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Abstract

Magnetic resonance imaging (MRI) can provide clinically-valuable images for hepatic diseases
and has become one of the most promising noninvasive methods in evaluating liver lesions. To
facilitate the ultrahigh field human liver MRI, in this work, the RF penetration behavior in the
conductive and high dielectric human body at the ultrahigh field of 7 Tesla (7T) is investigated
and evaluated using the finite-difference time-domain numerical analysis. The study shows that in
brain imaging at the ultrahigh field of 7T, the “dielectric resonance” effect dominates among other
factors, resulting in improved B4 penetration; while in liver imaging, due to its irregular geometry
of the liver, the “dielectric resonance” effect is not readily to be established, leading to a reduced
B4 penetration or limited image coverage comparing to that in the brain. Therefore, it is necessary
to build a large size coil to have deeper penetration to image human liver although the coil design
may become more challenging due to the required high frequency. Based on this study, a bisected
microstrip coil operating at 300 MHz range is designed and constructed. Three-dimensional in
vivo liver images in axial, sagittal and coronal orientations are then acquired from healthy
volunteers using this dedicated RF coil on a 7T whole body MR scanner.
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l. INTRODUCTION

Magnetic resonance imaging (MRI) has become one of the most promising noninvasive
methods in evaluating the liver under normal and diseased conditions (1-9). Clinically-
valuable images could be obtained using T1 or T2 weighted imaging techniques, which
increase the contrast between normal hepatic parenchyma and liver lesion. The 3D gradient-
echo sequence and fast spin-echo sequence (10) have been applied to liver imaging, which
achieved higher spatial resolution than that in conventional 2D sequences (1, 2). To
accelerate the acquisition, parallel imaging (11-17) has been utilized to reduce the imaging
time for both breath-hold sequences and respiratory-triggered sequences for 1.5T liver
imaging (9). However, tradeoffs must be made between the signal-to-noise ratio (SNR) and
acceleration factor. An effective way to improve the SNR is to use high field MRI because
the SNR increases with the field strength. This high SNR advantage has been demonstrated
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by high field in vivo liver imaging and abdominal imaging at 3T, although some artifacts
and technical challenges exist (4, 7).

In recent years, high and ultrahigh field such as 7T has shown its inherent ability to improve
the SNR (18-27). Human head imaging (28-37), prostate imaging (38, 39), spine imaging
(40-42), and liver imaging (43, 44) have been investigated at 7T and have demonstrated
high quality images. It is expected that with ultrahigh field liver imaging, better SNR can be
achieved so that high resolution images become possible. Moreover, liver images with
breath-hold can be acquired using very short echo time (TE), which is able to shorten the
scan time and reduce motion artifacts. Furthermore, the susceptibility effect becomes more
prominent with the increase of the field strength (45), which makes the detection and
quantification of hepatic iron store (46) more effective in susceptibility weighted imaging.
These expected advantages make ultrahigh field liver imaging interesting and worthy of
investigating.

However, transferring liver protocols to high and ultrahigh fields faces many technical
challenges and practical difficulties. The RF penetration in human liver at high frequency
becomes more subject to the electromagnetic properties and geometry of the tissue. This
problem is more pronounced with the increase of the field strength, presenting great
challenges in both RF coil design and sequence design for human liver imaging at high
fields. In this study, the finite-difference time-domain (FDTD) method was applied to
analyze the RF field penetration behavior of an 8-cm diameter surface coil which is a
common coil type used in human magnetic resonance (MR) imaging. Although such sized
coils have less design challenges and can be readily designed and constructed using
conventional lumped element method for 7T imaging, the numerical study demonstrates that
these coils show limitations in imaging coverage and RF penetration in human liver
imaging. It is known that increasing coil size can generally enlarge imaging coverage.
However, due to the increased inductance and the required high frequency, it is challenging
to design large RF coils for ultrahigh field MR applications. To address these technical
issues in liver imaging at 7T, a high frequency, large-sized microstrip transceiver coil (47—
52) with bisection scheme was designed and constructed for improved MR signal excitation
and reception. Using the microstrip coil, preliminary in vivo liver images were acquired
from healthy volunteers using a steady state free precession (SSFP) sequence on a whole
body 7T MR scanner.

