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(57) ABSTRACT

In a magnetic resonance data acquisition method and system
for acquiring data from a patient who carries, either intracor-
poreally or extracorporeally, a foreign object at least partially
composed of electrically conductive material, RF heating to
the patient due to the presence of the foreign object is mini-
mized by radiating the patient with RF energy by an RF coil
that has a coil design. The sequence of pulses to which the
patient is subjected to acquire magnetic resonance data from
the patient is configured, in combination with the coil design
of'the RF coil to steer or modify the electric field that arises in
the patient so that RF heating in the patient due to the presence
of the foreign object is minimized.
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1
MAGNETIC RESONANCE METHOD AND
APPARATUS FOR REDUCING RF HEATING
IN THE PATIENT

RELATED APPLICATION

The present application claims the benefit of the filing date
of’Provisional Application No. 61/165,535, filed Apr. 1,2009.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention concerns methods and systems for
acquiring magnetic resonance data from an examination sub-
ject (patient) wherein the patient is radiated with radio-fre-
quency (RF) energy that subjects the patient to RF heating.

2. Description of the Prior Art

Radiofrequency (RF) heating at the tip of metallic wires is
a significant safety problem in MRI (magnetic resonance
imaging). Electric field in MRI induces currents on metallic
wires which flow through the body and cause SAR (specific
absorption rate) amplification near the wire tip.

Previous studies in the literature (Baker et al. “Evaluation
Of Specific Absorption Rate as a Dosimeter of MRI-related
Implant Heating” Journal of Magnetic Resonance Imaging
20(2) (2004) pgs 315-320 and Vahihaus et al. “MR Imaging
and Cardiac Pacemakers: In Vitro Evaluation and in Vivo
Studies in 51 Patients at 0.5 T.” Radiology 215(3) (2004) pgs
869-879) assessed this heating for both in vitro and in vivo
experiments. In other studies more theoretical approaches
were governed to analyze the heating problem of implant
leads by using mathematical models (Yeung et al. “A Green’s
function approach to local rf heating in interventional MRI.”
Medical Physics 28(5) (2001) pgs 826-832 and Yeung et al.
“RF Safety of Wires in Interventional MRI: Using A Safety
Index.” Magnetic Resonance in Medicine 47(1): (2002) pgs
187-193. The validity of these models is then verified by
comparison to experimental data. A detailed analysis of the
problem was made in Yeung et al. above by solving the
bio-heat equation with Green’s function approach and linear
system theory. Maximum steady state temperature increase in
a tissue near a transmitter catheter antenna was calculated. In
(see Yeung et al. above) a parameter named “safety index”
which combines the effect of SAR gain of the implant lead
and the bio-heat transfer process was presented. The variation
of' safety index with respect to implant lead length and radius,
insulation thickness, tissue conductivity and permittivity was
also investigated. These studies presented a good model of the
tissue heating problem due to metallic wires in RF fields.

The modification of the implant leads and wires for RF
heating reduction was investigated in other studies. In two of
these studies a series of chokes was added to coaxial cables
(Mark E. Ladd, H. H. Q. “Reduction of Resonant RF Heating
in Intravascular Catheters Using Coaxial Chokes.” Magnetic
Resonance in Medicine 43(4): (2000) pgs 615-619. and Fer-
hanoglu et al. “MRI Compatible Pacemaker Leads”, ISMRM
2005 p 963). Amplitude of the currents induced on the cable
shield was reduced with this method. In another work Gray et
al. “Simple Design Changes to Wires to Substantially Reduce
MRI-Induced Heating at 1.5 T: Implications for Implanted
Leads.” Magnetic Resonance Imaging 23(8): (2005) pgs 887-
891) the effect of the coiled wires on the heating was inves-
tigated. Self resonance frequency of a coiled wire was shifted
to the operating frequency by introducing air gaps and
decreasing the parasitic capacitance. With this method it was
possible to increase the impedance of the coiled wire and
therefore reduce the RF heating. All of these designs are

20

25

30

35

40

45

50

55

60

65

2

based on modifying the lead wires or cables. With these
methods, however, it is difficult to produce mechanically
robust leads. In addition, for the patients who already live
with pacemakers, the exchange of leads with the modified
safe ones may not always be feasible. Because of these rea-
sons modification of implant lead designs or catheters may
not always be the most appropriate solution to RF heating
problem of metallic wires in MRI.

