Effectiveness of 32-element Surface Coil Array for
Accelerated Volume-Targeted Breath-Hold
Coronary MRA
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Purpose : To compare 12 and 32-element surface coil arrays for highly accelerated
coronary magnetic resonance angiography (MRA) using parallel imaging.

Materials and Methods : Steady state free precession coronary MRA was performed in
5 healthy volunteers at 1.5 T whole body MR scanner using both 12 and 32-element
surface coil arrays. Left anterior descending and right coronary artery data sets were
acquired for each volunteer. Data sets were sub-sampled for parallel imaging using
reduction factors from 1 to 6. Mean geometry factor (g-factor), maximum g-factor,
and artifact level were calculated for each of the two coil arrays.

Results : Over all reduction factors, the mean and maximum g-factors and artifact
level were significantly reduced using the 32-element array compared to the 12-
element array (P < < 0.1). The mean g-factor was sensitive to the imaging
orientations of coronary arteries while the maximum g-factor and artifact level were
independent of orientation.

Conclusion : The 32-element surface coil array significantly improves artifact and
noise suppression for highly accelerated coronary MRA using parallel imaging. The
increased acceleration factors made feasible with the 32-element array offer the
potential to enhance spatial resolution or increase volumetric coverage for 3D

coronary MRA.
Index words : Magnetic resonance imaging {MRI)
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Parallel imaging

Geometry factor
imaging data is typically acquired with a short mid-
Introduction diastolic acquisition window to avoid cardiac motion
artifacts. The relatively short duration of data
In coronary magnetic resonance angiography (MRA), acquisition window results in decreased imaging
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efficiency and thereby, prolonging the imaging time
necessary to achieve sufficient spatial resolution which
is required to depict vessels with small diameters.

Parallel magnetic resonance imaging (MRI)
techniques (1, 2) offer the potential to overcome the
limitations in coronary MRA, using arrays of multiple
receiver coils. For parallel MRI, coil k-space is under-
sampled in the phase encoding (PE} direction as
compared to conventional data acquisition. Knowledge
of spatial coil sensitivity profiles is exploited to
reconstruct images from the under-sampled data.
However, the acceleration is limited by the loss of
signal-to-noise ratio (SNR) due to decreased imaging
time as well as spatial noise amplification dependent
upon coil geometry and k-space sampling pattern. In
coronary imaging, SNR loss is critical due to higher
resolution requirements.

The loss of SNR can be mitigated by combining
parallel MRI with high-SNR pulse sequences (3} or by
employing a high-field-strength system (4). SNR can
also be improved by optimizing the geometry of
receiver coil array (5) or k-space sampling trajectories
{6, 7). Noise amplification can be reduced in image
reconstruction by incorporating regularization into
inversion process though spatial resolution is traded off
with noise (8). However, in practice, achievable
acceleration remains limited by the number of coil
elements in receiver surface arrays (1). Recently, a 32-
element array with smaller coil dimensions was
introduced to investigate the feasibility of highly
accelerated volumetric imaging (9). However, no
comparison has been made between the commercial
12-element coil array and the 32-element coil array for
coronary artery imaging orientations.

The purpose of this work was to compare 12 and 32-

element surface coil arrays for highly accelerated
coronary MRA. Experimental studies were performed
in five healthy volunteers in left anterior descending
(LAD) and right coronary artery (RCA) imaging
orientations. The performance of coil arrays was
compared using measurements of coil geometry factor
(g-factor) and artifact level. This work also provides
guidelines for accelerated coronary MRA with 12 and
32-element coil arrays.

Materials and Methods

Data acquisition was performed in five healthy
volunteers on a 1.5 T whole body MR scanner
(MAGNETOM AVANTO, Siemens Medical Solutions,
Erlangen, Germany) equipped with a high performance
gradient sub-system (maximum amplitude: 40 mT/m,
maximum slew rate: 200 mT/m/ms). An informed
written consent was obtained from each volunteer
before the study, and was approved by our Institutional
Review Board. During each scan, the volunteers were
instructed to hold their breaths at the end of
inspiration.

