
plurality of coil elements includes a plurality of transmit
elements, and wherein the plurality of circuit elements
include a mechanically tunable inductance in each of the
plurality of transmit elements.

In some embodiments, the present invention provides a
method that includes the following ALGORITHM: provid-
ing a magnetic-resonance coil for operation at a field
strength of at least seven tesla, the coil having a plurality of
coil elements; setting each of the plurality of coil elements
to approximate optimal values determined during a prior
calibration; activating an Nth single coil element for trans-
mit and power monitoring; varying a tune capacitance for a
point of minimum reflection; checking a ratio of minimum
reflected power to that at other tune capacitances; if the ratio
is not low enough to meet a predetermined criterion, pet-
forming a two-dimensional grid search from the calibrated
optimal values to locate a resonance; adjusting both an
impedance match and tuning match of the Nth single coil
element using a two-dimensional Nelder-Mead optimization
of the Nth element; and repeating the activating, varying,
checking, performing, and adjusting for each of the plurality
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of coil elements in turn until an amount of change at every
coil element is below a predetermined criterion change
amount.

Some embodiments further include: if either more than 10
iterations have occurred without going below the predeter-
mined criterion change amount at every coil element, or if
a final reflected/forward power ratio falls above a threshold,
report a FAILURE and request manual input from an opera-
tor.

In some embodiments, the adjusting includes mechani-
cally adjusting capacitances to tune resonance frequencies
and match impedances.

In some embodiments, the Nth coil element is a receive
element, and wherein the adjusting of both the impedance
match and the resonance frequency of the Nth coil element
adjusts the receive characteristics of the Nth single coil
element, and wherein a N+1st coil element is a transmit
element, and wherein the adjusting of both the impedance
match and the resonance frequency of the N+1st single coil
element adjusts the transmit characteristics of the N+1st coil
element.

Some embodiments further include providing mechani-
cally tunable inductance, wherein the adjusting includes
mechanically tuning the inductance.

Some embodiments further include providing a plurality
of capacitors, wherein the adjusting is performed by varying
a capacitance of the plurality of capacitors.

In some embodiments, the plurality of coil elements
includes a plurality of transmit elements, and the method
further includes connecting a variable capacitor in series
with each of the plurality of transmit elements and connect-
ing a variable capacitor in parallel with each of the plurality
of transmit elements, wherein the adjusting is performed
using at least the variable capacitors connected in series and
the variable capacitors connected in parallel.

It is to be understood that the above description is
intended to be illustrative, and not restrictive. Although
numerous characteristics and advantages of various embodi-
ments as described herein have been set forth in the fore-
going description, together with details of the structure and
function of various embodiments, many other embodiments
and changes to details will be apparent to those of skill in the
art upon reviewing the above description. The scope of the
invention should be, therefore, determined with reference to
the appended claims, along with the full scope of equivalents
to which such claims are entitled. In the appended claims,
the terms “including” and “in which” are used as the
plain-English equivalents of the respective terms “compris-
ing” and “wherein,” respectively. Moreover, the terms “first,
” “second,” and “third,” etc., are used merely as labels, and
are not intended to impose numerical requirements on their
objects.

What is claimed is:

1. An apparatus comprising:

a coil for operation in a magnetic-resonance machine that
operates at a given magnetic field strength, the coil
including:

a plurality of coil elements,

a plurality of inner shield elements,

a plurality of transmit-receive circuits, wherein each
one of the plurality of transmit-receive circuits
includes a respective transmit amplifier operatively
coupled through a first respective non-magnetic vari-
able capacitance to its respective one of the plurality
of coil elements, and wherein each one respective of
the plurality of inner shield elements is operatively
coupled through a second respective non-magnetic
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variable capacitance to its respective one of the
plurality of coil elements; and
a computer operatively coupled to control a capacitance
value of each one of the first respective non-magnetic
variable capacitances, and to control a capacitance
value of each one of the second respective non-mag-
netic variable capacitances to automatically tune reso-
nance frequency and match impedance of each of the
plurality of coil elements.
2. The apparatus of claim 1, further comprising a plurality
of outer shield elements, wherein each one of the plurality
of outer shield elements overlaps two of the plurality of
inner shield elements.
3. The apparatus of claim 1, wherein the plurality of coil
elements that the computer automatically tunes the reso-
nance frequency of and matches the impedance of includes
both transmit elements and receive elements.
4. The apparatus of claim 1, wherein the plurality of
circuit elements includes mechanically tunable inductance.
5. The apparatus of claim 1, wherein each first respective
non-magnetic variable capacitance of the plurality of trans-
mit-receive circuits includes a mechanically tunable capaci-
tor in series with its respective transmit one of the plurality
of coil elements, and wherein the computer causes a
mechanical tuning of each first respective variable capaci-
tance of the plurality of transmit-receive circuits.
6. The apparatus of claim 1, wherein the plurality of coil
elements includes a plurality of transmit elements, and
wherein each of the plurality of transmit-receive circuits
includes a mechanically tunable inductance in each of the
plurality of transmit elements.
7. The apparatus of claim 1, wherein the plurality of coil
elements includes a plurality of coaxial TEM coil elements,
wherein each coaxial TEM coil element includes an inner
conductor and an outer conductor that are movable length-
wise relative to one another, and wherein the computer
causes a mechanical lengthwise position adjustment of each
respective inner conductor and outer conductor position
relative to one another for each respective one of the
plurality of coaxial TEM coil elements.
8. The apparatus of claim 1, wherein the given magnetic-
field strength at which the coil operates is at least seven tesla.
9. A computer implemented method comprising:
providing a coil for operation in a magnetic-resonance
machine that operates at a given magnetic field
strength, the coil including a plurality of N coil ele-
ments, a plurality of N inner shield elements, and a
plurality of N transmit-receive circuits, wherein each
one of the plurality of N transmit-receive circuits
includes a respective transmit amplifier operatively
coupled through a first respective non-magnetic vari-
able capacitance to its respective one of the plurality of
N coil elements, wherein each respective one of the
plurality of N inner shield elements is operatively
coupled through a second respective non-magnetic
variable capacitance to its respective one of the plural-
ity of N coil elements, and wherein N is an integer
greater than one;
setting, by a computer, electrical parameters of each of the
plurality of coil elements to approximate values of
resonance frequency and matched impedance:;