In a recent study (Nordbeck et al. “Spatial Distribution of
RF-induced E-fields and Implant Heating in MRI” Magnetic
Resonance in Medicine 60(2): (2008) pgs 312-319), the rela-
tionship between electric field distribution and the tempera-
ture rise of implant leads is investigated. It was found that
orientation of the implant lead with respect to the direction of
the electric field may result in different temperature increases
however the approach of optimizing the EM transmitter field
in order to minimize implant heating was not investigated. In
order to find the worst case scenario, an optimization based
approach was used in Yeung et al. “RF Heating Due to Con-
ductive Wires During MRI Depends on the Phase Distribu-
tion of the Transmit Field” Magnetic Resonance in Medicine
48(6): (2002) pgs 1096-1098 to calculate the EM (electro-
magnetic) field which can generate maximum heating at the
wire tip.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a method
and system for acquiring magnetic resonance data from a
patient, who carries, either intracorporeally or extracorpore-
ally, a foreign object that is at least partially composed of
electrically conductive material, and wherein the method and
system minimize the RF heating to which the patient is sub-
jected.

This object is achieved in accordance with the present
invention by a magnetic resonance data acquisition method
and system wherein the patient is radiated with RF energy by
an RF coil that has a coil design with a linear transmit sensi-
tivity profile or an array of RF coils in order to achieve a
desired transmit sensitivity profile and wherein the sequence
of'pulses to which the patient is subjected to acquire magnetic
resonance data from the patient is configured, in combination
with the linear transmit sensitivity profile of the RF coil or the
transmit sensitivity profile obtained by the coil array to steer
or modify the electric field that arises in the patient so that RF
heating in the patient due to the presence of the foreign object
is minimized.

The above object also is achieved in accordance with the
present invention by a magnetic resonance data acquisition
method and system employing a multi-channel RF transmit
array wherein the respective currents supplied to the indi-
vidual channels are set so as to minimize the average SAR in
the examination subject, thereby also reducing RF heating in
the examination subject due to the presence of the foreign
object.

In accordance with the invention, it was shown that RF
transmitter coils in MRI can be optimized to steer the electric
field away from an implant lead in order to prevent heating.
Experimentally it is demonstrated that a linearly polarized
birdcage coil can be used to reduce RF heating, while the
homogenous sensitivity characteristics is preserved. This
approach, however, comes with the cost of doubling whole
body SAR. To solve this issue It was also shown that TX
arrays can be used for reduction of RF heating of metallic
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devices, while simultaneously reducing the whole body aver-
age (SAR) and/or a partial volume average (SAR) and/or the
peak SAR.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a linear polarized birdcage antenna of the
type suitable for use in accordance with the present invention.

FIG. 2 schematically illustrates a gel phantom for testing
the RF radiation emitted into the examination volume of a
magnetic resonance apparatus, for acquiring data to substan-
tiate the structure and operation of the inventive method and
apparatus.

FIGS. 3a and 354 illustrate the homogenous excitation
achieved by the coil of FIG. 1 in the examination volume of a
magnetic resonance apparatus.

FIGS. 4a and 45 show temperature as a function of time for
two electrically conductive leads respectively in orthogonal
planes, using a quadrature head coil and a linearly polarized
birdcage coil, respectively.

FIGS. 5a, 5d and 5¢g show the sensitivity in the transaxial
plane, and FIGS. 55, 5¢ and 5/ show the electric field in the
transaxial plane, and FIGS. 5S¢, 5f and 5i show the electric
field in the coronal plane, for quadrature, linear and implant
friendly coils.

