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mimicking the real scanning scenario. B: The 1-V, 50-Ω voltage feeds orientations in the XFdtd 
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direction, and 16 diagonal TD circuits applied to decouple neighboring coils in the diagonal 
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Figure 4-6. B1
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spaced across the simulated and in vivo heads. Within the same row, from left to right order, are 
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of each channel is relative to the 1st channel. In both simulation and experiment, each coil is fed 
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+ profiles of the RF shimmed homogeneous distributions for Ella 
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+ profiles for 
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ABSTRACT 

The recent FDA regulatory clearance for the 7 tesla Magnetic Resonance Imaging (MRI) system 

has led to increased interest in clinical ultra-high field (UHF) applications. However, to robustly 

achieve the expected increase in signal-to-noise ratio (SNR) at UHF, the radiofrequency (RF) 

challenges need to be met, namely, problems with higher RF power, worse B1
+ inhomogeneity 

(signal voids) and increased tissue dielectric properties at higher frequency, all of which usually 

results in increased specific absorption rate (SAR). The parallel transmission (pTx) techniques are 

generally accepted as a realistic solution, providing improvement in the B1
+ homogeneity with 

good RF efficiency while reducing peak local SAR. We designed a hybrid circuit-spatial domain 

optimization to accelerate the design of a double row pTx head coil. The method predicted 

consistent coil scattering parameters, component values and B1
+ field. RF shimming of the 

calculated field maps matched in vivo performance. To further increase the B1
+ homogeneity in 

tissue, we added high dielectric material (HPM) pads near the coil, as the displacement currents in 

the HPM induced secondary B1
+ in tissue. This raises a RF safety question of how to monitor 

millions of local SAR (complex valued Q-matrix) in the tissue voxels, for any weightings (forward 

voltages) applied to the pTx system. We implemented VOPs based on singular value 

decomposition to compress the Q-matrices with a compression ratio >100, effectively monitoring 

the maximum peak local SAR values at given weighting amplitudes. 
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 INTRODUCTION 

There are around 60 ultra-high field human magnetic resonance imaging (MRI) scanners 

installed worldwide, with static magnetic field strengths of 7 to 12 tesla (1). At present, the highest 

resolution for brain imaging at 7T is about 200 μm. In the near future, ultra-high field MRI is 

expected to improve the resolution of in vivo imaging to less than 100 μm with 14 tesla scanners, 

and this will largely enhance human brain structure and functional research. For example, the 

specificity, sensitivity, and contrast of  blood oxygenation level dependent (BOLD) signal from 

the human visual cortex using an echo planar imaging (EPI) sequence at 7 tesla is improved 

compared to 4 tesla, because the shorter T2
* in cortex can be approached at high static B0 field (2). 

However, in ultra-high magnetic field, the radiofrequency (RF) magnetic field B1 wavelengths in 

tissue are reduced to 9 cm, which causes destructive interference and leads to inhomogeneity in 

the B1 field (3,4). From a hardware perspective, to move beyond 12 tesla brain scanning, efforts 

are necessary to develop better superconductors that can carry supercurrents for high field, gradient 

coils that can operate at high gradient strength, high-order spatial B0 shim coils, and 

transmit/receive coil arrays that minimize the specific absorption rate (SAR) at ultra-high field 

strengths. Loop coils are fundamental to most RF coil designs used for MRI, including parallel 

array coils. The desired configuration of loop coils can be explored through computational 

modeling, such as full-wave electromagnetic (EM) simulation. While EM simulation is a powerful 

tool for refining a coil design, it is also the basis for ensuring transmit coils meets safety 

requirements, presently controlled by limits on SAR (5,6). The frequency tuning makes the coil 

resonant at the Larmor frequency and provides uniform current in magnitude and phase around the 

loop. Impedance matching provides the minimum reflection loss and delivers the maximum power 

possible to the resonant coil. Both tuning and matching are instrumental for the physical operation 

of transmit RF coils, but their role in coil modeling is not as well established. We will discuss EM 

simulation of loop coil using standard matching and tuning procedures in Chapter 2.  

