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SURFACE COIL ARRAYS FOR SIMULTANEOUS RECEPTION AND
TRANSMISSION WITH A VOLUME COIL AND USES THEREOF

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Patent Application
No. 60/783,125, filed March 15, 2006, the content of which is hereby incorporated

by reference.

STATEMENT OF GOVERNMENT SUPPORT
[0002] The invention disclosed herein was made with U.S. Government support under
National Institutes of Health (NIH) grant numbers MO01-RR12248 and RO1-EB00473.

Accordingly, the U.S. Government has certain rights in this invention.

FIELD OF THE INVENTION
[0003] The present invention relates to arrays of counter rotating current (CRC)
surface coils for simultaneous reception and transmission with a volume coil for improved
signal-to-noise ratio (SNR) and radio frequency (RF) field homogeneity for imaging. The
invention is especially useful for imaging deep body regions such as central brain structures
at higher magnetic fields > 4 Tesla (T)).

BACKGROUND OF THE INVENTION

[0004] Throughout this application various publications are referred to in parenthesis.
Full citations for these references may be found at the end of the specification immediately
preceding the claims. The disclosures of these publications are hereby incorporated by
reference in their entireties into the subject application to more fully describe the art to
which the subject application pertains. |

[0005] Magnetic resonance imaging (MRD is widely used in clinical diagnosis. The
SNR of a magnetic resonance image is dependent on a number of factors. A common way
to improve SNR from restricted regions is by using a transmit-only volume coil with a
receive-only surface coil phased array (1). Since their introduction by Roemer and

colleagues (1), phased arrays have proven to be effective in extending the high sensitivity of
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a single surface coil to a much larger field-of-view (FOV). Due to strong coupling between
surface coils in the phased array and the volume transmit coil, the volume coil is used as a
“transmit-only” coil, typically being detuned during reception. Although phased arrays
have superior SNR near the surface coils, it has not been possible to achieve substantial
SNR increases in comparison to optimized head-size quadrature volume coils from ceniral
regions (7-8 cm depth) of the human head (2, 3). The region of increased SNR afforded by
the arrays can be extended to include the center of the brain if the signals from an optimized
volume coil can be combined with those from the array during simultaneous reception.
However this combination can only yield significant improvements if 1) the interaction
between the volume coil and the surface coil does not substantially degrade the performance
of either coil and 2) if the noise acquired by each coil is uncorrelated.

[0006] Previously, Kocharian and colleagues employed simultanecus reception with
conventional single-loop surface coils using a body coil (4) and a head volume coil (5). The
authors did not evaluate quantitatively the change in the SNR due to simultaneous reception
as compared with the surface coils alone. However, mutual inductive coupling between the
volume coil and the single-loop surface coil altered the RF magnetic field B profiles of
both coils (5), which would have substantially decreased the overall array performance (6).
Furthermore, as the size of the volume coil was reduced to be optimal for heads (5), the
inductive coupling between the volume coil and the surface coils increased, thereby further
reducing the SNR benefits of the array. Thus, in general single-turn surface coils when used
in combination with volumes coils for simultaneous reception yield no or minimal increases
in SNR.

[0007] To avoid interactions between the volume and the surface coils, Hyde and
colleagues have reported a counter rotating current (CRC) surface coil consisting of two
parallel rings carrying opposite currents (7). The opposing currents provide intrinsic
isolation between the surface coil and the volume transmit coil, which enables simultaneous
reception by both coils with improved SNR in areas where they have similar sensitivities.
Although the CRC coil has much lower sensitivity than a single-turn coil of the same size
when unloaded, when loaded such that sample losses dominate, the CRC's sensitivity
becomes virtually indistinguishable from a single-turn surface coil at distances greater than
approximately the distance between the two loops of the CRC coil (7). Simultaneous
reception using a single CRC coil and a transmit volume coil has been demonstrated

previously (8, 9); however, prior to the present invention, the configuration has not been
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extended to multiple CRC coils in phased arrays. Gradiometer coils, also consisting of two
loops with opposite currents, have been described and used previously for nuclear
quadrupole resonance (NQR) and low-field magnetic MRI applications (10, 11) to reduce
the injected noise.

[0008] At higher fields (4 T and above), the sensitivity profile of a head-sized volume
coil can be substantially altered due to RF field/tissue interaction (26-28). A very
characteristic pattern with the RF magnetic field enhanced at the center of a human brain
has been observed at 4 T (20, 26) and was even more pronounced at 7 T (26). SNR
measured in the center of the central transaxial slice of the head was higher by 30% at 4 T
(20, 26) and by 75% at 7 T (26) as compared to the peripheral SNR. Attempts to
compensate the RF transmit field inhomogeneity both numerically (29, 30) and
experimentally (31) have been made using multi-port excitation of a single volume coil (29)
or of a tranceive phased array (30, 31). These methods improve field homogeneity due to
combining a homogeneous mode with higher order modes produced by multi-mode volume
coils or tranceive phased arrays, but result in substantial phase distortion. Thus, there
remains a need for improved radio frequency (RF) field homogeneity and signal-to-noise
ratio (SNR) enhancement for body imaging, especially for imaging deeper regions such as

central brain structures.

