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The performance of a 16-channel receive-only RF coil for brain
imaging at 3.0 Tesla was investigated using a custom-built
16-channel receiver. Both the image signal-to-noise ratio (SNR)
and the noise amplification (g-factor) in sensitivity-encoding
(SENSE) parallel imaging applications were quantitatively eval-
uated. Furthermore, the performance was compared with that
of hypothetical coils with one, two, four, and eight elements (n)
by combining channels in software during image reconstruc-
tion. As expected, both the g-factor and SNR improved sub-
stantially with n. Compared to an equivalent (simulated) single-
element coil, the 16-channel coil showed a 1.87-fold average
increase in brain SNR. This was mainly due to an increase in
SNR in the peripheral brain (an up to threefold SNR increase),
whereas the SNR increase in the center of the brain was 4%.
The incremental SNR gains became relatively small at large n,
with a 9% gain observed when n was increased from 8 to
16. Compared to the (larger) product birdcage head coil, SNR
increased by close to a factor of 2 in the center, and by up to a
factor of 6 in the periphery of the brain. For low SENSE accel-
eration (rate-2), g-factors leveled off for n > 4, and improved
only slightly (1.4% averaged over brain) going from n � 8 to n �

16. Improvements in g for n > 8 were larger for higher acceler-
ation rates, with the improvement for rate-3 averaging 12.0%.
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The sensitivity of MRI is dependent on the type of radio-
frequency (RF) coil used for signal reception. Although
birdcage-type volume coils (1) have been used extensively
for brain imaging, their sensitivity is inferior to that of
array coils (2). For properly designed arrays, this is true
not only in regions close to the coils, but also at any
position in the object (3).

The recent increase in applications of parallel imaging
techniques (4,5) has led to renewed interest in the design
of MRI RF coils. In turn, the number of receive channels in
commercial MRI scanners is poised to grow over the next
few years. This might lead to a widespread use of array

coils for both parallel imaging and improved sensitivity in
conventional imaging.

Results from simulations and experiments suggest that
with the use of coil arrays that fully cover the object
surface, and when sample noise is the dominant noise
source, the image signal-to-noise ratio (SNR) increases
with the number of coil elements (2,3). This is true for
regions in the object that are close to the coil array, and to
a lesser extent also for the SNR averaged over the object.
The SNR in the center of the array does not change sub-
stantially with the number of coil elements.

However, in arrays with an increasing number of smaller
coils, noise sources other than sample noise (e.g., resistive
coil noise and/or preamplifier noise) can contribute sub-
stantially to the overall noise, and eventually SNR gains
level off and turn into losses. Since sample noise increases
more rapidly with field strength than do the other noise
sources, optimized arrays at high field will have smaller
coils and thus a larger number of elements.

For parallel imaging performance, both SNR and the
spatial interaction between the sensitivity profiles of the
individual coils are important. The latter can be quantified
by the so-called g-factor (5), and generally improves with
the number of coil elements used. Coils with improved
(lower, closer to 1) g-factors allow parallel imaging with
higher acceleration rates while they minimize noise am-
plification.

Factors that govern the ultimately achievable coil per-
formance include the inherent electromagnetic wave prop-
erties of the sample, as well as practical aspects such as
coil resistivity, losses in the electronic components of the
coil and preamplifier, and inductive coupling between coil
elements. These practical issues determine how small the
elements can be made, and how many elements are con-
tained in the array. For imaging of the human brain, a
practical eight-channel coil can be built with excellent
SNR and parallel imaging performance (3,6). Minimal in-
ductive coupling can be achieved by the use of low-im-
pedance preamplifiers and positioning the elements close
to the brain (3).