FIGS. 6a and 6d show the sensitivity in the transaxial
plane, and FIGS. 65 and 6e show the electric field in the
transaxial plane, and FIGS. 6¢ and 6fshow the electric field in
the coronal plane for a homogenous coil (FIGS. 6a, 65, 6¢)
and an implant friendly homogenous coil (FIGS. 6d, 6¢ and
6/).

FIG. 7 schematically illustrates a magnetic resonance sys-
tem constructed and operating in accordance with the present
invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 7 is a schematic illustration of a magnetic resonance
tomography apparatus operable according to the present
invention. The structure of the magnetic resonance tomogra-
phy apparatus corresponds to the structure of a conventional
tomography apparatus, with the differences described below.
A basic field magnet 1 generates a temporally constant, strong
magnetic field for the polarization or alignment of the nuclear
spins in the examination region of a subject such as, for
example, a part of a human body to be examined. The high
homogeneity of the basic magnetic field required for the
magnetic resonance measurement is defined in a spherical
measurement volume M into which the parts of the human
body to be examined are introduced. For satisfying the homo-
geneity requirements and, in particular, for eliminating time-
invariable influences, shim plates of ferromagnetic material
are attached at suitable locations. Time-variable influences
are eliminated by shim coils 2 that are driven by a shim power
supply 15.

A cylindrical gradient coil system 3 that is composed of
three sub-windings is introduced into the basic field magnet 1.
Each sub-winding is supplied with current by an amplifier 14
for generating a linear gradient field in the respective direc-
tion of the Cartesian coordinate system. The first sub-winding
of the gradient field system generates a gradient G, in the
x-direction, the second sub-winding generates a gradient G,
in the y-direction and the third sub-winding generates a gra-
dient G, in the x-direction. Each amplifier 14 has a digital-to-
analog converter that is driven by a sequence controller 18 for
the temporally correct generation of gradient pulses.
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A radio frequency antenna 4 is situated within the gradient
field system 3. This antenna 4 converts the radio frequency
pulse output by a radio frequency power amplifier 30 into a
magnetic alternating field for exciting the nuclei and align-
ment of the nuclear spins of the examination subject or of the
region of the subject to be examined. The antenna 4 is sche-
matically indicated in FIG. 7. For acquiring magnetic reso-
nance data according to a PPA technique, the antenna 4 is a
coil array formed by multiple individual reception coils. The
antenna 4 can include a different coil for emitting the RF
signals into the subject.

The radio frequency antenna 4 and the gradient coil system
3 are operated in a pulse sequence composed of one or more
radio frequency pulses and one or more gradient pulses. The
radio frequency antenna 4 converts the alternating field ema-
nating from the precessing nuclear spins, i.e. the nuclear spin
echo signals, into a voltage that is supplied via an amplifier 7
to a radio frequency reception channel 8 of a radio frequency
system 22. The radio frequency system 22 also has a trans-
mission channel 9 in which the radio frequency pulses for
exciting the nuclear magnetic resonance are generated. The
respective radio frequency pulses are digitally represented as
a sequence of complex numbers in the sequence controller 18
on the basis of a pulse sequence prescribed by the system
computer 20. As areal part and an imaginary part, this number
sequence is supplied via an input 12 to a digital-to-analog
converter in the radio frequency system 22 and from the latter
to a transmission channel 9. In the transmission channel 9, the
pulse sequences are modulated onto a high-frequency carrier
signal having a base frequency corresponding to the resonant
frequency of the nuclear spins in the measurement volume.