An electrocardiogram triggered three-dimensional
(3D) segmented steady state free precession (SSFP)
sequence was used to acquire both LAD and RCA data
sets from each volunteer using 12 and 32-element
surface coil arrays respectively. The 32-element
rectangular coil array was placed anterior {16 elements,
dimension of coil element: 9 X 10 cm?) and posterior (16
elements, dimension of coil element: 9 X 10 cm? to
each subject (Fig. la). Both the anterior and posterior
coil arrays were composed of four elements along the
body axis and four elements along the left-right
direction. The 12-element rectangular surface coil array

Fig. 1. Geometry of surface coil
array anterior and posterior to a
subject: (0} 32-element array and (b}
12-element array
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was similarly placed anterior (6 elements, dimension of
coil element: 11X 11 cm?) and posterior (6 elements,
dimension of coil element: 11X 11 cm? to each subject
(Fig. 1b). For the later set-up, both the anterior and
posterior coil arrays were composed of two elements
along the body axis and three elements along the left-
right direction.

The imaging parameters were as follows: TR (time of
repetition) / TE (time of echo) / flip angle = 3.6 ms/1.8
ms/60°, FOV (field-of-view) = 240-260 X 350-380 mm?,
number of heartbeats / partition = 6, number of
acquired lines / heartbeats = 35, matrix size = 210 x

(a)

Refergnce
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448, breath-hold duration = 30-40 sec, slice thickness
= 3 mm (interpolated to 1.5 mm)}, and number of
partitions = 6 (interpolated to 12). A hamming
windowed sinc radio-frequency (RF) pulse with 600
sec duration was used for slab excitation. A spectral-
selective fat saturation RF pulse followed by eight
dummy pulses with sinusoidally varying flip angles (10)
was applied to establish smooth transition of signal to
steady state before data acquisition at each heartbeat.
The fully acquired data was decimated by reduction
factor (R) to simulate the accelerated acquisition for
sensitivity encoded (SENSE) reconstruction.

FiQ. 2. SENSE images and g-factor maps reconstructed with increasing reduction factor (R): {0) SENSE images for 12-
element array, (b) g-factor maps for 12-element array, (C) SENSE images for 32-element array, and (d) g-factor maps for
32-element array. Note reduced g-factor and noise with the 32-element array (C., d} over the 12-element array (q, b)
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SENSE Reconstruction and g-factor Calculation

The aliased images from all the coil elements in
SENSE reconstruction were formulated in the following
linear system (1,8}:

x= STy Sy sy y [

where x is the reconstructed image, S is the
sensitivity encoding matrix, S¥ is the transposed
complex conjugate of the sensitivity encoding matrix, ¢
is the noise covariance matrix, and y is the aliased
image from all the coils. In this work, the noise
covariance matrix was constructed using the pre-
scanned noise data. To obtain coil sensitivity
information, the central 1/4 region of k-space was
extracted from the fully acquired data, zero padded,
hamming windowed, and then Fourier transformed (8).

Spatial noise amplification in SENSE is quantified by
coil geometry factor g:

g, =" S), 5" ¥ 'S}, 2

where the subscript {p, p) denotes the voxels to be
unfolded in the full-FOV image. The g-factor depends
strongly on position, and yields a high value when the
SENSE inversion in Eq. [1] is ill conditioned. The ill
conditioned inversion depends on the acceleration rate,
the number of coils, coil sensitivity profiles, and slice
geometry.

Image reconstruction and g-factor calculation were
performed using the Matlab software package
{MathWorks, Natick, MA).

In Vivo Studies

To compare the performance of the 12 and 32-
element surface coil arrays for accelerated imaging, a
fully acquired LAD data from each surface coil array

was decimated by R = 2, 3, and 5. A reference image
was reconstructed by SENSE using the fully acquired
data. The reduced data was used for SENSE
reconstruction and g-factor calculation. The g-factor
map corresponding to each reduction factor was
calculated and then scaled from one to five.

Noise amplification in SENSE reconstruction with the
two coil arrays was investigated for the LAD data. As
reduction factor increases from one to six, mean and
maximum g-factors were calculated over a region-of-
interest (ROI). The mean and maximum g-factors were
plotted as a function of reduction factor. Additionally,
artifact power {AP) was calculated from the
reconstructed images with reduction factors by the
following equation:

2
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where j is the pixel index, [F¥F¥RCE j5 the reference
image, and I*™ is the SENSE image.