To investigate the feasibility of improving performance
by increasing the number of coil elements, we designed
and built a 16-channel brain coil for operation at 3.0 T. To
allow quantitative evaluation of coil performance as a
function of the number of coil elements, simulated data for
a number of array configurations were synthesized from
the 16-channel coil data by combining channels in soft-
ware. For reference, the coil SNR was also compared to
that of the standard birdcage head coil.
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MATERIALS AND METHODS

The experiments were performed on a 3.0 T GE Signa
VH/3 (90-cm bore, whole-body transmit/receive coil) with
advanced control gradient driver (ACGD) gradients
(40 mT�m�1, 150 T�m�1�s�1). All experiments were per-
formed with an echo-planar imaging (EPI) sequence that
was developed in-house. This sequence features ramp
sampling (data were acquired on 50% of the ramps) and
can be run in either gradient-echo or spin-echo mode.

The experiments were performed on consenting, normal
volunteers in accordance with an NIH-approved protocol
(IRB approval number 00-N-0082, last reviewed on Janu-
ary 22, 2003).

Unless stated otherwise, the experiments were per-
formed using a custom-built 16-channel coil array (model
NMSC025-3T; Nova Medical Inc., Wakefield, MA), as de-
picted in Fig. 1. The coil elements were placed around the
head in a single row (the design is similar to a previously
described eight-element design (3)). To achieve whole-
brain coverage and at the same time maximize the visual
field of the volunteer, the posterior coil elements were
longer than the anterior elements. The 16 curved trapezoi-
dal elements were laid out with 6.25-mm-wide copper
tape on a two-piece fiberglass former (see Fig. 1). The
elements were about 2.0 cm wide and separated by a
0.7-cm gap, resulting in a gap-to-element ratio of 0.3. They
were tuned to 127.8 MHz with multiple distributed capac-
itors, and matched to a 50 � coaxial cable by means of a

lumped-element bridge balun circuit. The coils were ac-
tively detuned during transmit using a PIN-diode across
the cable side of the balun. In addition, passive detuning
traps were included on each element. Inductive coupling
between adjacent elements on the top and bottom formers
was minimized by capacitive isolating circuits (7).

Each element was connected to an ultra-low-imped-
ance preamplifier (8) with �1 � input impedance and
35 dB of gain at 127.8 MHz (model NMP-002A; Nova
Medical Inc., Wakefield, MA). Isolation between all
channels was �20 dB. The preamplifiers were con-
nected to an in-house-built 16-channel receiver (9,10).
To enable a proper comparison with array coil data, the
head coil data were also acquired using one channel of
the 16-channel receiver.

For the SNR performance evaluation, the following scan
parameters were used: 4000-ms repetition time (TR);
50-ms echo time (TE); 26 3.5-mm-thick oblique-axial
slices; 0.5-mm interslice gap; 220 � 165 mm2 field of view
(FOV); 128 � 96 matrix size, leading to a nominal voxel
size of 1.7 � 1.7 � 3.5 mm3; 71.4-ms acquisition window
duration; 50% ramp sampling; 500-kHz bandwidth; two-
fold oversampling; and 90° flip angle. High-resolution
rate-2 SENSE EPI data were acquired with a matrix size of
192 � 144 (nominal voxel size of 1.1 � 1.1 � 3.5 mm3), a
72.3-ms acquisition train length, and otherwise identical
settings. The readout gradient was applied in the anterior–
posterior direction.

FIG. 1. Layout of the individual coil elements in both the top (right) and bottom (left) halves of the 16-channel coil. Note that the actual coil
elements in the top half are mostly covered by white protective foam. The copper conductors of the coil elements in the bottom half are
visible through the yellow kapton insulating material. See text and Refs. 8 and 10 for more details.
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SENSE data were reconstructed with methods similar to
those described previously (5,11), using coil sensitivity
maps derived from the data (11). A small modification was
made to the calculation of relative coil sensitivities. This
involved the generation of a sensitivity reference map by
addition of the individual coil images with constant phase
(derived from a 4 � 4 region in the center of an image). The
resulting sensitivity reference map (and reconstructed
SENSE images) showed a relatively uniform intensity dis-
tribution. To derive image SNR, the reconstructed SENSE
images were divided by the square root of the covariance
computed in the SENSE reconstruction (11). The SNR of
the birdcage coil data was computed by dividing the mag-
nitude image data by the average of the standard deviation
(SD) in the real and imaginary parts of the noise data. In
order to obtain noise data, the EPI sequence does not
execute the RF excitation during the first volume of the
time series. In a SENSE experiment, such a noise volume is
used to compute the noise correlation matrix.