The switching from transmission mode to reception mode
ensues via a transmission-reception diplexer 6. The radio
frequency antenna 4 emits the radio frequency pulses for
exciting the nuclear spins into the measurement volume M
and samples resulting echo signals. The correspondingly
acquired nuclear magnetic resonance signals are phase-sen-
sitively demodulated in the reception channel 8 of the radio
frequency system 22 and converted via respective analog-to-
digital converters into a real part and an imaginary part of the
measured signal. An image computer 17 reconstructs an
image from the measured data acquired in this way. The
management of the measured data, of the image data and of
the control programs ensues via the system computer 20. On
the basis of control programs, the sequence controller 18
controls the generation of the desired pulse sequences and the
corresponding sampling of k-space. In particular, the
sequence controller 18 controls the temporally correct
switching of the gradients, the emission of the radio fre-
quency pulses with defined phase and amplitude as well as the
reception of the magnetic resonance signals. The time base
(clock) for the radio frequency system 22 and the sequence
controller 18 is made available by a synthesizer 19. The
selection of corresponding control programs for generating a
magnetic resonance image as well as the presentation of the
generated magnetic resonance image ensue via a terminal 21
that has a keyboard as well as one or more picture screens.

The apparatus shown in FIG. 7 operates in accordance with
the present invention by virtue of an appropriate pulse
sequence (protocol) being entered by an operator via the
terminal 22 into the system computer 20 and the sequence
control 18.

FIG. 1 shows a birdcage coil of the type used in accordance
with the present invention as the RF coil 4 in the system
shown in FIG. 7. The RF coil of FIG. 1 has linear strip
conductors 9 having respective T-shapes 1 and 2 at opposite
ends thereof connected by capacitors (now shown) to form
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end rings. In the embodiment of FIG. 1 the birdcage coil is
linearly polarized and has a diameter of 28 cm and a length of
32 cm. In order to obtain a linearly polarized transmit field,
the coil is connected to the transmit channel from port 1,
leaving port 2 unconnected, thereby obtaining a zero electric
field plane coinciding with the position of port 2.

A multi-channel RF transmit array (IX array) also can be
used wherein individual currents are supplied to the respec-
tive resonators of the array. An examination subject is shown
inside the transmit array. The circuitry of supplying respec-
tive currents to the individual resonators is well known to
those of ordinary skill in the field of magnetic resonance
imaging and need not be described herein. As explained in
detail below, however, such a transmit array is used in accor-
dance with the present invention with respective currents to
the individual resonators that are set, in accordance with the
discussion below, to minimize the average SAR in the exami-
nation subject, so as to also reduce or minimize RF heating in
the examination subject that occurs due to the presence of a
foreign object, composed at least in part of electrically con-
ductive material, which is carried by the examination subject,
either intracorporeally or extracorporeally.

A gel phantom is shown in FIG. 2 having two resonant
length (18 cm) wires in two orthogonal planes. Fiber optic
temperature measurements are performed near the tip of the
lead wires to obtain the temperature curves shown in FIGS. 4a
and 45 discussed below. When a quadrature birdcage is used
to radiate the phantom with RF energy, both leads 1 and 2
experience a similar electric field. When a linear birdcage coil
is used, lead 1 experiences a high electric field while lead 2
experiences zero field. It should be noted, however, that the
basis of the invention is applicable to non-homogenous sub-
jects as well.

As shown in FIGS. 3a and 35, to ensure homogenous
excitation, coil sensitivity is constrained to unity at sample
points (such as 45 sample points) forming a circular region
having a radius of 13 cm in a transverse plane. The electric
field is constrained to zero at seven sample points on a straight
line, having a distance to the phantom boundary of 2 cm.
Theory
Implant Friendly RF Coil

In the standard quadrature birdcage coils electric field is
uniform in the angular direction, but varies roughly linearly in
the radial direction (Jin et al. “On the SAR and Field Inho-
mogeneity of Birdcage Coils Loaded with the Human Head.”
Magnetic Resonance in Medicine 38(6): (1997) pgs 953-
963). Therefore, an implant lead placed at the edge of the
body experiences high electric field. High electric field
induces currents on the lead which eventually flow through
the body and causes local SAR amplification. The electric
field distribution of a standard forward polarized quadrature
birdcage coil in a homogenous body model can be approxi-
mated as follows (the derivation of which is set forth in the
Derivation section below):