SUMMARY OF THE INVENTION
"[0009] The present invention provides-surface coil arrays for simultaneous reception
of a radio frequency magnetic field signal with a volume coil during imaging, where the
array comprises a plurality of counter rotating current (CRC) coils arranged for positioning
over the surface of a region to be imaged, wherein each CRC coil contains two loops where
current flows in opposite direction in each loop, and wherein the CRC coil array provides
simultaneous reception of the radio frequency magnetic field signal with the volume coil
during imaging.
[0010] The invention also provides surface coil phased arrays for simultaneous
transmission and reception of a radio frequency magnetic field signal with a quadrature
volume coil during imaging, where the array comprises at least four counter rotating current
(CRC) coils uniformly arranged for positioning around the surface of a region to be imaged,
wherein each CRC coil contains two loops where current flows in opposite direction in each

loop, wherein the radio frequency magnetic field transmitted by an individual coil is shifted
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out of phase with the radio frequency magnetic field transmitted by adjacent coils to
produce a circularly polarized radio frequency magnetic field that is in phase with a
circularly polarized radio frequency magnetic field generated by the quadrature volume coil,
and wherein the CRC coil phased array provides simultaneous transmission and reception of
the radio frequency magnetic field signal with the volume coil during imaging.

[0011] The invention further provides radio frequency systems for imaging where the
systems comprise any of the surface coil arrays disclosed herein and a quadrature volume
coil.

[0012] The present invention also provides methods of imaging a region of a subject,
where the methods comprise simultaneously receiving, or simultaneously transmitting and
receiving, a radio frequency magnetic field signal by a surface coil array and by a volume
coil.

[0013] The apparatus and methods disclosed herein provide improved signal-to-noise

ratio and improved radio frequency magnetic field homogeneity during imaging.

BRIEF DESCRIPTION OF THE FIGURES
[0014] Figure 1. Schematic of the CRC surface coil matching network including
preamplifier decoupling.
[0015] Figure 2A-2B. Views of (A) the four-channel CRC phased array
circumscribing a human head and (B) the same phased array assembled together with the
_ head-sized TEM volume coil for simultaneous use during transmission and reception.
{0016] Figure 3A-3C. Performance of a conventional single-turn surface coil used for
simultaneous reception with a volume coil. A) The map of the ratio of regular single-turn
surface coil gradient echo phantom images obtained  during the volume/surface coil
simultaneous reception and with the volume coil detuned during the reception. B) The
central vertical plots of the surface coil images obtained during the volume/surface coil
simultaneous reception (dashed line) and with the TEM volume coil detuned (solid line). C)
The map of the ratio of TEM volume coil images obtained during the volume/surface coil
simultaneous reception and with the surface coil detuned.
{0017] Figure 4A-4B. CRC coil performance. A) Central vertical plots of gradient
echo phantom images obtained using 7.5 x 8 cm CRC coils with different distances between
the loops. Distance between loops = 12 mm (solid line), 9 mm (dashed line), 6 mm (dotted
line). B) Central plots of the phantom images obtained by the CRC coil (solid line) and the
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regular single-turn surface coil (dashed line) of the same size. The inset in B) shows an
expanded view of the initial portion of the larger plot.

[0018] Figure 5A-5E. Imaging data for a phantom mimicking the load of a head
during simultaneous reception using the TEM volume coil and CRC coil. Gradient-echo
phantom images from the TEM obtained du.ring the TEM and the CRC coil simultaneous
reception without (A) and with preamplifier decoupling (B). C) Central vertical plots of
volume coil images shown in (A) (dashed line) and (B) (solid line). D) The map of the ratio
of the CRC coil gradient echo images obtained during the volume/surface coil simultaneous
reception and with the volume coil detuned during the reception. E) Central plots of the
CRC coil phantom images obtained with the TEM coil detuned (solid line) and during the
CRC/TEM simultaneous reception (dashed line).

[0019] Figure 6. Central vertical plot of phantom images from the TEM coil (dotted
line) and the CRC array (dashed line) as well as their sum-of-squares (SoS) combination
(solid line) obtained during the TEM volume coil and the .CRC array simultaneous
reception.

[0020] Figure 7A-7E. Human head images from the TEM (A) and individual CRC
surface coils (B-D) obtained during the TEM volume coil and the three-channel occipital
CRC array simultaneous reception. E) SoS combined image.

[0021] Figure 8. Improvement of SNR in the SoS-combined image, shown in Fig. 7E,
calculated at each point as a ratio of the SoS SNR to the largest SNR between two of the
coils (either TEM or the occipital CRC array).

[0022] Figure 9A-9F. Human head images from individual CRC surface coils (A-D)
and the TEM volume coil (E) obtained during the TEM/four-channel CRC array
simultaneous reception. F) SoS-combination of all five images.

[0023] Figure 10A-10B. Improvement in SNR obtained by simultaneous reception
with four-channel CRC array and the volume coils. A) Improvement of SNR in the SoS
combined image calculated at each point as a ratio of the SoS SNR to the largest SNR
between two of the coils (either TEM or the CRC array). B) The map of the ratio of the
four-channel CRC array SNR to the SNR of the TEM coil.

[0024] Figure 11. Schematic of the simultaneous transmission and reception with a
CRC phased array and a volume coil.

[0025] Figure 1.2A-12B. Transmit By field improvement obtained for a human head

during simultaneous transmission from the volume coil and the four-channel CRC array. A)
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Transmit B, field obtained by the TEM volume coil alone. B) Transmit B, field obtained
with simultaneous transmission from the volume coil and the array using a transmit power
ratio of 2:1.

[0026] Figure 13A-13B. Transmit B, field improvement obtained for a 3L phantom
with simultaneous transmission from the volume coil and the four-channel CRC array.
Conditions mimic those seen in the human head at higher field strength of 7T. A) Transmit
B, field obtained by the TEM volume coil alone. B) Transmit B, field obtained with
simultaneous transmission from the volume coil and the array using a transmit power ratio
of 1:1.

DETAILED DESCRIPTION OF THE INVENTION

[0027] The present invention provides surface coil arrays for simultaneous reception
of a radio frequency (RF) magnetic field signal with a volume coil during imaging, where
the array comprises a pluraiity of counter rotating current (CRC) coils arranged for
positioning over the surface of a region to be imaged, wherein each CRC coil contains two
parallel loops where current flows in opposite direction in each loop, and wherein the CRC
coil array provides simultaneous reception of the radio frequency magnetic field signal with
the volume coil during imaging.