The mean g-factor, maximum g-factor, and AP for the
LAD and RCA orientations respectively were
compared between images produced from the five
volunteers using the 12 and 32-element surface coil
arrays. The sensitivity of the g-factor and AP to the two
different coronary artery orientations was also
estimated. A two-factor analysis of variance with
replications was used to evaluate statistical difference
with P-value of 0.05.

For visual comparison of the images from the 12 and
32-element surface coil arrays, both the LAD and RCA
images were demonstrated after SENSE (R = 4)
reconstruction and 3D maximume-intensity-projection
(MIP).

Table 1. Mean g-factor, Maximum g-factor, and Artifact Power in SENSE with Five Sets of LAD Data

R=2 R=3 R=4 R=5 R=6 Significance
Mean g-factor 12-element 1.08+0.035 1.27+0.11 1.67+0.19 2.3210.27 3.11£0.29 P=2.16E-09
32-element 1.05+0.022 1.12+0.041 1.25+0.072 1.45+0.12 1.6910.19
Maximum g-factor 12-element 2.46+0.61 3.44+0.94 6.45+1.58 15.78+£3.25 19.2+1.39 P=3.31E-08
32-element 2.19+0.73 2.691£1.04 3.36+1.34 4.90+£1.48 7.24+1.66
Artifact Power 12-element 0.015+0.0048 0.0394+0.010 0.086+0.029 0.1710.043 0.25+0.055 P=3.58E-10
32-element 0.012+0.0077 0.026+0.016 0.043+0.025 0.068+0.032 0.099+0.040
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Results

Figure 2 shows the SENSE images and g-factor maps
with increasing R for the 12 and 32-element surface
coil arrays. SENSE images from the two coil arrays do
not show apparent difference when R is 2. As R is
increased to 3, noise amplification is locally observed
for the 12-element array (Fig. 2a) while it is not
apparent for the 32-element array (Fig. 2c). Increasing
R to 5 amplifies noise over the entire image for the 12-
element array (Fig. 2a). Noise is relatively much
reduced at the image for the 32-element array atR = 5

Feasibility of Highly Accelerated Breath-Hold Coronary MRA

(Fig. 2¢). Coil g-factor maps for the 12-element coil
array demonstrate that hotspots (high g-factor} increase
rapidly at the image center with increasing R (Fig. 2b).
However, the hotspots increase gradually with
increasing R for the 32-element coil array (Fig. 2d).
Additionally, the g-factor is much lower for the 32-
element array (Fig. 2d) than for the 12-element array
(Fig. 2b) at each reduction factor.

Figure 3 demonstrates a comparison between the
mean g-factor (Fig. 3a), maximum g-factor (Fig. 3b), and
AP (Fig. 3c) provided by 12 and 32-element coil arrays.
The mean g-factor for the 32-element array rises
relatively slowly with increasing R while the mean g-
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factor for the 12-element array varies gradually at R <
3 but rapidly at R > 3. This behavior of the curve in
Figure 3a shows that noise amplification at R = 3 and 4
for the 32-element coil array corresponds to that at R =
2 and 3 for the 12-element coil array respectively. The
mean g-factor in the 12-element coil array ranges
between 1 and 2.95 while that in the 32-element coil
array ranges between 1 and 1.65. The maximum g-
factor for the 32-element coil array increases slowly at
R < 6 and ranges between 1 and 7.62. For the 12-
element coil array, the maximum g-factor rises slowly
at R < 4 and increases rapidly at R > 4, ranging
between 1 and 20.1. The AP curve shows tendencies
similar to the maximum g-factor curve, ranging
between 0 and 0.25 for the 12-element coil array and
between 0 and 0.06 for the 32-element coil array.

Tables 1 and 2 show the mean g-factor, maximum g-
factor, and AP for both the LAD and RCA orientations
from the five volunteers. The g-factors and AP
represent statistically significant difference between the
two coil arrays for both the LAD and RCA orientations.
3 shows that the mean g-factor is sensitive to imaging
orientations while the maximum g-factor and AP do
not show statistical differences between the LAD and
RCA orientations.

Representative LAD and RCA images reconstructed
using SENSE (R = 4) and 3D maximum intensity
projections (MIP) from 12 and 32-element coil array
data sets are shown in Figure 4. The 32-element array
images (Fig. 4b) demonstrate improved artifact and
noise suppression compared to the 12-element array

images (Fig. 4a).