The application of EM simulations using realistic breast models to facilitate breast MRI 

imaging will be discussed in Chapter 3. Breast cancer is the most diagnosed cancer and leads to 

the highest death rate among women in the United States. In 2016, roughly 246,660 new incidences 

of breast cancer were diagnosed, corresponding to 29% of all new cancer cases, while breast cancer 

caused 40,450 deaths, equaling 14% of all cancers deaths (7). Compared to other imaging 
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modalities, MRI offers high sensitivity for breast cancer detection (8,9) and is commonly indicated 

for screening high-risk subjects, e.g., women with familial history, genetic predisposition, 

significant chest radiation history, or lobular cancer (10–13). Furthermore, owing to superior 

contrast between tumor and fibroglandular tissue, MRI has been reported to improve sensitivity 

within dense breasts (14,15), i.e., those clinically classified as heterogeneous or extreme 

fibroglandular tissue according to the American College of Radiology Breast Imaging Reporting 

and Data System (BI-RADS) Atlas (16). The increased signal-to-noise ratio at 7 T enhances both 

temporal and spatial resolutions of dynamic contrast-enhanced breast MRI, thus improving 

sensitivity; the diagnostic specificity of breast MRI may be extended by using supplementary 

techniques including diffusion-weighted MRI and magnetic resonance spectroscopy, which also 

have improved performance at 7 T (17–19). However, RF power deposition—quantified with 

respect to tissue mass as SAR—must be well characterized, particularly at high fields. Both the 

U.S. Food and Drug Administration (FDA) and the International Electrotechnical Commission 

(IEC) include SAR as a criterion for assessing significant risk in MRI devices (20,21). The 

IEC60601-2-33 standard specifies SAR limits and temperature limits at normal operating mode 

and first-level controlled operating modes, while second-level controlled operating mode requires 

SAR limits be specifically approved by an appropriate investigational review board. For a volume 

transmit coil at normal operating mode, the partial body SAR limit is 2-10 W/kg (determined by 

the ratio of exposed patent mass to patient mass), and the maximum local temperature limit is 

39 °C. For a local transmit coil at normal operating mode, the local SAR (10-g averaged SAR) 

limit is 10 W/kg for trunk and 20 W/kg for extremities, and temperature constraints are the same 

as for a volume transmit coil.  

The parallel transmission (pTx) coils, made by individually voltage-driving loops, are 

generally accepted as a realistic solution (5,22–25), providing improvement in the 𝐵1
+

 spatial 

homogeneity with good RF efficiency while reducing peak local SAR (26,27). In the development 

of such pTx coils, the need for accurate EM simulations for RF safety and performance design is 

evident. Over the past several years, the state-of-the-art for design and simulation of such coil 

arrays has advanced, e.g., Kozlov and Turner (28) described the circuit-domain co-simulation 

strategy to use the S-parameters from a single EM simulation with RF circuit analysis for coil 

tuning and matching thereby saving significant time. More specifically, Zhang (29) and Lemdiasov 

(30) described calculation of a closed-form S-parameter matrix to accomplish these simulations. 
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These methods have been used to improve the prediction of local SAR in pTx coils (26,31) at 3 T, 

7 T (32) and 10.5 T (33). We will discuss the EM simulation of a pTx head coil at 7T using a novel 

co-simulation method in Chapter 4.  

Monitoring the global SAR is important for multi-channel transceivers that are tailored via 

RF shimming to increase RF homogeneity over regions of interest (ROIs). To meet the IEC 

(International Electrotechnical Commission) standards, the VOPs (Virtual Observation Points) 

compress the local SAR matrices (10-g average Q matrices) to a smaller set of data that ensures 

all the local SAR values are upper bounded by the IEC local SAR limits. The ability to generate 

differing transmit RF distributions is an important aspect of multi-coil arrays. At ultra-high field, 

such distributions have been developed for RF-based selective regional excitation (5), which has 

been particularly relevant for MR spectroscopic imaging and the needed suppression of 

extracranial signal. Relatively small set of VOPs are used to upper bound the 10-g Q matrices to 

compliance with the IEC local SAR limits. The upper bound is the VOP matrices’ magnitude, and 

it is controlled by user-input overestimation rate. In Chapter 5, we will show the effectiveness of 