IIl. MATERIALS AND METHODS

Evaluation of Surface Coil Penetration for Human Liver and Brain at 300 MHz

Surface coils have high SNR in the area near the coil; however, the SNR decreases with the
increase of the distance away from the coil. Therefore, the coil penetration, which describes
the available SNR at a deep distance, becomes an important issue in evaluating the coil
performance. In human imaging studies, different human body tissues have different
geometries and electromagnetic properties, leading to different RF field distribution when
using the same coil. At high and ultrahigh fields, the RF shielding effect may become a
factor, which affects the RF field penetration into the conductive human body. The shielding
effect in homogeneous samples can be theoretically described by the skin depth:

2

wuo

where the o, u, o denote the angular frequency, permeability constant, and conductivity
constant respectively. This equation shows that the RF penetration inside a conductive
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sample is inversely proportional to the square root of the sample conductivity and the
operation frequency. It is worth noting that the behavior on skin depth of the heterogenous
human tissues is more complicated than the homogeneous materials. Although Eq. [1]
(which is more accurate for good conductors) can reflect the shielding effect for conductive
materials/tissues, it may not be able to give a quantitatively meaningful result of RF field
penetration in human tissues due to the complexity of heterogeneous tissues and their
surrounding environment. Another factor which affects the RF field distribution in a sample
is the so-called “dielectric resonance” effect. When a dielectric sample has a regular
geometry (e.g., sphere, cube, cylinder, rectangular cuboid, etc.) and its size is finite and
comparable or bigger than the wavelength of the operation frequency, the dielectric
resonance may be established in the sample. At ultrahigh fields, due to the high operation
frequency, the wavelength of the RF field usually becomes comparable with the size of
human body or organs. It is possible to establish “dielectric resonance” at certain degree in
high permittivity human samples if their geometry is regular or close to regular. This
“dielectric resonance” effect usually helps improve the RF penetration (53). To investigate
the image coverage and penetration behavior in liver imaging at 7T, numerical simulations
using FDTD method was performed to a surface coil with a high fidelity human whole body
model. Conventionally, bigger coils have deeper Bq penetration and image coverage. The
numerical calculations of the B4 field distributions of the RF coil model would be used to
guide the design and construction of the surface coil for the liver imaging in this work.

The software XFDTD6.4 (Remcom, State College) was used in the simulation studies. The
high fidelity human model provides detailed tissue structure in human head and abdomen,
including skin, yellow marrow, cortical bone, white matter, gray matter, CSF, fat, blood
vessel, and liver. The surface coil was modeled as a copper loop with 8 cm O.D. (outer
diameter) and 7 cm 1.D. (inner diameter). The selection of the coil size for the calculation
model was based on our imaging experience at ultrahigh field of 7T. Surface coils with 8-cm
diameter or less resonating at 300 MHz can be realized in a conventional approach without a
significant design effort. Two typical human samples—Iliver and brain—were used in the
simulation for comparison. Both liver and brain have similar conductivity, however, the
liver has an irregular geometry and relatively low permittivity while the brain has a
comparatively regular geometry and high permittivity (At 300 MHz, relative permittivity of
White matter: 43.8; Gray matter: 60; CSF: 72.7; Liver: 53.5). In the human liver simulation,
the coil model was placed above the liver and ~ 1 cm away from the abdomen, as shown in
Figures 1(a,c,e). In the human brain simulation, this coil model was placed behind the
occipital lobe and also ~ 1 cm away from the head, as shown in Figures 1(b,d,f). A current
source was utilized to generate a 300 MHz alternating current to ensure the RF pulse was at
300 MHz. The stop criteria for FDTD calculation is convergence to —40 dB. For both liver
and brain, transmission field B1+ and reception field B,— distributions were both simulated
and the signal intensity was calculated using the following equation (54):

IOCZ
N

where N is the total number of the voxels within the field of view (FOV); B+ and By~
denote the transmission field and reception field, respectively; y denotes the gyromagnetic
ratio. Wy, is the water content percentage of the nth voxel, and t is the excitation duration. V
is a normalization factor which is used to achieve the maximum signal at the nearest position
to the coil within the human body.