[0028] The invention also provides surface coil phased arrays for simultaneous
transmission and reception of a radio frequency (RF) magnetic field signal with a
quadrature volume coil during imaging, where the array comprises at least four counter
rotating curreﬁt (CRC) coils uniformly arranged for positioning around the surface of a
region to be imaged, wherein each CRC coil contains two parallel loops where current flows
in opposite direction in each loop, wherein the radio frequency magnetic field transmitted
by an individual coil is shifted out of phase with the radio frequency magnetic field
transmitted by adjacent coils to produce a circularly polarized radio frequency magnetic
field that is in phase with a circularly polarized radio frequency magnetic field generated by
the quadrature volume coil, and wherein the CRC coil phased array provides simultaneous
transmission and reception of the radio frequency magnetic field signal with the volume coil
during imaging.

[0029] In different examples, the surface coil arrays comprise 3 to 64 CRC coils. In

another example, the surface coil arrays comprise at least 8 CRC coils.
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[0030] The surface coil array is intrinsically decoupled from the volume coil due to
the presence of the two counter rotating loops in each coil.

[0031] Preferably, the distance between the loops of each CRC coil is adjusted to
optimize i) decoupling between the CRC surface coils in the array and the volume coil and
ii) sensitivity of the CRC coil for reception. The distance between loops of each coil can be
optimized according to coil geometry and imaging conditions, for example according to the
diameter of loop and the resonance frequency of the coil.

[0032] CRC coils of different size can be used in the present invention. As an
example, the CRC coils can have a diameter of 7.5 cm and a separation between coils of 12
mm. In another example, the coils can have a diameter of 10 cm and a distance between
coils of 9 mm. .

[0033] In one preferred example, a ratio Qu/Qy between the unloaded Q-factor (Qu)
and the loaded Q-factor (Qp) of at least 2.0 was demonstrated to be sufficiently large to
provide conditions when sensitivity of the CRC surface coil is not compromised as

compared to a single-loop surface coil of similar size,

W,
el RS
where sample co.il and coil ,

ay is the resonance frequency, Wt is the total magnetic field energy, and Pgsample and

P..; are sample and coil energy losses, respectively. ’
[0034] Preferably, preamplifier decoupling of the CRC coils provides additional
decoupling between surface coils in the array and reduces volume coil radio frequency (RF)
magnetic field distortions due to residual volume / CRC coil 'interaction. For example, the
distortion may be reduced to be less than 5% over the entire imaging field.
[0035] Preferably, simultaneous reception of the radio frequency magnetic field signal
by the surface coil array and by the volume coil results in an increase in signal-to-noise ratio
(SNR) up to square root of 2 in areas where the surface coils and the volume coil have
similar sensitivity, compared to the SNR obtained by a volume coil or an array in the
absence of simultaneous reception. For the surface coil phased array circumscribing a head,
the area of similar sensitivity will be near the center of the region that is being imaged.
[0036] Preferably, the homogeneity of the transmitted radio frequency magnetic field
is improved by simultaneous transmission of the radio frequency magnetic field by the
surface coil array and by the volume coil, compared to the homogeneity in the absence of

simultaneous transmission. For example, due to RF field/ tissue interactions at high
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magnetic field strengths (4-8 Tesla), the transmit field from head-sized volume coils shows
a distinctive pattern of inhomogeneity, with enhanced sensitivity in the center of the brain.
Transmit field inhomogeneoty is compensated in the present invention by using
simultaneous transmission with a volume coil and a CRC phased array. '
‘[0037] The invention also provides a radio frequency (RF) system for imaging
comprising any of the surface coil arrays disclosed herein and a quadrature volume coil.
Different types of quadrature volume coils may be used. Examples include a transverse
electromagnetic (TEM) volume coil and a birdcage volume coil (18). The RF system can
be used with magnetic fields of different strength, for example between 4 Tesla and 8 Tesla.
[0038] The invention also provides a method of imaging a region of a subject
comprising simultaneously receiving a radio frequency magnetic field signal by any of the
surface coil arrays disclosed herein and by a volume coil. The invention further provides a
method of imaging a region of a subject comprising simultaneously transmitting and
receiving a radio frequency magnetic field signal by any of the surface coil phased~ arrays
disclosed herein and by a quadrature volume coil. The methods disclosed herein are
especially useful for imaging deeper regions of the body, for example brain regions such as
central brain regions.

[0039] This invention will be better understood from the Experimental Details, which
follow. However, one skilled in the art will readily appreciate that the specific methods and
results discussed are metely illustrative of the invention as described more fully in the

claims that follow thereafter.

EXPERIMENTAL DETAILS

THEORY

[0040] The intrinsic decoupling of the CRC coil from a homogeneous volume coil and
comparison of the CRC coil sensitivity with the sensitivity of the single-turn surface coil of
the same size has been discussed previously (7). However, the absence of mutual inductive
coupling does not necessarily guarantee the absence of noise correlation (1), which is
required for increased SNR during simultaneous reception (8). It has been shown previously
that two overlapping vector magnetic field profiles, By and B, produce no noise correlation

if the integral of their scalar product over the entire sample equals zero (13, 14), i.e.

B,B,dV =0
J . [1]
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[0041] This is similar to criteria for orthogonality of eigenfunctions (15). Notably this
does not require that the two vectors, By and By, are orthogonal at every single point within
the samplé. Examples of arrays of orthogonal volume coils placed inside each other and
having similar sensitive volumes include: i) a combination of a regular bird cage BC coil
with two spiral BC coils having +2n rung revolutions along central axis (16) and ii) a
combination of two +n BC volume coils (17).