M

EZ

—Hyw, .
= L iy =0, E, =0

where B, By, B, are the longitudinal, angular and radial
components of electric field, respectively. H,is the transmit
sensitivity of the coil. Here w,, is the Larmor frequency, 1, and
€ are the permeability and permittivity of the homogenous
body. p and ¢ are the radial and angular coordinates in cylin-
drical coordinate system. j is the imaginary number defined
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by V=1. Similarly the electrical field of a linearly polarized
coil can be expressed as follows:

E.=—Hjoop sin ,E,~0,E,~0 )

As it can be understood from above equations, linear and
quadrature birdcage coils have different electric field distri-
butions corresponding to the same transmit sensitivity. The
transmit sensitivities of each coils are approximately uniform
in the transverse plane (please see the appendix for deriva-
tion). It can be noted in the above equation, that the electric
field is zero on an entire ¢=0 plane. This plane can be steered
into any angular direction by rotating the linear birdcage coil.
Same task can also be realized by controlling the amplitudes
of'the currents fed into the two port of the birdcage coil. Let
port 1 and port 2 of the birdcage coil lie on the $=0 and ¢p=m/2
planes, respectively. The excitation currents with relative
amplitudes of sin ¢, and cos ¢, and at two ports, would
generate a zero electric field plane at ¢=¢,. It can readily be
seen that the most trivial case for this type of excitation is
leaving one of the ports unconnected, in order to obtain a zero
electric field plane at the angle of that unconnected port. If an
implant lead lies on the zero-electric-field plane, there will be
no induced currents on the lead. Note that setting electric field
to zero makes the perpendicular component of the magnetic
field vanish at that plane and therefore, this method also
prevents H-field coupling intrinsically.

Using a linear birdcage coil solves the heating problem for
an arbitrary shaped implant lead with the condition that the
lead is located in the zero-electric-field plane. On the other
hand the transmit-sensitivity remains unchanged. However as
it was shown previously (Glover et al. “Comparison of Linear
and Circular-Polarization for Magnetic-Resonance Imaging”
Journal of Magnetic Resonance 64(2): (1985) pgs 255-270)
that linear birdcage coils are not efficient for RF transmission
when whole body average SAR is considered. For linear
excitation, reverse polarized field component co-exists with
the forward polarized component. Due to this fact whole body
SAR per unit flip angle is doubled.

Transmit Field Optimization

Inorderto alleviate the whole body SAR problem a general
formulation is developed. The cylindrical basis functions are
used to expand the optimum field solution which minimizes
whole body SAR (Ocali et al. “Ultimate Intrinsic Signal-to-
Noise Ratio in MRI” Magnetic Resonance in Medicine 39(3):
(1998) pgs 462-473 and Celik et al. “Evaluation of Internal
MRI Coils Using Ultimate Intrinsic SNR” Magnetic Reso-
nance in Medicine 52(3): (2004) pgs 640-649)

F= S B @

=—oco m=—co

Expression for each separate mode Emn can be written as:

Emn:Emn~:mn~e7 m®e~/P=4 and 7 are the angular and z coor-
dinates in the cylindrical coordinate system. m and n are
integer variables representing the expansion modes. E,, is a
3x2 matrix which contains the electric field basis functions
for p, ¢ and z components which are shown in the appendix.
E,,, is a function of p, the radial coordinate, but not ¢ or z.

