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Abstract: An 8-channel planar phased array was proposed based on the common-mode differential-mode
(CMDM) structure for ultrahigh field MRI. The parallel imaging performance of the 8-channel CMDM
planar array was numerically investigated based on electromagnetic simulations and Cartesian sensitivity
encoding (SENSE) reconstruction. The signal-to-noise ratio (SNR) of multichannel images combined using
root-sum-of-squares (rSoS) and covariance weighted root-sum-of-squares (Cov-rSoS) at various reduction
factors were compared between 8-channel CMDM array and 4-channel CM and DM array. The results of
the study indicated the 8-channel CMDM array excelled the 4-channel CM and DM in SNR. The g-factor
maps and artifact power were calculated to evaluate parallel imaging performance of the proposed 8-channel
CMDM array. The artifact power of 8-channel CMDM array was reduced dramatically compared with the
4-channel CM and DM arrays demonstrating the parallel imaging feasibility of the CMDM array.
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Introduction independent multichannel receivers with different sensitivity

Parallel imaging techniques (1-4) using array coils and distribution are demanded to acquire signals simultaneously.

multichannel receivers (5) in the past decade provide The conventional MRI phased arrays with loop structured

resonant elements were developed and investigated in

an effective approach to reduce scan time of magnetic
previous studies (10-14). Some other types of multichannel

resonance imaging (MRI). In parallel imaging, the

acquisition time can be dramatically reduced by exploiting
the variations in the sensitivity patterns of different
elements in an array coil in order to replace some of the
spatial encoding normally accomplished by using magnetic
field gradients. Numerous data acquisition and image
reconstruction strategies have been proposed and adopted
for clinical applications in high field MRI such as real time
cardiovascular imaging, functional MRI, and contrast-
enhanced MR studies (6-9).

In order to perform the parallel imaging techniques,
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receivers were also proposed, such as saddle structure (15)
and volume strip arrays (16). It has been demonstrated
that high and ultrahigh magnetic fields are fundamentally
advantageous in in vivo MR applications due to their
inherently high signal-to-noise ratio (SNR), and thus high
spatial and spectral resolution (17-20). At high and ultrahigh
fields, the interactions between the EM fields and biological
samples become distinct. This results in tissue-specific
perturbations of EM field patterns, requiring appropriate
RF coil designs to improve image quality and to avoid
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Figure 1 Schematic and design layout of the 8-channel CMDM transceiver array and the feeding system. (A) Configuration of the 8-channel
CMDM array; (B) The numerical model. The blue box indicates the phantom. The box with red dotted line indicates the FOV. The box
with yellow dotted line indicates the ROI. CMDM, common-mode differential-mode; FOV, field of view; ROI, region of interesting.

adverse effects in patients. RF coil and coil array designs
using microstrip transmission lines were proposed to address
the high field RF challenges and electromagnetic coupling
issues. Based on the microstrip transmission line theory, the
microstrip surface coils were developed at the ultrahigh field
of 7T (21,22), which provides the capability of developing a
variety of coils such as volume coils (23,24) and phased array
coils (25-28). Subsequently, common-mode differential-
mode (CMDM) coils implemented by using microstrip
transmission line for double-tuned volume coils at 7T
were developed (29), showing the capability of intrinsical
decoupling between common mode and differential mode
resulting from their orthogonal field distribution. Recently,
the non-array planar transceiver coil using CMDM method
proposed and tested for 7T MR imaging (30), demonstrating
high quality factors, high frequency operation capability
and high efficiency. The study also suggested that the planar
CMDM coil could be a good candidate for design blocks in
multichannel RF coil arrays.
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In this work, an 8-channel phased array was based on
the planar CMDM coil for ultrahigh field MRI. Numerical
simulation was performed to investigate electromagnetic
field distribution of the CMDM planar phased array.
The image of each channel was calculated based on the
simulation results. The combined image of the 8-channel
CMDM array was obtained by using root-sum-of-squares
(rSoS) and covariance weighted root-sum-of-squares
(Cov-rSoS) (31). The Cartesian SENSE was employed
to investigate imaging acceleration capability. SNR maps,
g-factor maps and artifact power at various reduction
factors were calculated to evaluate the parallel imaging
performance of the proposed array.

Materials and methods

The proposed 8-channel CMDM array consisted of four
CMDM blocks as shown in Figure 1. For each CMDM
block, the width and length of the block were W, =43 mm
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and L, =94 mm respectively. The width and length of the
DM driving loop were W, =26 mm and L, =39 mm. The
thickness H, width W and length L of the substrate were
12.7, 120 and 223.05 mm respectively. The gap G between
adjacent CMDM blocks was 6.35 mm. The width of the
copper strips of the driving loops and CMDM blocks were
1.6 and 6.35 mm, respectively. The cubic phantom with
75x75x268 mm’ at 10 mm distance from the top of the
substrate was filled with water (g, =78, p, =0.99, 6 =1.59 S/m).