[0042] For a single CRC and a volume coil, Equation [1] can be rewritten as

IBlCRCBlvolumc av = ,[(Blz:olgc - Bll(’:c;rcom )Blvolumc dav =0 2]

10 bottom s
B, r

where ~ !CRCand Bicre are the fields produced by the two loops of the CRC coil. For
locations distant from the CRC coil (distances much greater than the distance between the
loops), the magnetic fields produced by each loop of the CRC coil are nearly equal in
magnitude but opposite in sign and thus cancel each other. However, near the CRC coil the
two values differ and give a nonzero contribution to the integral of their product. Decreasing
the distance between two loops minimizes this contribution, thereby decreasing the possible
noise correlation with the volume coil.

[6043] Previously it has been demonstrated at 1.5 T that although the unloaded CRC
coil has much lower sensitivity than a single-turn surface coil, when loaded such that
sample losses dominate, the CRC and the single-turn coil sensitivities. become nearly
identical at depths greater than approximately the distance between the two loops of the
CRC coil (7). To assess the degree to which samplé losses dominate i.e. Pgampie/Peoit, Where
Psampie and Peoit are sample and intrinsic coil losses, respectively, definitions of the loaded,
OL, and unloaded, Qu, Q-factors can be used, where

W, W,
0, = o, _ﬁ__t_P__ 0, =,
sample + coil s and P, coil [3]

where ax is the resonance frequency and W, is the total magnetic field energy. After simple

algebra, one obtains

‘Psample — g_(__/_ _1
Pcoil QL . [4]

The ratio of Qu/QL can be measured experimentally and serves as a parameter that
determines the extent of sample loss domination. Decreasing the distance between the
loops of the CRC coil decreases noise correlation between the volume coil and the CRC

coil. It also improves the isolation between the CRC and the volume coil by decreasing the
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residual mutual inductive coupling due to inhomogeneity of the volume coil. At the same
time, bringing the loops of the CRC coil closer to each other decreases the sample loss
contribution, which can-compromise the performance of the CRC coil. The CRC coil’s Qu
sets a lower limit for the optimal distance between the CRC loops. Thus, minimizing

intrinsic coil losses can become an important issue.

METHODS

[0044] A head-sized 16-element actively detunable quadrature transverse
electromagnetic (TEM) volume coil (19, 20) was used for transmission (diameter at the
element centers - 31.8 c¢m, shield diameter — 38 cm, length 23.9 cm). Detailed descriptions
of the volume coil design and construction have been described previously (20). Although
active detuning of the volume coil is not required for the TEM/CRC array combination, it
was included in the coil to enable evaluation of the coil performance with and without
simultaneous reception. For comparison purposes all surface coils and phased arrays also
had active detuning incorporated into their design so as to allow the volume coil reception
efficiency to be used as a reference. '

[0045] Before construéting the phased array, the performance of the CRC coil was
characterized as a function of loop separation by adjusting the distance between the loops.
Four CRC coils (8 x 7.5 cm) with loops separation of 6, 9, 12 and 16 mm were constructed.
A conventional single-turn surface coil of the same size was also built for comparison
purposes. No preamplifier decoupling was utilized in these surface coils.

[0046] A three-channel occipital CRC array was built using 6.4 mm wide copper tape
(33). Each surface coil measured 8 x 7.5 cm and consisted of two octagonal coplanar loops
separated by 12 mm. Two loops of the CRC coil were connected in series to produce two
currents flowing in opposite direction as shown in Figure 1. Three capacitors were
uniformly distributed over both loops. When placed on acrylic holder of 20.3 cm id with 10
mm distance between the adjacent CRC coils, the array covered an arc of 138°. The
intrinsic decoupling between surface coils was 8-9 dB. Using low input impedance
preamplifiers (input impedance ~ 4 Ohm) provided better than 20 dB isolation between the
surface coils. Preamplifiers were purchased from Advanced Receiver Research (Burlington,
CT) and modified as described by Beck et al. (21). Preamplifiers were mounted at the
volume coil and were protected during the transmission by active detuning of the surface

coils and by cross diodes placed at the preamplifiers’ inputs. A schematic of the CRC coil
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and the matching network connecting each surface coil to the preamplifier is shown in
Figure 1. Figure 1 depicts a single CRC surface coil and corresponding matchiﬁg network
including preamplifier decoupling schematics. The matching network commonly consists of
a lumped element quarter wavelength (A/4) tra;nsformer (1, 22, 23), which converts the coil
resistance to 50 Ohm. Since in the present case the CRC coil resistance at resonance
frequency, Rcrc, is about 3-4 Ohm, the characteristic impedance of the transformer, Zo,
should be only about 13 Ohms (1, 24). In this work, the approach of Beck et al. (21) was
used to increase the impedance of the A/4 transformer and, correspondently, the values of
the inductors. As shown in Figure 1, three A/4 transformers connected in series replace a
single lumped element transformer. With impedances of the first and the third transformers
(Z1 and Z3) equal to 50 Ohm the impedance of the central transformer, Z,, can be calculated
as Zz=(ZlZ3)2/ZD = (50)2/ 13 = 200 Ohm. Tri-axial baluns were used for each channel to
prevent shield currents. PIN diode (MA4P4006, M/A-COM, Lowell, MA) detuning circuits
were incorporated into each CRC coil to protect preamplifiers during the transmission and
to enable comparison of coils’ sensitivities with and without simultaneous volume/surface
coil reception. For active detuning of each CRC surface coil PIN diode traps were used as
shown in Figure 1 (20, 23). The coil is decoupled when a high-impedance resonance trap,
formed by the A/4 transformer and the forward driven PIN diode is introduced in series with
the surface coil. A homebuilt PIN diode driver provided direct current of 70 mA per diode
and a negative bias of 90V.