The 16-channel coil data that were acquired with a
128 � 96 matrix size were also used to evaluate SNR and
SENSE performance as a function of the number of coil
elements. Sixteen of the slices, covering the brain from the
very top down to a plane through the lower parts of the
frontal lobes and the middle of the cerebellum, were used.
To simulate data acquired with less than 16 coil elements,
complex data from neighboring coil elements were com-
bined in software. To synthesized data representing 8-, 4-,
and 2-channel coils were obtained by combining data from
groups of 2, 4, and 8 neighboring channels, respectively. A
birdcage coil was synthesized by combining all
16 channels into one. Electromagnetic simulations indi-

cated that the performance of these synthetic coils derived
by combining channels was similar (to within 5%) to that
of actual coils (data not shown). In order to combine chan-
nels, image data were summed after the phase was equal-
ized in the center of the coil. The center phase was derived
from a 4-by-4-pixel rectangle in the center of each image
(see above). All possible combinations of neighboring coil
elements were evaluated (e.g., for simulated eight-element
coil data, there are two possible combinations of neighbor-
ing elements: [1�2, 3�4, . . ., 15�16] and [2�3, 4�5, . . .,
16�1]; a simulated four-element coil has four possible
combinations, and a two-element coil has eight possible
combinations).

The data were trimmed to a 96 � 96 matrix size to
narrowly encompass the head at its largest diameter. The
SNR and g-factor were averaged over the entire brain (a
mask was derived by thresholding an intensity-weighted
image). Undersampling was simulated in either the read-
out or phase-encode direction (1D-SENSE), or both (2D-
SENSE). Undersampling of data in the slice-select dimen-
sion, as described recently (12), was not investigated in
this study.

RESULTS AND DISCUSSION

Figure 2 shows the SNR performance of the 16-channel
coil compared to that of the standard GE 28-cm-diameter
birdcage head coil. SNR-scaled data acquired at the iden-
tical resolution (first and second columns) show an SNR
improvement in excess of a factor of 4 in the periphery,
and an approximately twofold SNR increase in the center
of the brain. Rate-2 SENSE data, acquired at a 2.25-fold-

FIG. 2. Performance of the 16-channel coil compared to the standard 28-cm GE birdcage head coil. The top row shows a single slice of
the acquired EPI data. The three leftmost images are SNR maps. Their relative scaling factor is indicated in the lower right corner of the
image. The rightmost image shows the same data as in the second image, after intensity correction. Tick marks left and right in each image
indicate the location of the profile shown below it. The first column shows single-shot EPI data from the birdcage head coil (128 �
96 resolution). Data in all other columns were acquired with the 16-channel coil. Data in the second and third columns were acquired at
respectively the same (128 � 96) and higher (192 � 144, rate-2 SENSE) spatial resolution. Note that the scaling of the rightmost column
is arbitrary. See text for more details.
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reduced nominal voxel volume (Fig. 2, third column)
show a similar SNR in the center of the brain and a close
to twofold SNR increase in the brain periphery when com-
pared to the birdcage data at a larger voxel volume. For
reference, an intensity-corrected image (obtained using the
fixed phase addition of coil data to obtain a sensitivity
reference) is also shown (Fig. 2, right column). The inten-
sity distribution of these data more closely resembles that
of the birdcage coil (left column).