Numerical method for full-wave 3D electromagnetic
analysis was used to simulate the electromagnetic field
distribution of the 8-channel CMDM array. The infinite
space was truncated by the perfect matched layers (PML).
The distance between the PML and the model was set
to 100 mm in all directions. Four layers of PML were
exploited to mimic infinite space. Total mesh number of
the model was 858,000 with adaptive mesh discretization.
The 8-channel CMDM array was tuned to 298 MHz by
capacitor C.,, =91 pF for four CMDM blocks, which
corresponds to the proton Larmor frequency at 7T. The
value of the capacitor C,,, was 2.2 pF for CMDM_1 and
CMDM_4, and 2.5 pF for CMDM_2 and CMDM_3. The
value of tune capacitor Cg,. for four CMDM blocks was
in turn from left to right 1.1, 1.2, 1.2 and 1.0 pF as shown
in Figure 1. Eight ports of the array were excited separately
by the same RF pulse with equal amplitude and phase. The
excitation was set to be current source with input power of
1 W. The electromagnetic field distribution of each channel
was acquired for array performance investigation.

Neglecting the effects of the relaxation and susceptibility,
the receiving signal intensity S of the gradient echo (GRE)
sequence can be written as (32-34):

S oc Wsin(yt - V(B! |(B;)"

B,

(1]

where W is the water content in the voxel, y and 1 are the
magnetogyric ratio and the duration, respectively. B; and B;
are the left-handed rotating field and right-handed rotating
field, which correspond to transmit field and receive field of
RF coil, respectively. The V is a variable and proportional
to coil driving voltage in a given experiment, and thus
proportional to flip angle. Assuming that the excitation field
was homogenous, the [B"| is used to approach the image
intensity according to Eq. [1]. For 8-channel CMDM array,
the image intensity of each channel is calculated separately
based on the B; distribution of each channel.

Two reconstruction methods, rSoS and Cov-rSoS, were
employed to generate combined image of the 8-channel
CMDM array. Let C and S denote the coil sensitivity
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vector and aliased image vector respectively. The general
expressions of rSoS and Cov-rSoS were described as (31):
c's
2
e (2]
Icov—rSoS — " 3
c'y'c Bl
where ¥ denoted the noise covariance matrix, which was
calculated by the electric field in phantom as (5):

‘I’,/ :.[(Y (r)E[(r)o E? (r)dV [4]

1508 —

where o(r) was the conductivity, E,(») was the electric
field excited by the i-th excitation port, the superscript H
indicated conjugate (Hermitian) transpose. If C equaled to S,
then

IrS(\S — SHS [5]

ICUV-TSUS — Sll\l’-ls [6]
For the above combination methods, the image SNR was
given by:
S
S"ws

SNRe5 = sy ls [8]
In order to evaluate parallel imaging performance of the
8-channel CMDM array, SENSE method was utilized for
imaging acceleration. The image intensity of each channel
was transformed into k-space as full k-space data. Then,
full k-space data were under-sampled by different reduction

SNR SoS _

(7]

factors. A non-aliased full-FOV image can be obtained
through eight aliased images by implementing the SENSE
method [PULSAR toolbox (35)].

When the reduction factor R was 1, the image
reconstructed in SENSE was degenerated into Cov-rSoS
image, which was an accurate reconstruction image and
considered as a reference image in reconstruction error
estimation. The SNR for SENSE reconstruction was
calculated by:
where R and g were reduction factor and g-factor map,
respectively. And SNR™ denoted the SNR of full k-space
image. SNR™ was replaced by SNR™* and SNR“""** in
this study.

"The artifact power was used to evaluate the reconstruction
error of different reduction factors R. The image of Cov-
rSoS reconstruction was considered as reference image. The

SNR reduce —

construction error was evaluated by L,-norm in simulations.
The artifact power (AP) was defined as:
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Figure 2 The maps of the B, field excited by each port in the 8-channel CMDM array. Rows 1-2 illustrate the B, field distributions of
four different CMDM elements in the 8-channel array, which correspond to four different CM channels (upper row) and four different DM

channels (lower row). CMDM, common-mode differential-mode.
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Figure 3 The image and reconstruction error of SENSE at various reduction factor for 8-channel CMDM array. The top row demonstrated

the image corresponding to reduction factor R =1, 2, 4. The bottom row displayed the L, norm error between SENSE reconstruction images

and Cov-rSoS images for reduction factor R =2, 4. SENSE, sensitivity encoding; CMDM, common-mode differential-mode.
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Results

The simulated distribution B; excited by each channel
separately in transverse plane of the 8-channel CMDM
array was shown in Figure 2. The SENSE reconstruction
images for 8-channel CMDM array at various reduction
factor R were displayed in Figure 3. When reduction
factor R =1, the SENSE reconstruction degenerated into
Cov-rSoS. For comparisons, the SENSE reconstruction
images and corresponding error for 4-channel CM and
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DM were also given in Figures 4,5, respectively. The
SENSE reconstruction images with reduction factor R =2
were almost the same as Cov-rSoS image. The images of
8-channel CMDM array provided better penetration and
coverage than the 4-channel CM array and DM array.