_Z
amn is a 2x1 vector whose elements are the constants that

multiply the basis functions and :mn:[Amann]T

The coil sensitivity can be expressed by evaluating the
forward polarized field which can also be written in the sum-
mation form as:
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Hy(®) = > H fin(®) -Gmn “

Bach separate mode for H can be expressed as follows:

— . 1 [jo' B (5)
H =— | =
funr) ﬁ[ﬁpn Fom

]Jmﬂ(ﬁp)e"’"*”%ﬁ’ﬁwz

where [ is the wave number which can be calculated as

. e
B = —joopol+ jogs) B = T,

ﬁfm =p - and o’ =0’ + jws

(Celik et al. “Evaluation of Internal MRI Coils Using Ulti-
mate Intrinsic SNR”” Magnetic Resonance in Medicine 52(3):
(2004) pgs 640-649)

It should be noted that although cylindrical modes are
described above, this formulation can be modified to other
types of modes. As is known to those skilled in the art, the
choice of the modes depends on the subject geometry.

For multiple points of interests of number k, whole sum-
mation in H expression can be written in the following matrix
form:

Ha=c (6)

¢, the desired transmit sensitivity profile, is represented by a
kx1 vector whose elements are equal to desired H,values at
each point of interest. . is a column vector which contains the
weighting coefficients (A,,B,,,) for each separate mode.
Finally H,is the transmit sensitivity matrix whose elements
are equal to the basis functions of H evaluated at the desired
point of interests. H is a kx(2xMxN) matrix. Here, M and N
denote the total number of circumferential (m) and longitu-
dinal (n) modes which is used in the basis expansion. In order
to characterize any EM field with this expansion an infinite
number of modes is required. For practical purposes, the
numbers of modes are truncated. The desired target transmit
sensitivity is one of the linear constraints for minimizing
whole body SAR. There also exists a separate constraint on
electric field in order to guarantee no implant heating. In order
to achieve the no implant-heating condition, the component
of electric field, which is parallel to the lead should be set to
zero and therefore induce current on the lead wire will be
nulled. This condition can also be expressed as a linear con-
straint, similar to Has shown below:

Ea=0 7
where O is a vector with all of its elements equal to zero and
matrix E contains the basis functions for B, B, E, evaluated
at the desired zero electric field locations. The constraints on
H,and components of electric field can be combined into a
single matrix equation as Fa=e where F and e are formed by

concatenating the matrices B, E and the vectors ¢ and 0,
respectively.

While it is desired to set the magnetic and electric field
certain values in points of interests, specific absorption rate
(SAR) needs to be under control. The expression for the
whole body SAR is:

SAR=0/Mfpoq | E12dV ®)
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where o is the conductivity and M is the total body mass.
Using the cylindrical mode expansion, for a homogenous
body model the following relation can be written as:

SAR = (0| MY Gy, Rom- G )

where R, is a Hermitian matrix and can be computed by
using the following expression (Celik et al. “Evaluation of
Internal MRI Coils Using Ultimate Intrinsic SNR” Magnetic
Resonance in Medicine 52(3): (2004) pgs 640-649):

Ry~ (20L0f " P E, . pdp] (10)

Finally the whole body SAR can be expressed in a more
compact form a*Ra where R is the electric field cross cor-
relation matrix whose block diagonals are equal to R,,,,.
Among infinite number of solutions satisfying Fa=e, the one
with the minimum whole body SAR can be found by mini-

mizing a*Ra. The solution for o can then be found as
=R"'F*(FR'F¥) e (11)

The minimum whole body SAR value can be computed as:

CAope

SAR,,.,=e*(FR'F*)te (12)

These equations give the minimum possible SAR under the
conditions of desired transmit sensitivity and zero electric
field near the implant. It also gives the corresponding weights
for the EM modes. Although this solution does not tell the
type of the coil, it provides the EM field of the optimum coil.
Significance of this result can be appreciated by experiments
and simulations explained in the next section.