VOPs implemented with different human models and user-input overestimation. In addition, we 

will investigate the VOP loci spatial locations relative to the local SAR distribution. High 

permittivity materials (HPM) have high relative permittivity (ԑ𝑟 > 100) and have been shown in 

applications of human body or head imaging to increase the RF efficiency when used in 

combination with single loop or birdcage RF coils (34–36). The HPM applications in pTx coil 

usage is rare, and the S parameters and VOPs of HPM are not well studied. In Chapter 5, we 

present an EM simulation study of the pTx coil performance on human model wearing a HPM 

head former.  
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 EM SIMULATION OF LOOP COILS AND BENCH MEASUREMENT 

2.1 The effects of matching and tuning on loop coil currents in FDTD simulation 

In coil simulations, matching is often considered a tedious effort and deemed unnecessary 

(37). Normally the physical matching circuit is boxed or placed orthogonal to the coil planar 

surface, and its EM coupling with the coil can be neglected (38). In this study we find the matching 

circuit can affect the current’s phase and magnitude in the coil, and a well-matched coil can also 

increase the spatial focus of transmit efficiency distribution. Transmit B1
+

 phase maps are coupled 

with the current phase in the coil. In parallel transmit array coils, B1
+ shimming of the phase of 

individual coils can create desired B1
+ interference in the imaging subjects (5). Neglecting to model 

the matching circuit can lead to incorrect B1
+ phase maps of individual coils, and thus cause 

incorrect distribution of the transmitted B1
+ map superimposed from all coil elements. This issue 

is more critical in ultra-high field simulation, due to the shorter wavelength of the B1
+ field. 

Modeling a coil transmit efficiency (𝐵1
+/√𝑃𝑖𝑛) distribution close to the empirical coil transmit 

efficiency is important (39). Transmit B1
+ produces a tip angle, and it is proportional to the SNR 

for small tip angle. More importantly, the SAR is proportional to 𝐸2 and 𝐵1
2. At a given input 

power (𝑃𝑖𝑛), a realistic transmit efficiency improves the safety characterization of the SAR in tissue. 

2.1.1 Simulation of a loop coil 

We used a commercial full-wave EM simulation software package (XFdtd 7.7.0, Remcom, 

State College, PA) running on two NVIDIA Quadro K5200 GPU cards. A primary consideration 

in a conventional RF coil design is the quantity of breaks for discretely distributing capacitance. 

The value of each discrete capacitor is chosen to optimize the uniformity of the current distribution 

around the coil, facilitating a uniform B1
+ field. The inductive reactance of each coil segment 

should be offset by the reactance of the adjoining discrete capacitor (40). Unnecessarily short 

segmentation decreases the coil Q-factor owing to the increased equivalent series resistance of 

additional capacitors and the relatively higher resistivity of solder compared to the primary coil 

conductor. In contrast, excessively long segments produce phase shifts that lead to destructive B1
+ 

interferences and undesired radiation losses. The coil used in this study is a 12-break loop coil, 

shown in Figure 2-1-(c); limiting each coil segment length to roughly λ/16 has been shown 
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effective at minimizing phase shifts (41) and is generally considered a rule-of-thumb. This length 

translates to about 6 cm at 7T. A phantom slab with conductivity of 0.55 S/m and relative 

permittivity of 80 is placed 1 cm away from the coil surface. A PEC (perfect electrical conductor) 

sheet is placed 4.5 cm away from the coil, acting as an RF shield.   

  

Figure 2-1. The balanced L-network (a) is made by an inductor of 19.2 nH and two 18.8 

pF capacitors. The unbalanced L-network (b) is made by an inductor of 19.2 nH and one 

9.4 pF capacitor. (c) For the loop coil with 12 gaps, the current source is inserted in the 

feed. 
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Coil tuning approaches 

For simulating 7T MRI, the goal is to tune the 12-break loop coil to 298 MHz. Current 

sources are first connected across all 12 gaps. The current source impedance is set to two values 

for evaluation: 0 Ω and 50 Ω; both settings result in the same input reactance, but the latter 

facilitates a greater than three-fold acceleration in simulation time. Accordingly, the 50-Ω current 

source is used as the feed for the remainder of this study. We tune the coil using the ideal drive 

method first mention in (42). We use the 298 MHz sinusoidal wave as the excitation wave to find 

the input reactance seen from each currents feed. The current feed in each of the 12 gaps is replaced 

by the capacitor calculated from the input reactance. Across the feed gap, a 50-Ω current source is 

also inserted, in parallel to the capacitor. The sources are excited by a modulated Gaussian with 

magnitude -20 dB at the frequency range limits.  