[0047] A phased array circumscribing the head consisting of four 9 x 10 cm CRC
surface coils is shown in Figure 2. Each CRC coil was actively detuned and driven as
depicted in Figure 1. To provide better fit and to optimize the CRC array performance, the
20.3 cm (outside diameter) coil holder was split in two halves with the position of the top
portion being adjustable vertically (Figure 2A). The performance of the four-channel CRC
phased array was compared to the receive-only atray of regular single-loop surface coils of
the same size and geometry. Adjacent coils were inductively decoupled and each coil was
individually tuned and matched. No preamplifier decoupling was employed in this design.
[0048] The noise correlation function was measured for all of the coils. Noise images
were obtained by acquiring the images without a RF pulse. For phantom imaging a 2 L (16
cm OD) spherical “head phantom” filled with 50 mM NaCl (conductivity — 0.65 S/m) was

- used.
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[0049] All data were acquired with a Varian INOVA 4T (170 MHz) whole-body
system (Palo Alto, CA). Gradient echo images of phantoms were obtained with 128 x 128
resolution. Anatomical images were acquired using an inversion recovery gradient echo
sequence (TE/TIR/TR 14.5/850/2500 ms) with a matrix size of 256 x 256, a FOV of 192 x

192 mm and a slice thickness of 1.5 mm.

RESULTS AND DISCUSSION

[0050] Performance of the Volume Coil. The performance of the quadrature TEM
volume coil was compared with other volume coils. The TEM coil generated a circular
polarized RF magnetic field B; of 1 kHz (or 23.5 pT) in amplitude in the central transaxial
slice of a human head using 1 kW RF. This is similar or better than previously reported for
an actively detunable quadrature TEM head volume coil of similar size (diameter at the
element centers - 32 cm, shield diameter — 38 cm, length 25 c¢m) that provided 300 ps 90°-
pulse in the central transaxial slice of the head using 1 kW RF power (19). This corresponds
to the B; field amplitude of 0.84 kHz (or 20 uT). The effectiveness of the quadrature TEM
volume coil in producing circular polarized RF magnetic field was evaluated using a B,
mapping method (25). Measurements were performed with the CRC array positioned inside
of the volume coil. The ratio of the B)* and B, components of the circular polariied
magnetic field rofating clockwise and counter clockwise, respectively, was better than 10
dB over the entire human head and measured 14 dB in the brain center. This indicates that
the average loss of the amplitude of the transmit B," field due to the contribution of the By
component was less than 5%.

[0051] Performance of Conventional Single-Turn Surface Coils when Used for
Simultaneous Reception. To provide a basis for direct comparison of the performance with
the CRC coils, the loss in sensitivity for a volume and a conventional surface coil were
evaluated when a 7.5 x 8 cm single-turn surface coil was placed inside of the TEM volume
coil and both coils were used simultaneously for reception. Figure 3 shows data obtained
from a phantom mimicking a head load using this coil configuration. Figure 3A displays the
ratio of the surface coil images obtained with and without simultaneous reception from the
TEM and surface coil. The sensitivity of the surface coil is decreased by approximately 40%
near the coil. Figure 3B shows two central plots obtained from surface coil images recorded
using volume/surface coil simultaneous reception (dashed line) and with the TEM coil

detuned (solid line) during reception. Similarly, the field profile of the volume coil was
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altered when both coils were used simultaneously. Figure 3C plots the ratio of TEM volume
coil images obtained with and without simultaneous reception. In this case the volume coil
sensitivity profile is also disturbed both near the surface coil and at distant locations. Using
preamplifier decoupling of the surface coil substantially improved the volume coil
sensitivity profile but essentially did not change the surface coil field profile. The noise
correlation measurements revealed substantial mutual inductive coupling between the ‘
volume and the surface coils, which manifested in a large (~0.3-0.4) value of the imaginary
part of the noise correlation function. The resistive component was about 0.1. However,
even if the noise correlation had been negligible, the mutual inductive coupling of the coils
still compromised the sensitivity of the surface coil, thus reducing the advantagé of
simultaneous reception with conventional single turn surface coils.

[0052] CRC Coil Performance. To optimize the performance of the individual CRC
coils, a comparison was made of 4 coils with loop sizes of 8 x 7.5 cm and loop spacings of
6, 9, 12 and 16 mm. Figure 4A shows the central plots of phantom images obtained using
these coils in receive-only mode with the volume coil detuned during the reception. The
phantom was positioned 1.5 cm away from the coils to mimic experimental conditions for
brain imaging. Table 1 provides the measured values for isolation between the volume and
the CRC coils, the Quy and the Qu/QL, which characterizes thé sample loss contribution.
Since increasing the Qu increases the Qu/QL, as well as relative contribution of the sample
losses, its optimization becomes an important issue. This was achieved by minimizing the
number of distributed capacitors and using high-Q inductors in the matching network (Fig.
1). As seen from Table 1, the Qu value of the CRC coil decreased with decreasing the
distance between the loops. The Qu of the conventional single-turn surface coil measured
350, which was the same as the Q-value of the CRC coil with 16 mm loop spacing and only
slightly larger than that of the CRC coil with a 12 mm spacing. Decreasing the distance
between the loops improves isolation but at the same time decreases the sample loss
contribution. For Qu/Q less than 2 the coil performance decreased substantially (Fig. 4A).
The coil with a loop spacing of 6 mm and Qu/Qy equal to 1.6 performed about 40% worse
than the CRC coil with a loop spacing of 12 mm, while the coil with a loop spacing of 9
mm, which provided Qu/QL equal to 2, was only slightly worse. The performance of the coil
with a loop spacing of 16 mm (not shown) was the same as the coil with 12 mm loop
spacing. Thus a Qu/Q1>2 (or Psample = Peoit) for an 8 x 7.5 cm CRC coil appears to be

optimal.
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Table 1. Dependence of the loaded Q-factor, O, and the isolation between the
volume and the CRC coils on the distance between two loops of the CRC
coil.