Theory of Implementation with Transmit Arrays

Transmit array technology can be used to generate field
patterns similar to the ones discussed in the previous section.
Similar to the cases explained above whole body SAR can be
reduced while simultaneously reducing local SAR due metal-
lic objects in the body. TX arrays, the phase and magnitude of
the currents on separate channels of a transmit coil can be
chosen arbitrarily. Usually the excitation pattern of currents is
adjusted in order to satisfy a given SAR or transmit field
homogeneity constraint. In addition to SAR and homogene-
ity, the electric field distribution is another concern for reduc-
tion of RF heating. In this section it is shown that it is possible
to obtain a homogenous transmit field distribution with mini-
mum average SAR, with the condition that the metallic device
inside the body experiences zero or minimal electric field. It
should be noted that this method can be used to minimize the
whole body average SAR and/or a partial volume average
SAR and/or the peak SAR in general. By choosing the exci-
tation current patterns similar to the currents in the legs of a
linear birdcage coil, this goal can easily be achieved. The
excitation pattern for a linearly polarized field is given as
o, =A sin(2mi/N-¢,), where i is the index of the channel
carrying the current o; and 1<N< and ¢, denotes the angular
position of the plane that the metallic device is located. N is
the number of channels in the transmit array. Once the posi-
tion of the device is found, ¢, can be found. The heating
extension of the device can have a shape of arbitrary geometry
including loop structures. As long as the shape is bounded in
a thin angular slice heating is minimized. The main concern
with this approach is that the volume average SAR is doubled
with respect to a quadrature excitation similar to the case with
alinear birdcage coil. To solve this issue the current excitation
pattern should be modified in order to minimize the volume
average SAR. While doing so, the maximum electric field
experienced by the implant should be kept bounded. Addi-
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tionally the transmit field homogeneity should be preserved.
Let abe avector of size Nx1 whose elements are the complex
currents on each channel of a TX array. E and B are the
electric field and transmit sensitivity matrices where Ea=c,
Bo=d and ¢ and d give the value of the electric field and the
sensitivity at desired locations in the body. Whole body aver-
age SAR is equal to a*Ra where R is the electric field cross
correlation matrix. To minimize average SAR a*Ra should
be minimized. While doing so, the elements of ¢ should be
bounded around 1 with an amount of 3 to ensure homogene-
ity. In addition, the elements of d should be bounded between
0 and W to reduce RF heating.

The geometry of the coil elements of the TX array is
arbitrary. The combination of any types of coil elements,
including circular, rectangular, elliptical, butterfly, spiral, and
birdcage coils (to name only a few examples) can be used to
reduce implant heating according to the method and appara-
tus described herein.

Experiments and Simulations
Implant Friendly RF Coil

In order to demonstrate the theory, heating of bare-wires in
both linear and quadrature birdcage coils were tested. For this
purpose a gel phantom with radius 12 cm and length 30 cm is
prepared by placing two resonant length bare wires (18 cm) at
two orthogonal planes as shown in FIG. 2. The phantom is
prepared by using commercially available gel (Dr Oetker
Jello, Izmir, Turkey). To measure conductivity and relative
permittivity a cylindrical transmission line set up is used. By
measuring the impedance at the end of the line, and using
lossy transmission line impedance equations, conductivity
and the relative permittivity is calculated (Akin et al., “A
Method for Phantom Conductivity and Permittivity Measure-
ments”, ESMRMB 2009). By using this setup conductivity of
0.5 S/m and relative permittivity of 70 are measured after
adding 2 grams/liter salt to the gel solution.

A linearly polarized high-pass birdcage coil with length of
32 cm and diameter of 28 cm was built by using a fiber glass
material, and copper strips as shown in FIG. 1. The coil was
tuned and matched to 63.87 MHz with a reflection coefficient
less than 0.15 at its two ports. In order to obtain a linearly
polarized transmit field the coil was connected to the transmit
channel of the scanner from a single port, leaving the other
port unconnected, hence obtaining a zero electric field plane
coinciding with the position of unconnected port.

While one phantom experiment was conducted by the
home-made linearly polarized coil and the other experiment
was conducted using a GE quadrature T/R head coil, both by
using a 1.5 T GE Signa scanner. SPGR sequence with flip
angle of 90 degrees and TR of 4.3 msec was used to scan the
phantoms. The other scan parameters were adjusted to obtain
scan time of 500 seconds.