The SNR maps for SENSE reconstruction at various
reduction factors were demonstrated in Figures 6-8. Figure 6
showed that SNR of 8-channel CMDM array for rSoS and
Cov-rSoS reconstruction with R =1, 2, 4. Similarly, the Figures
7,8 displayed that SNR maps of 4-channel CM and DM with
R =1, 2, 4. The results demonstrated that 8-channel CMDM
array for Cov-rSoS reconstruction with R =1 provided the
highest SNR than others. The SNR performance of the
8-channel CMDM array with different reduction factors was
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Figure 4 The image and reconstruction error of SENSE at various reduction factor for 4-channel CM array. The top row demonstrates
the image corresponding to reduction factor R =1, 2, 4. The bottom row displays the L, error between reconstruction images and Cov-
rSoS images for reduction factor R =2, 4. CM, common-mode; SENSE, sensitivity encoding; Cov-rSoS, covariance weighted root-sum-of-

squares.
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Figure 5 The image and reconstruction error of SENSE at various reduction factor for 4-channel DM array. The top row demonstrates the
image corresponding to reduction factor R =1, 2, 4. The bottom row displays the L, error between reconstruction images and covariance
weighted root-sum-of-squares for reduction factor R =2, 4. SENSE, sensitivity encoding; DM, differential-mode.

0.01

0.008
0.006
0.004

0.002

Figure 6 The SNR maps of SENSE reconstruction for 8-channel CMDM array. The top row demonstrates the SNR maps with SNR™*® as
SNR™ corresponding to reduction factor R =1, 2, 4. The bottom row demonstrates the SNR maps with SNR“** as SNR™" corresponding to
reduction factor R =1, 2, 4. SNR, signal-to-noise ratio; SENSE, sensitivity encoding; CMDM, common-mode differential-mode.
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Figure 7 The SNR maps of SENSE reconstruction for 4-channel DM array. The top row demonstrates the SNR maps with SNR™* as SNR™"
corresponding to reduction factor R =1, 2, 4. The bottom row demonstrates the SNR maps with SNR“** a5 SNR™" corresponding to reduction

factor R =1, 2, 4. SNR, signal-to-noise ratio; SENSE, sensitivity encoding; DM, differential-mode.
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Figure 8 The SNR maps of SENSE reconstruction for 4-channel CM array. The top row demonstrates the SNR maps with SNR™* as SNR™"
corresponding to reduction factor R =1, 2, 4. The bottom row demonstrates the SNR maps with SNR“"* as SNR™ corresponding to reduction

factor R =1, 2, 4. SNR, signal-to-noise ratio; SENSE, sensitivity encoding; CM, common-mode.
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Figure 9 The 1/g-factor maps of SENSE reconstruction

corresponding to reduction factor R =2, 4 for 8-channel CMDM
array in ROI as shown in Figure 1B. CMDM, common-mode
differential-mode; ROI, region of interesting; SENSE, sensitivity

encoding.

better than the 4-channel CM and DM array.
The g-factor for SENSE reconstruction was calculated.

The means of g-factor in ROI corresponding to reduction
factor R =2, 4 were 1.4355 and 3.3757, respectively. While
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the maximum of g-factor in ROI corresponding to reduction
factor R =2, 4 were 2.408 and 11.6621, respectively. The
1/g-factor maps for SENSE reconstruction at various
reduction factors for 8-channel CMDM array were shown
in Figure 9. The ROI was selected as shown in Figure 1B.

Finally, the artifact power of SENSE reconstruction
for the 8-channel was considered according to Eq. [10]. In
Table 1, the artifact power was given for 8-channel CMDM,
4-channel CM, 4-channel DM with various reduction
factors. The artifact power of 4-channel CM array was
approximately equal to the 4-channel DM array. The
artifact power of 8-channel CMDM array was reduced
compared with 4-channel CM and DM array.