Distance between loops (mm) Ovu Ou/OL* Isolation, dB®

16 350 3.1 -15
12 340 2.6 -18
9 305 2 -19
6 275 ' 1.6 -21

8 CRC coils were loaded with a 2.0 L spherical phantom located at ~1.5 ¢m distance from
the coil surface. ° Isolation was measured between CRC and the quadrature TEM coils with
the 90°-hybrid installed.

[0053] The sensitivity of the CRC coil was also compared to the regular single-loop
_ surface coil of the same size. Figure 4B shows the central plots of phantom images obtained
using the regular single-turn surface coil and the CRC coil with 12 mm distance between the
loops. The CRC coil sensitivity was lower than that of the regular surface coil at the depths
less than 2 cm. At greater depths both coils had similar sensitivities. The decrease in
sensitivity immediately adjacent to the CRC coil can be advantageous for human brain
spectroscopic studies since contamination arising from the scalp and muscle can be
decreased. The intrinsic isolation between the volume coil and CRC coil varied from about
15 dB for the coil with a 16 mm loop separation to about -22 dB for the coil with a 6 mm
loop separation. For these reasons, the CRC coil with 12 mm distance between the loops
was chosen, which provided isolation of about -17 to -18 dB but did not significantly
compromise the coil performance. This is in contrast to the less than -10 dB of isolation
between the volume coil and a regular single-turn coil of the same size that leads to
substantial distortions of B; field profiles from both the surface coil and the volume coil
(Fig. 3).

[0054] At higher fields when sample loss contribution becomes greater or under
experimental conditions, which allow decreasing the distance between the coil and the
sample thereby increasing the Qu/Q\. ratio (or sample loss contribution), CRC coils with

smaller distances between the loops can be utilized.
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[0055] Figure 5 displays imaging data for a phantom mimicking the load of a head
obtained during simultaneous reception using the TEM and the CRC coil (12 mm loop
separation). As seen from Figures SA-5C, the B; profile of the volume coil was substantially
altered near the CRC coil up to a depth of ~5 cm. However, preamplifier decoupling of the
CRC coil minimized the TEM coil B, field distortions making them less than 5% over the
entire FOV (Fig. 5B). Figure 5D displays the ratio of the CRC coil images obtained with
and without simultaneous reception from the TEM and the CRC coil. The sensitivity of the
CRC coil was altered by less than 10% near the coil (Fig. SD) with a small decrease in the
sensitivity at ~9-10 cm depth (Fig. 5E). Noise measurements did not reveal any substantial
correlation (< 0.05) between the volume and the CRC surface coils.

[0056] Performance of the Occipital Array and Simultaneous Reception. Figure 6
shows the central plots of phantom images obtained simultaneously by the TEM volume
coil and the occipital three-channel CRC array as well as the plot of their sum-of-square
(SoS) combination (1). This figure demonstrates a 40% increase in the SNR at about 8 cm
depth near the phantom center. Figure 7 displays human head images also obtained during
simultaneous reception with the TEM volume coil and the occipital CRC array. All images
are displayed using the same intensity scale to demonstrate the improvement in SNR from
deeper structures within the brain due the volume coil/CRC array simultaneous reception.
The noise correlation between the volume and the surface coils was measured to be less
than 0.1 in agreement with the phantom data. .

[0057] Figure 8 shows the map of the SNR improvement in the SoS combined image
calculated at each point as a ratio of the SoS SNR to the largest SNR. from either of the two
coils used independently (either TEM or the CRC array). Similar maps were obtained with
the head phantom. About 40 %. SNR improvement near the head and phantom centers was
achieved.

[0058] Performance of Circumscribing CRC Array and Simultaneous Reception. To
evaluate if the sensitivity of the phased array from central brain regions was not
compromised by the use of CRC coils, and provide the reference for quantitative analysis of
the CRC array performance, performance was first evaluated for the four-channel receive-
only array of conventional single-turn surface coils of the same size and geometry. The
SNR of the array of four 9 x 10 single-turn surface coils, measured in the center of the head,
was about 10% better than the TEM volume coil.
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[0059]) Simultaneous reception was evaluated using a circumscribing array of four 9 x
10 cm CRC coils (Figure 2) uniformly distributed around the head to optimize the SNR of
the phased array at the center of the brain. Figure 9 depicts a human head image obtained by
TEM and each CRC coil during simultaneous volume coil/array reception as well the SoS-
combination of all five images. All images are displayed using the same intensity scale to
demonstrate the improvement in peripheral SNR as well as SNR enhancement near the head
center. The noise correlation between all the CRC coils in the array as well as between the
CRC and the TEM coil was measured to be less than 0.1 in agreement with predictions.
[0060] Figure 10A shows the. improvement in SNR obtained by simultaneous
reception with the array and volume coil calculated as a ratio of the SoS SNR to the largest
SNR of the coils individually (either TEM or the CRC array). About 40% improvement was
obtained near the center of the head. Figure 10B presents a map calculated as a ratio of the
SNR of the CRC array to the SNR of the TEM coil. At the center of the head the CRC array
was slightly (8%) more effective than the TEM coil. The SNR of the array of four single-
turn surface coils, measured in the center of the head, was only marginally better (less than
5%). This again confirms the observation that when sample loss dominates, the CRC array
provides very similar performance to that of an array of single-turn coils.