Temperature variations near the wire tips at the two
orthogonal planes were recorded by using Neoptix ReFlex
signal conditioner and T1 fiber optic temperature sensors
(Neoptix Inc, Quebec City, Canada) Fiber optic probes were
placed in a way to ensure contact with the wire tip. The
temperature data for each lead was obtained in different scans
but to ensure a fair comparison, a wait was undertaken until
reaching the same initial temperature (19.4 degrees). The 500
second scan was interrupted when a temperature rise of 6
degrees was obtained to prevent melting.

Transmit Field Optimization

The linearly polarized birdcage coils solve the RF heating
problem of implant leads. However linear coils increase
whole body average SAR by a factor of 2. This may be too
much of an increase for some applications: therefore one may
need to find alternative implant friendly solutions to reduce
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whole body SAR. Alternative solutions must guarantee simi-
lar or better MR image homogeneity when compared to bird-
cage coils. For this purpose computer simulations are per-
formed in order to optimize the field inside a uniform
phantom. The radius and the EM properties of the body model
are chosen as identical with the phantom used in the heating
experiments. (conductivity: 0.5 S/m, relative permittivity: 70,
radius: 15 cm and length: 100 cm. The field solutions
obtained by these calculations can be used to design better
transmit coils with a given transmit sensitivity and minimum
average SAR. The solutions are the EM field solutions that an
ideal coil for given specific constrains. An inverse problem
may be solved to find the coil design that would achieve the
calculated field distribution (Lattan ziet al., “Electrodynamic
Constraints on Homogeneity and Radiofrequency Power
Deposition in Multiple Coil Excitations.” Magnetic Reso-
nance in Medicine 61(2): (2009) pgs 315-334).

Five separate optimum field solutions are computed
regarding five different sets of conditions. The descriptions of
these conditions are given below.

Quadrature Birdcage Coil

The field distribution of an ideal quadrature coil can be
obtained by using the above-mentioned optimization algo-
rithm but with no constraint on the electric field. In this
calculation only a single point at the center of the object is
assumed to be the point of interest. Due to angular symmetry,
the solution contains a single cylindrical mode, correspond-
ing to a field of a forward polarized birdcage coil. The calcu-
lated whole body average SAR using this method can be
considered as the minimum SAR one can obtain with a bird-
cage coil.

Linear Birdcage Coil

The field of the linearly polarized birdcage coil is directly
constructed from the pervious solution by introducing a
reverse circular polarization mode into the solution. For this
purpose the conjugate of the field expansion coefficients cal-
culated for the quadrature case were used for the reverse
polarized mode. According to the theory on which the inven-
tion is based, this solution should contain a zero electric-field
plane. If'this field coincides with the plane of the implant lead,
no implant heating will be observed. Although one may call
the linearly polarized coil as implant friendly coil, the whole
body SAR obtained using this solution is twice higher than
quadrate birdcage coil and therefore a better solution is inves-
tigated.

Implant Friendly Coil

In order to minimize the electric field around the implant
lead the location of the implant lead is assumed to be known.
For the demonstration purpose, a 50 cm straight implant lead
is assumed and assumed to be placed 2 cm away from the
boundary the along the long axis of the object (FIG. 3).

Coil transmit sensitivity is chosen similar to the sensitivity
of linear birdcage coil. For this purpose, the optimization
problem is solved by assuming the exact same transmit sen-
sitivity values of the linearly polarized birdcage coil at sample
points shown in FIG. 3. The tangential component of the
electric field is set to zero at sample points on a lead as shown
in FIG. 3. By doing so it is guaranteed that the average SAR
will be less compared to a linear birdcage coil since the
transmit sensitivity was preserved but the electric field con-
straints were relaxed.

Coil with Homogenous Sensitivity

In an MRI study, it is usually desired to obtain a homog-
enous transmit sensitivity in a region of interest. To realize
this condition the coil sensitivity is constrained to unity at 45
points in the transverse plane (FIG. 3). The optimum field that