Discussion and conclusions

In this study, rSoS and Cov-rSoS are employed to combine

Quant Imaging Med Surg 2014;4(1):33-42
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Table 1 The artifact power for CMDM array (no Gaussian white
noise added)

Reduction factor 2 4

4-ch CM 3.5736x10™ 8.552x10™
4-ch DM 2.4009%x10™ 8.674x10™
8-ch CMDM 9.1262x10°° 7.652x10°°

CM, common-mode; DM, differential-mode; CMDM, com-
mon-mode differential-mode.

Figure 10 Transmit field distribution of each channel of the
proposed 8-channel CMDM array. CMDM, common-mode

differential-mode.

/

x107
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Figure 11 The combined transmit field distribution of the proposed
8-channel CMDM array. CMDM, common-mode differential-mode.

the images of 8-channel CMDM array. According to the
SNR of combined images in the simulation, Cov-rSoS is
superior to rSoS, taking into account the correlated noise
among channels.

The reconstructed images acquired using 8-channel
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CMDM array is compared with that acquired from
4-channel CM and DM array. The SNR of 8-channel
CMDM array at various reduction factors is better than
the 4-channel CM and DM array. In addition, parallel
imaging performance of 8-channel CMDM array based
on simulation has been evaluated. The artifact power of
8-channel CMDM array is less than the 4-channel CM and
DM array. These indicate the parallel imaging feasibility
and better performance of the 8-channel CMDM array.

Practically, the excitation field is not homogeneous at
7'T. RF shimming can be employed to eliminate or decrease
inhomogeneity of excitation field. Therefore the signal
intensity is strongly related to the RF shimming strategies.
In this work, in order to focus on the parallel imaging
performance evaluation of the proposed array, we only used
the B; in the simulation, which is not indicated the transmit
field is homogenous. In our simulation, the transmit field
of each channel of the proposed 8-channel CMDM array is
shown in Figure 10. The combined transmit field is shown
in Figure 11.

In the simulation experiments, there is no noise adding
into each channel. The error is zero when reduction factor
R is equal to 1. Since the g-factor values demonstrate the
noise increase caused by the SENSE reconstruction, it is
possible to achieve lower artifact power while the g-factors
are high. In order to investigate the artifact power in images
with noise, we add Gaussian white noise into image of
each channel. The Gaussian white noise of each channel is
random and independent from other channels. The signal
intensity of the images of each channel is approximate to
5x107. We add Gaussian white noise with mean values
equal to 0 and standard deviation is 5x10™° and 1x10™
respectively. The SNR maps of Cov-rSoS combination and
AP at various reduction factors are shown in Figures 12,13
and Tables 2,3. The AP and SNR variation at different noise
level could be demonstrated.

When the covariance weighted root-sum-of-squares (Cov-
rSoS) were employed to combine images of the 8-channel
CMDM array in simulation, coupling of each channel was
partially compensated by the Cov-rSoS reconstruction
method. This is agreed with the result in references
(36,37). In practice, the preamplifier decoupling could
also be used to further reduce the coupling between the
elements. For array fabrication, several decoupling methods
such as adjusting the gaps between the adjacent CMDM
block, magnetic wall (or metamaterial) decoupling (38)
and resonant inductive decoupling (39) might be employed
to further reduce the coupling of each channel. Future work

Quant Imaging Med Surg 2014;4(1):33-42
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0.01

R=4

Figure 12 SNR maps of the arrays by Cov-rSoS reconstruction with Gaussian noise [(mean =0, std =5x10"%)]. Left, 8-ch CMDM; Middle, 4-ch
DM,; Right, 4-ch CM. SNR, signal-to-noise ratio, CMDM, common-mode differential-mode; Cov-rSoS, covariance weighted root-sum-of-

squares.
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Figure 13 SNR maps of the arrays by Cov-rSoS reconstruction with Gaussian noise [(mean =0, std =1x10”)]. Left, 8-ch CMDM; Middle, 4-ch
DM; Right, 4-ch CM. SNR, signal-to-noise ratio, CMDM, common-mode differential-mode; Cov-rSoS, covariance weighted root-sum-of-

squares.

Table 2 The artifact power for CMDM array (mean =0,
std =5x10°°)

Table 3 The artifact power for CMDM array (mean =0,
std =1x107°)

Reduction factor 2 4 Reduction factor 2 4

4-ch CM 4.715x10 1.0892 4-ch CM 1.4177x10™ 9.507x10™"
4-ch DM 3.322x107° 9.592x10™ 4-ch DM 1.8005x10™ 9.601x10™
8-ch CMDM 3.843x10™° 5.923x107° 8-ch CMDM 8.7970x107° 7.104x107°

CM, common-mode; DM, differential-mode; CMDM, com-
mon-mode differential-mode.

includes evaluating the parallel imaging performance of these
arrays and decoupling methods with 7 vive experiments.
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