W,, sin(V YT)

+
Bln

Bl @

Concepts Magn Reson Part B Magn Reson Eng. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pang et al. Page 4

Microstrip Surface Coil Design

Based on the simulation analysis, it is necessary to build a large size coil to have deeper
penetration to image human liver although the design may face significant technical
challenges due to the required high frequency. A bisected microstrip surface coil was built to
detect the MR signal of human liver. As shown in Figure 2, the microstrip coil is circular
shaped with 12.5cm ID, 15.3cm OD, and 1.4 cm strip width. On one end of the coil a
capacitor (Dalicap, Dalian, China) with nominal capacitance of 2.7 pF was used as
termination. On the other end a variable capacitor (Voltronics, NMAP25HV) ranging from 1
to 25 pF acted as tuning capacitor. A fixed capacitor of 2.7 pF (Dalicap, Co) was used to
couple the two microstrip resonators. A nonmagnetic trimmer capacitor (Voltronics,
NMAP19HV) ranging from 1 to 19 pF served as impedance matching. The circular strip
conductor was built on the top of a square-shaped Teflon substrate with a relative low
permittivity of 2.1 and low loss-tangent of 0.0002, side length of 20 cm and thickness of half
inch. The relatively thick substrate of half inch is necessary to help increase the By
penetration so that the deep region of the liver can be imaged. The ground plane of the coil
was a single piece copper adhering to the bottom of the substrate. Bench test of this coil was
performed on an Agilent network analyzer.

Pulse Sequence and Imaging Parameters

In vivo experiments were performed on a GE whole body 7T scanner with maximum
gradient strength of 4 Gauss/cm and maximum slew rate of 15 Gauss/cm/ms. The subject
position was supine, entry was foot first and the surface coil was placed on the upright
position of liver. A SSFP sequence was used for imaging axial, sagittal and coronal slices of
human liver. For the axial and sagittal images, the imaging parameters were: Receiver
bandwidth = 31.25 kHz, FOV = 20 cm, slice thickness = 5 mm, slice spacing = 3 mm,
matrix = 256 x 128, phase FOV = 1, flip angle = 30°, TR =5 ms and TE = 1.32 ms, and
number of excitation = 1. For the coronal images, Receiver bandwidth = 23.4 kHz, FOV =
20cm, slice thickness =5 mm, slice spacing = 3 mm, matrix = 384 x 256, phase FOV =1,
flip angle = 30°, TR = 6 ms, TE = 1.64 ms, and number of excitation = 2. The phase
encoding direction is superior—inferior.

lll. RESULTS

Simulation of Coil Penetration in Human Liver and Brain

B;+ and By field distributions of both human liver and brain were simulated using the
FDTD method. The signal intensity of both the axial plane and sagittal plane were calculated
using the Eq. [2]. Figure 3(a,b) show the 2D signal intensity of the axial planes of the liver
and brain respectively. Figure 3(c) is their corresponding 1D plot of the signal intensity
along the dashed line indicated in Figure 3(a,b). At 10 cm away, the signal intensity
decreased to 8.8% in human brain phantom while decreased to 0.7% in liver phantom. It
clearly demonstrated that using the same 8 cm O.D. surface coil, the B; penetration was
fairly different when applied to different imaging objects. In the human liver whose
geometry was irregular, not close to any regular shapes that dielectric resonators usually
have, the dielectric resonance is not easy to be established. In the human brain that has a
comparatively regular geometry and high permittivity, dielectric resonance tends to happen,
helping improve the B field penetration.

Figure 4 shows the 2D views and 1D plots of the liver and brain signal intensity in the
sagittal plane. It is shown that at 10 cm away, the signal intensity decreases to 9.4% in the
brain phantom and to 0.7% in liver phantom. The obvious penetration difference again
demonstrated that different body tissues have different effects on coil penetration. Therefore,
it is necessary to design a coil with sufficient By penetration and image coverage to achieve
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a good human liver image at 7 Tesla. Based on the simulated B4 distribution of an 8-cm
surface coil in the liver shown in Figures 3 and 4, a coil with doubled diameter would be
needed to provide reasonable image coverage in liver imaging at 7T.