automatically adjusting, by the computer, each respective
first non-magnetic variable capacitance to adjust a
frequency-tuning match and automatically adjusting
each respective second non-magnetic variable capaci-
tance to adjust an impedance match of the Nth coil
element;
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repeating the automatically adjusting, by the computer, of
the first and second respective non-magnetic variable
capacitance for each of the plurality of coil elements in
turn until an amount of change at every coil element is
below a predetermined criterion change amount; and

obtaining a magnetic-resonance image using the mag-
netic-resonance coil.

10. The method of claim 9, further comprising:

providing a plurality of outer shield elements; and

positioning each one of the plurality of outer shield
elements to overlap two of the plurality of inner shield
elements.

11. The method of claim 9, wherein the plurality of coil
elements includes both transmit elements and receive ele-
ments, and wherein the automatically adjusting each respec-
tive first non-magnetic variable capacitance is performed for
both transmit and receive elements.

12. The method of claim 9, wherein each one of the
plurality of circuit elements includes a mechanically tunable
inductance.

13. The method of claim 9, wherein each first respective
non-magnetic variable capacitance of the plurality of trans-
mit-receive circuits includes a mechanically tunable capaci-
tor in series with its respective transmit one of the plurality
of coil elements, and wherein the automatically adjusting of
each respective first non-magnetic variable capacitance
includes mechanically tuning each first respective variable
capacitance of the plurality of transmit-receive circuits.

14. The method of claim 9, wherein the plurality of coil
elements includes a plurality of transmit elements, and
wherein the method further includes mechanically tuning an
inductance in each of the plurality of transmit elements.

15. The method of claim 9, wherein the plurality of coil
elements includes a plurality of coaxial TEM coil elements,
wherein each coaxial TEM coil element includes an inner
conductor and an outer conductor that are movable length-
wise relative to one another, and wherein the method further
includes mechanical adjusting lengthwise positions of each
respective inner conductor and outer conductor position
relative to one another for each respective one of the
plurality of coaxial TEM coil elements.

16. An apparatus comprising:

a coil for operation in a magnetic-resonance machine that
operates at a given magnetic field strength, the coil
including;

a plurality of N coil elements,

a plurality of N inner shield elements, and

a plurality of N transmit-receive circuits, wherein each
one of the plurality of N transmit-receive circuits
includes a respective transmit amplifier operatively
coupled through a first respective non-magnetic vari-
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able capacitance to its respective one of the plurality
of N coil elements, wherein each respective one of
the plurality of N inner shield elements is operatively
coupled through a second respective non-magnetic
variable capacitance to its respective one of the
plurality of N coil elements, and wherein N is an
integer greater than one;

means for setting each of the plurality of coil elements to

approximate values of resonance frequency and
matched impedance;

means for automatically adjusting each respective first

non-magnetic variable capacitance to adjust a fre-
quency-tuning match,

means for automatically adjusting each respective second

non-magnetic variable capacitance to adjust an imped-
ance match;
means for repeating the automatically adjusting of the first
and second respective non-magnetic variable capaci-
tance for each of the plurality of coil elements in turn
until an amount of change at every coil element is
below a predetermined criterion change amount; and

means for obtaining a magnetic-resonance image using
the magnetic-resonance coil.

17. The apparatus of claim 16, wherein the plurality of
coil elements includes both transmit elements and receive
elements, and wherein the means for automatically adjusting
each respective first non-magnetic variable capacitance
operates on both transmit and receive elements.

18. The apparatus of claim 16, wherein each first respec-
tive non-magnetic variable capacitance of the plurality of
transmit-receive circuits includes a mechanically tunable
capacitor in series with its respective transmit one of the
plurality of coil elements, and wherein the means for auto-
matically adjusting of each respective first non-magnetic
variable capacitance includes means for mechanically tun-
ing each first respective variable capacitance of the plurality
of transmit-receive circuits.

19. The apparatus of claim 16, wherein the plurality of
coil elements includes a plurality of transmit elements, and
wherein the method further includes mechanically tuning an
inductance in each of the plurality of transmit elements.

20. The apparatus of claim 16, wherein the plurality of
coil elements includes a plurality of coaxial TEM coil
elements, wherein each coaxial TEM coil element includes
an inner conductor and an outer conductor that are movable
lengthwise relative to one another, and wherein the appara-
tus further includes means for mechanical adjusting length-
wise positions of each respective inner conductor and outer
conductor position relative to one another for each respec-
tive one of the plurality of coaxial TEM coil elements.
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