Figure 3a shows the average image SNR in the brain as a
function of the number of coil elements (solid line). The
dashed line shows similar data for the center of the brain
(approximately in the mediodorsal thalamic nuclei), in a
region of interest (ROI) comprised of 154 voxels. Wherever
coils could be combined in multiple ways (in the case of
two, four, or eight coils (see Materials and Methods sec-
tion)), the spatially averaged SNR for all possible cases is
indicated (� and �). The plot lines run through the aver-
age of those data. The average image SNR increases by a
factor of 1.21, 1.46, 1.71, and 1.87 when going from 1 to 2,
4, 8, and 16 elements, respectively. As expected from
simulations (3), signals from the small ROI in the center of
the brain show virtually no SNR increase as a function of

the number of coil elements (SNR increased 4% for
16 independent channels compared to a single channel).

Figure 3b shows the average g-factor in the brain for
various SENSE acceleration rates as a function of the num-
ber of coil elements. Whenever neighboring coils could be
combined in multiple ways, the coil-combination leading
to the lowest average g-value was used. Maps of the g-
factor for both 1D and 2D SENSE were computed. The
label r,p next to a curve indicates the SENSE acceleration
factor in the readout and phase-encode directions, respec-
tively (e.g., the label 1,2 indicates rate-2 SENSE in the
phase-encode direction, the rate-2 SENSE mode originally
described by Pruessman et al. (5)). The data show that the
increase in SENSE performance when going from 8 to
16 channels is limited for rate-2-based SENSE (0.6%,
0.9%, and 2.6% for rate-2,1, rate-1,2, and rate-2,2, respec-
tively). However, the use of 16 channels vs. 8 channels is
significantly more beneficial for rate-3-based SENSE meth-
ods, where performance increases by 6.7%, 7.2%, 18.9%,
and 15.0% for rate-3,1, 1,3, 3,2, and 2,3, respectively.

These results indicate that although the increase in av-
erage image SNR levels off with an increasing number of
coil elements, substantial improvements in higher-rate
parallel imaging performance are achieved when the num-
ber of coil elements is augmented from 8 to 16. With a
16-element coil in this specific configuration, the recon-
struction-related SNR penalty for using rate-3 SENSE is
still on the order of 20–30%, which potentially can be
largely overcome with an increased number of coil ele-
ments. For brain MRI at magnetic field strengths of 3.0 T
(and above), coils can still be reduced by at least a factor of
2 in size before the system is no longer dominated by
sample noise (3). Such systems would therefore benefit
from coil arrays with more than 16 coil elements, espe-
cially for parallel imaging applications.

Results have shown that rate-2,2 SENSE leads to a lower
average g-factor than both rate-3,1 and rate-1,3 SENSE. For
16 coil elements, the noise amplification averages �10%
for rate-2,2, compared to 20–30% for the two versions of
rate-3. At the same time, this mode results in a higher
imaging acceleration factor (fourfold compared to three-
fold).

Note that the experiments described here involve a sig-
nificantly increased amount of more acquired data com-
pared to a typical fMRI experiment using the birdcage
head coil. In order to reconstruct the data in a time frame
similar to that in which they were acquired, the data were
processed in parallel on 12 computers with dual 2.2 GHz
Intel Xeon CPUs (10). This $30000 array of computers
enabled us to reconstruct a typical 10-min fMRI experi-
ment (192 � 144 image matrix size, 10 slices, 1000-ms TR,
twofold oversampling, rate-2 SENSE, 50% ramp sampling)
in approximately 15 min. The size of the raw data was
approximately 12 GB.

CONCLUSIONS

We have shown that the use of a 16-channel array coil for
MRI of the human brain is technically and practically
feasible, and allows for a substantial SNR increase in par-
allel imaging applications. The possibility of further in-

FIG. 3. a: Image SNR as a function of the number of coil elements
averaged over the whole brain (solid line) or the center of the brain
(broken line). Symbols show the SNR for each of the possible
simulated coil configurations for the whole brain (�) and the center
of the brain (�). b: The average SENSE g-factor in the brain as a
function of the SENSE acceleration rate in the readout (r) and
phase-encode (p) directions, and the number of coil elements. The
values next to each line indicate the SENSE acceleration factor as
r,p. See text for more details.
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creasing the number of coil channels and applying this
technology to MRI at 7.0 T is currently being investigated.
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