Bench Test of the Coil Performance

Based on the simulation and experience, a microstrip surface coil with 15.3 cm O.D. was
built for human liver imaging. The bench test result is shown in Figure 5. At 298.2 MHz, the
S11 parameter in the loaded case was able to reach —50 dB, showing excellent impedance
match. The unloaded and loaded Q factors were 330 and 40, respectively. This high Q ratio
indicates excellent coil loading efficiency. To reach deep penetration, a thick dielectric
substrate of 1/2 inch was used; therefore in the loaded case most power was delivered into
human body. By varying the capacitance of the tuning capacitor, the maximum and
minimum frequency could reach 315.3 and 230.5 MHz, respectively. This large frequency
tuning range of approximate 85 MHz would be very helpful in practice.

In Vivo Study of Human Liver

Axial, sagittal and coronal images of human liver were obtained using a SSFP sequence and
each imaging set was performed within a breath-hold with an acquisition time of up to 23 s.
The images are shown in Figures 6, 7, and 8, respectively. It can be seen that the coil has a
large penetration and nearly all the liver is covered. The image intensity decay profile on
each axial slice in Figure 6 was also plotted to illustrate the RF field attenuation with depth
to the coil. The simulation result of a 15.3 cm OD surface coil was also plotted in Figure
6(a) for comparison. It is shown that the image intensity decay profile of the simulated result
is similar to that of the MR images. Compared with Figure 3, the RF penetration was
obviously improved as expected. The SNR of each coronal slice is shown in Table 1. At
ultrahigh field the B1 variation and susceptibility become more pronounced, causing slight
frequency shifts within FOV. This off-resonance leads to some banding artifacts on the liver
images.

IV. DISCUSSION AND CONCLUSIONS

The feasibility of human liver imaging at 7T was investigated through theoretical analysis
and in vivo imaging experiments. The RF field penetration was investigated using the FDTD
method for an 8-cm surface coil, that is, a commonly-used coil type in human MRI. It was
shown that in human liver imaging at 7T, to achieve the same RF penetration as that in the
head at the same field strength the coil size should be larger than that used for head imaging
to compensate for the reduced RF penetration due to less dielectric resonance effect in the
liver. On the other hand, a large RF coil is potentially to decrease the achievable SNR.
Therefore, tradeoffs must be made to compromise between the image coverage and the
SNR. In our in vivo MRI experiments, a large size surface coil with 15.3 cm diameter using
microstrip technique was built and a SSFP sequence was utilized to acquire in vivo images
of human liver.

With the increased magnetic field strength, the effect of human body on the RF penetration
and image coverage becomes more obvious. From the FDTD simulation results, it was
observed that this effect in the liver and the brain is significantly different from each other.
In the liver which has relatively irregular geometry, the “dielectric resonance” is not easy to
be established to help the field penetration at ultrahigh frequency such as 300 MHz in this
application. This effect will restrict the detectable signals from the deep region of the
subjects, significantly decreasing the achievable coil penetration. In the brain, which has
relatively regular geometry (close to a sphere) and high permittivity, the dielectric resonance
becomes dominant at the ultrahigh frequency. This dielectric resonance mode helps to

Concepts Magn Reson Part B Magn Reson Eng. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pang et al.

Page 6

increase the SNR of the area far from the coil, leading to improved coil penetration. This is
part of the reason that at ultrahigh fields, B, generated by RF coils have good penetration in
brain imaging (53) while liver imaging usually suffers from the imaging coverage and
penetration problems (7).

In human liver imaging at ultrahigh fields, due to the requirement of large image coverage
and penetration, design of an efficient, large-sized RF coil operating at high frequency is
essential. The numerical calculation results suggest that an approximate 15-cm coil would be
required for human liver imaging at 7T. To build such a large surface coil with practical
frequency tuning capability for optimization of resonant frequency in different loading,
microstrip transmission line technique is more suitable than conventional lumped element
technique due to its proven advantages in high frequency capability, high Q factors and
broad frequency tuning range. Conventional lumped element design with split capacitors
shows technical difficulties and limitations to achieve the required high resonant frequency
and reasonable frequency tuning range in designing large size coils for 7T imaging. In the
proposed bisected microstrip surface coil design, the resonant frequency of this 15-cm coil
can readily achieve to the required 300 MHz range, and the frequency tuning range could
reach 85 MHz (from 230.5 to 315.3 MHz). Also, at 298.2 MHz, the Q factor can reach 40 in
the fully loaded case. The ratio of unloaded Q to loaded Q was better than 8, demonstrating
excellent loading efficiency.