Discussion

Parallel imaging with the 32-element surface coil
array provides the acceleration beyond that achievable
with a 12-element surface coil array for coronary artery
orientations. It is feasible to significantly reduce artifact
and noise even at high accelerations due to the
improved g-factor of the 32-element coil array.

Noise originates predominantly from a subject rather
than from the coil array and electronics. The induced
noise is weighted by the spatial coil sensitivity profile.
SNR can be enhanced by the reduction of the size of
coil element. It is because the amplitude of noise
detected in each coil is decreased while that of signal is
preserved if all the coil images are combined. In
parallel imaging, the achievable acceleration factor is
limited to the number of coil elements located along
the phase encoding direction, since better separation of
the spatial sensitivity profiles enhances the suppression
of aliasing artifact and noise. Compared with the 12-
element coil array, the 32-element coil array provides
higher SNR and lower g-factor because the size of each
coil element is smaller and the spatial sensitivity
profiles are more localized along the phase encoding
direction.

For both the LAD and RCA orientations, the
maximum g-factor with the 12-element coil array
shows an abrupt increase with R > 4, representing that
it is difficult to have more than four coil elements that

Table 2. Mean g-factor, Maximum g-factor, and Artifact Power in SENSE with Five Sets of RCA Data

R=2 R=3 R=4 R=5 R=6 Significance
Mean g-factor 12-element 1.08+0.029 1.32+0.046 1.821+0.12 2.64+0.19 3.63+0.32 P=1.98E-10
32-element 1.03+0.0058 1.13+0.026 1.31+0.089 1.58+0.19 1.91+0.27
Maximum g-factor 12-element 2.6610.54 4.16+0.77 6.89+0.99  13.87+2.37 22.2+2.46 P=2.09E-10
32-element 2.02+0.33 2.34+0.29 3.69+0.43 4.79+0.86 6.74+2.30
Artifact Power 12-element 0.015x0.0018 0.038+0.0067 0.089+0.027 0.16+0.064 0.20+0.048 P=3.67E-05
32-element  0.0089+0.0019 0.02240.0013 0.039+0.0048 0.067+0.0059 0.099+0.022

Table 3. Statistical Difference of Mean g-factor, Maximum g-factor, and Artifact Power for the Two Orientations: LAD and RCA

Mean g-factor Maximum g-factor Artifact Power
12-element 32-element 12-element 32-element 12-element 32-element
P = 0.0069 P = 0.028 NS NS NS NS

NS: Not Significant
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{a} 12-Element Array

) 32-Element Array

Fig. 4. Coronary artery images
reconstructed using SENSE (R = 4]
and 3D MIP with: (Q) 12-element
array and (b} 32-element array.
Note increased SNR and improved
vessel delineation in () over (Q)

show the sufficient separation of spatial sensitivity
profiles along the phase encoding direction. The reason
the mean g-factor curve does not show the abrupt
change with the increase of reduction factors is due to
the averaging effect of the mean g-factor values over
the ROI. The comparison of the maximum g-factors
between the two coil arrays is highly dependent on the
ROI, since the hotspots of the g-factor map varies
spatially. To reduce the effect of the selection of ROI
on the maximum g-factor, the ROI diameter was
chosen large enough around the coronary arteries in
the image.

The mean g-factor comparisons between the two
coronary artery orientations shows that LAD is more
favorable than RCA for parallel imaging with the
current coil configurations. However, the two
orientations presents nearly the same level of hotspots
(maximum g-factor) in the g-factor map where the

SENSE inversion is highly ill conditioned. It is because
the number of coil elements is insufficient along the
phase encoding direction as compared to the
acceleration factor. If the g-factor rises, AP increases.
The calculation of AP in the image domain is highly
weighted in the high g-factor region, and has an
averaging effect over the ROL As a result, the AP curve
in Figure 3c follows the mixed trend of both the
maximum and mean g-factor curves.

Although the fully acquired data was decimated for
the simulation of the parallel reconstruction in this
work, it is expected that the motion-induced artifacts
will be more reduced when the acceleration is applied
in the clinical experiments, especially in the cardiac
imaging, where the better spatial resolution can be
achieved if the same imaging time is maintained.

In conclusion, parallel imaging with the 32-element
surface coil array can provide acceptable SNR as well
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as sufficient artifact and noise suppression for highly
accelerated coronary MRA. The resulting acceleration
may be exploited for either improving spatial resolution
or enhancing 3D volume coverage.
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