[0061] Simultaneous Transmission with the CRC Array and a Volume Coil. Due to
RF field/ tissue interactions at high-field (4-8T), the transmit field from head-sized volume
coils shows a distinctive pattern of inhomogeneity, with enhanced sensitivity in the center
of the brain. Transmit field inhomogeneoty was compensated in the present study by using
simultaneous transmission with a volume coil and a CRC phased array. Since phased array
provides higher peripheral sensitivity than a volume coil (Fig. 10B), a smaller amount of
power directed into the CRC array during transmission will enhance the peripheral RF
magnetic field improving overall homogeneity.

[0062] Figure 11 presents a schematic of the simultaneous transmission and reception
with a CRC phased array and a volume coil. For simplicity, only four CRC coils are shown
in the figure. Increasing the number of coils will further improve peripheral homogeneity.
During transmission, some amount of the RF power is directed into the CRC phased array
using'a directional coupler. If required, a varia'ble attenuator provides further attenuation.
A four-way splitter delivers equal amount of power to each CRC coil in the array. Phase
shifters provide proper summation of RF magnetic fields created by each individual surface

coil to produce a circularly polarized field. During reception, signals from all the CRC
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surface coils and the volume coil are directed to preamplifiers through T/R switches (Figure
11), which also protect preamplifiers during transmission.
[0063] The intrinsic decoupling between surface coils loaded with a head or a
phantom was better than -20dB. Low input impedance preamplifiers (input impedance ~4€2)
were used to optimize the system performance. The intrinsic isolation between the volume
and CRC coils was better than -17dB. During transmission, the RF power was split in
between the TEM and the phased array. The phases of RF were adjusted so as to provide 0°,
90°, 180°, and 270° phase shifts at the corresponding coils in the array. The phase shift
between the TEM and the array was adjusted using a cylindrical phantom and a pickup coil
to provide proper summation between circularly polarized fields created by the array and
the volume coil. The transmission network consisted of a four-way splitter and four T/R
“switches, enabling delivery of RF power to the array during transmission and connection of
the surface coils to the preamplifiers during reception. This enables both simultaneous
transmission and reception with the CRC array and the TEM volume coil.
[0064] Figure 12 shows the transmit B, field obtained at 4 T by the TEM volume coil
alone (Figure 12A) and with simultaneous transmission from the volume coil and the array
(Figure 12B) using a transmit power ratio of 2:1 between the volume coil and the array,
respectively. The transmit B, field is substantially more homogeneous than that obtained by
the volume coil alone in the regions covered by the array. Increasing the number of CRC
coils to 8, or increasing the diameter of the existing 4 coils would eliminate the residual low
B, regions seen between the coils. To mimic conditions seen at the higher magnetic field of
7 T in the human head, where the B; varies by more than 75% (26), a large 3L spherical
phantom was used (0.d. 21.5cm, filled with 50 mM NaCl). RF power V;/as split in a 1:1 ratio
between the TEM and the phased array. Again, the transmit B; field obtained using the
TEM and the CRC array simultaneously (Figure 13B) was more homogeneous than that
obtained by the TEM coil alone. Additionally, the power required to achieve an average
rotation of 90° across the head was the same either during simultaneous transmission or
using the TEM coil alone.
[0065] Previously, RF field inhomogeneity corrections at high magnetic fields (above
4 T) have been demonstrated by using phased arrays (18) or multi-port driven volume coils
(32). These methods improve RF field homogeneity due to combining a second commonly
used mode with higher order modes, which are intrinsically characterized by a substantial

level of phase nonuniformity. This results in peripheral phase distortion. Conversely, in the
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method disclosed herein, the TEM and phased array have similar phase distributions but
different spatial profiles. For that reason addition of two RF fields does not alter the

peripheral phase distribution.

CONCLUSIONS

[0066] Phased arrays can provide enhanced SNR for peripheral brain regions in
comparison to volume coils. However, due to the B, profile of the array, the improvement in
SNR is often minimal at the center of the head. This limitation can be overcome if both the
volume coil and the array can be used for simultaneous reception. Due to the strong
interaction between conventional single-loop surface coils within the array and the volume
coil, and the resulting distortion in B; fields, simultaneous reception has not been widely
used. To minimize the interaction between the surface coils and the volume coils, phased
arrays consisting of counter rotating current (CRC) surface coils (two parallel rings carrying
opposite currents), were utilized in the present invention.

[0067] This work also describes the design and construction of CRC phased arrays for
simultaneous reception with a head-sized quadrature transverse electromagnetic (TEM) (12)
volume coil. This method has been applied to extend the region of enhanced sensitivity for
an occipftal lobe phased array and a whole brain circumscribing érray for imaging at, e.g., 4
T. Specifically, 1) the performance of the individual CRC coil has been characterized as a
function of the distance between the loops; 2) the spatial profile of the “optimized” CRC
coil has been compared to that of a conventional single-turn surface coil of the same size; 3)
the performance of a circumscribing CRC array has been compared to that of a similar array
of single turn-surface coils and 4) increased SNR (~40%) afforded by simultaneous
reception with the CRC array and the volume coils has been demonstrated for central brain
regions using both an occipital array and a circumscribing atray.

[0068] CRC surface coil arrays for 4 T MRSI of the human brain have been developed
and are disclosed herein. The CRC coils provide sensitivity similar to conventional single-
turn surface coil and can be used simultaneously with the homogeneous transmit volume
coil for reception. No active detuning of the transmit volume coil -is required due to
intrinsic isolation of the CRC and volume coils which substantially simplifies the transmit
volume coil design and construction.