By using the proposed bisected microstrip transceiver surface coil, preliminary study in
human liver imaging was investigated with the SSFP sequence at 7T. Axial, sagittal and
coronal images show that the coil has a good coverage in human liver imaging. With breath
holding, the motion artifacts were greatly reduced. This experiment demonstrated the
feasibility of human liver imaging at the ultrahigh field of 7T. Further investigations with
higher spatial resolution using optimized imaging parameters and sequences are now being
pursued.
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Figure 1.

XFDTD setup for RF penetration comparison between human liver and brain: (a) 3D view
of human liver; (b) 3D view of brain; (c) axial plane of liver; (d) axial plane of brain; ()
sagittal plane of liver; (f) sagittal plane of brain.
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Termination capacitors

Teflon as substrate

Figure 2.

Prototype of the capacitor terminated bisected microstrip surface coil for human liver
imaging at 7T. The bisection microstrip design helps increase the high frequency operation
capability for such a large-sized RF coil.
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Figure 3.

Simulation results of (a) 2D liver image and (b) 2D brain image of axial plane; (c) 1D plot
demonstrates the penetration of corresponding liver and brain images using the size same
coil. The geometry of the human liver is irregular, leading to apparent conductivity effect
which blocks the RF penetration; while the human brain is with comparatively regular
geometry and high permittivity, resulting in obvious dielectric resonance effect which helps
improve the RF penetration into the brain.
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Figure 4.

Simulation results of (a) liver image and (b) brain image of sagittal plane; (c) corresponding
1D plots show the penetration difference between liver and brain using the same size coil.
As illustrated in axial images, a deeper RF penetration in the brain is observed than that in
the liver.

Concepts Magn Reson Part B Magn Reson Eng. Author manuscript; available in PMC 2012 October 1.




1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Pang et al.

Page 14

-53,921 dB

+«— - 54dB

298.2MHz

Figure 5.
Bench test of S11 parameter of the proposed bisected microstrip surface coil: At 298.2 MHz

(proton Larmor frequency of our whole body 7T MR system), S11 could reach —54dB or
better, demonstrating the excellent impedance matching.
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(a) The simulated B1 penetration of a 15.3 cm surface coil shows similar signal intensity
decay profile as those from the MR images. Compared with Fig.3, the RF penetration was
obviously improved as expected. (b, c, d, e) 4 axial slices of healthy human liver at different
positions using the SSFP sequence. Imaging parameters: bandwidth = 31.25 kHz, FOV =
20cm, slice thickness = 5 mm, slice spacing = 3 mm, matrix = 256 x 128, phase FOV =1,
flip angle = 30°, TR =5 ms and TE = 1.32 ms, and number of excitation = 1. The 1D image
intensity decay profile on each axial slice was also plotted along the line across the MR
image to illustrate the RF field attenuation.
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Figure 7.

4 sagittal slices of healthy human liver at different positions using the SSFP sequence.
Imaging parameters: bandwidth = 31.25 kHz, FOV = 20cm, slice thickness =5 mm, slice
spacing = 3 mm, matrix = 256 x 128, phase FOV =1, flip angle = 30°, TR =5ms and TE =
1.32 ms, and number of excitation = 1.
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Figure 8.

8 coronal slices of healthy human liver at different positions (superior 5. 5 mm to 61. 5 mm)
using the SSFP sequence. Imaging parameters: bandwidth = 23.4 kHz, FOV = 20 cm, slice
thickness = 5 mm, slice spacing = 3 mm, matrix = 384 x 256, phase FOV = 1, flip angle =
30°, TR =6 ms and TE = 1.64 ms, and number of excitation = 2.
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