[0069] The critical Qu/Qy ratio of about 2, measured in this work for CRC coils of

two different sizes, characterizes the point below which where sensitivity of the CRC coil is
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subs@antially decreased. This is an important result in that for optimal CRC coil
performance sample losses only need to be equivalent to intrinsic coil losses, which is a
relativelsf easy criteria to satisfy. Although the method described herein provides a simple
recipe for CRC coil evaluation and adjustment, it is noteworthy that the value obtained is
empirical and may change depending on the CRC coil size and geometry. Also since at
higher fields the surface coil sensitivity profile can be modified by RF field/ tissue
interaction this result may also be field dependent. Since the contribution of the sample loss,
an important factor for optimization of CRC coils, becomes more pronounced at higher
frequency, CRC coils may provide great potential in high-field imaging and spectroscopy of
human body and brain. '

[0070] The four-channel circumscribing CRC phased array and a quadrature head-
sized TEM volume coil disclosed herein is capable of simultaneous transmission and
reception. Using this system enables substantial improvements in the homogeneity of the
transmit B, profile as compared to the volume coil alone, which becomes more pronounced
with increasing field strength. Further improvements in B; field homogeneity should be

obtained with larger numbers of surface coils in the phased array.
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What is claimed is:

1. A surface coil array for simultaneous reception of a radio frequency
magnetic field signal with a volume coil during imaging, the array comprising a plurality of
counter rotating current (CRC) coils arranged for positioning over the surface of a region to
be imaged, wherein each CRC coil contains two parallel loops where current flows in
opposite direction in each loop, and wherein the CRC coil array provides simultaneous

- reception of the radio frequency magnetic field signal with the volume coil during imaging.

2. A surface coil phased array for simultaneous transmission and reception of a
radio frequency magnetic field signal with a quadrature volume coil during imaging, the
array comprising at least four counter rotating current (CRC) coils uniformly arranged for
positioning around the surface of a region to be imaged, wherein each CRC coil contains
two parallel loops where current flows in opposite direction in each loop, wherein the radio
frequency magnetic field transmitted by an individual coil is shifted out of phase with the
radio frequency magnetic field transmitted by adjacent coils to produce a circularly
polarized radio frequency magnetic field that is in phase with a circularly polarized radio
frequency magnetic field generated by the quadrature volume coil, and wherein the CRC
coil phased array provides simultaneous transmission and reception of the radio frequency

magnetic field signal with the volume coil during imaging.

3. The surface coil array of Claim 1 or 2, wherein the CRC coil array is
intrinsically decoupled from the volume coil due to the presence of two counter rotating

loops in each coil.

4. The surface coil array of Claim 1 or 2, wherein distance between loops of
each coil is adjusted to optimize i) decoupling between CRC surface coils in the array and

the volume coil and ii) sensitivity of the CRC coil for reception.

5. The surface coil array of Claim 1 or 2, wherein distance between loops of

each coil is optimized according to coil geometry and imaging conditions.
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6. The surface coil array of Claim 5, wherein distance between loops is

optimized according to the diameter of loop and the resonance frequency of the coil.

7. The surface coil array of Claim 1 or 2, wherein the array has a ratio Qu/QL
between the unloaded Q-factor (Qu) and the loaded Q-factor (QL) of at least 2.0,

W, W,
O, =y ‘]?_—!_— Qu =@y —
+ coil and 'Pcoil ,

where sample

ax is the resonance frequency, W is the total magnetic field energy, and Pgample and

P..i are sample and coil energy losses, respectively.

8. The surface coil array of Claim 1 or 2, wherein preamplifier decoupling of

the CRC coils is used to reduce volume coil radio frequency magnetic field distortions.

9. The surface coil array of Claim 1 or 2, wherein simultaneous reception of the
radio frequency magnetic field by the surface coil array and by the volume coil results in an
increase in signal-to-noise ratio (SNR) up to square root of 2 in areas where the surface
coils and the volume coil have similar sensitivity, compared to the SNR obtained by the

volume coil or by the surface coil array in the absence of simultaneous reception.

10. The surface coil array of Claim 2, wherein homogeneity of the transmitted
radio frequency magnetic field is improved by simultaneous transmission of the radio
frequency magnetic field by the surface coil array and by the volume coil, compared to the

homogeneity in the absence of simultaneous transmission.

11. A radio frequency (RF) system for imaging comprising the surface coil array

of Claim 1 or 2, and a quadrature volume coil.

12. The RF system of Claim 11, which further comprises preamplifier
decoupling of the CRC coils.

13, A method of imaging a region of a subject comprising simultaneously
receiving a radio frequency magnetic field by the surface coil array of Claim 1 and by a

volume coil.
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14. A method of imaging a region of a subject comprising simultaneously
transmitting and receiving a radio frequency magnetic field by the surface coil phased array

of Claim 2 and by a quadrature volume coil.

15.  The method of Claim 13 or 14, wherein simultaneous reception of the radio
frequency magnetic field by the surface coil array and by the volume coil results in an
increase in signal-to-noise ratio (SNR) up to square root of 2 in areas where the surface
coils and the volume coil have similar sensitivity, compared to the SNR obtained by the

volume coil or by the surface coil array in the absence of simultaneous reception.

16. The method of Claim 14, wherein homogeneity of the transmitted radio
frequency field is improved by simultaneous transmission of the radio frequency field by
the surface coil array and by the volume coil, compared to the homogeneity in the absence

of simultaneous transmission.
17. The method of Claim 13 or 14, which further comprises preamplifier
decoupling of the CRC coils to reduce volume coil radio frequency magnetic field

distortions.

18.  The method of Claim 13 or 14, wherein a central brain region is imaged.
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FIGURE 9A-9F

SUBSTITUTE SHEET (RULE 26)
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FIGURE 10A-10B

SUBSTITUTE SHEET (RULE 26)
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FIGURE 11

SUBSTITUTE SHEET (RULE 26)
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FIGURE 12A-12B

SUBSTITUTE SHEET (RULE 26)
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FIGURE 13A-13B

SUBSTITUTE SHEET (RULE 26)
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