Coil matching approaches 

The FDTD method can be linked with the popular circuit-modeling tool SPICE (43). The 

balanced L-network in Figure 2-1-(a) is made by one 19.2 nH inductor and two 18.8 pF capacitors. 

The unbalanced L-network Figure 2-1-(b) is made by one 19.2 nH inductor and one 9.4 pF 

capacitor. From the vantage point of the 50-Ω current source looking into the coil, the coil input 

impedance is 22.14 – j45.07, which can be normalized to 0.4428 – j0.9014. This point can be 

placed on a standard Smith-Chart with characteristic impedance of 50 Ω. Going from the load to 

the current source, we can draw two curves to move the input impedance point inward as close as 

possible to the center of the Smith chart (i.e., 50 Ω). For the unbalanced L-type matching circuit, 

the two components of the L-type matching circuit are selected based on the corresponding curves 

that are drawn on the Smith chart (44). For the balanced L-network in Figure 2-1-(a), the capacitor 

in series to the load can be replaced by two capacitors, each with double the capacitance. In the 

matching process, the excitation wave form is the modulated Gaussian.  

The L-type matching circuits are modeled in SPICE. The matching circuit is embedded in 

the edge of the FDTD Yee cell. The interface between FDTD and SPICE is the time-stepping E 

and H fields and the V and I of scalar voltages and currents.  It is possible to develop the Norton 

or Thevenin equivalent circuits for placement on the local FDTD grid edge, and the resulting port 
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voltage and current is interpreted as the E or H field at the local FDTD cell edge. We found the 

complexity of the matching circuit increases the simulation execution time. 

Tuning and matching 

In the ideal drive method, each of the 12 current feeds have an input reactance of about 54 

Ω, and they are summed up and divide by 12 to have the averaged reactance. This gives a capacitor 

value of 9.8578 pF. The frequency response of input impedance seen at the feed gap is plotted in 

the Smith chart and shown in Figure 2-2-(b). The crossing the horizontal line in the Smith chart (x 

= 0 line) is the resonant frequency 298 MHz. If the value of the 12 capacitors decreased from 

9.8578 pF to 9 pF, the coil is not on the resonant frequency; this case is shown in Figure 2-2-(a). 

Without the matching circuit, the tuned coil has stronger and more spatially focused transmit 

efficiency as compared to the not well tuned coil (Fig. 1-5-(a)(c)), but the phase maps of the B1
+

 

fields are the same.  

 

 

 

Figure 2-2. The S11 evaluated at the feed gap plotted in the Smith chart. (a) This coil is not well 

tuned and the 298 MHz point is off the horizontal line (x = 0) in the Smith chart. (b) This coil is 

well tuned and the 298 MHz point is on the horizontal line (x = 0). 
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Fig. 1-3(a) shows the reflection coefficient (S11) of the coil after adding the matching circuits. A 

coefficient of -61 dB is reached at 298 MHz using either the balanced or the unbalanced L network. 

Fig. 1-3(b) shows the S11 plot when the capacitor (C2) in the unbalanced L-network increased and 

the circuit is at lower S11 value. In this case, the best S11 is -20.43 dB at 284 MHz. 

2.1.2 Matching and tuning effect on the coil currents and RF efficiency  

Coil currents 

The total current in each coil segment is reported as the current going through the adjacent 

lumped element. Figure 2-4 shows the current phase and magnitude going through the gaps of the 

coils from 290 to 308 MHz. All coils are tuned to 298 MHz, so the current distribution is ideally 

uniform around the resonant frequency, from 298 to 300 MHz. The matched coils have currents 

of higher magnitude as compare to the unmatched coil. The input power is proportional to the 

square of current in the loop. At the same coil input impedance, there is more input power in the 

impedance-matched coil. Given the added reactive components in the matching circuit, there is a 

phase increment of roughly 75° in the currents from the unmatched to the matched coils.  

 

  

Figure 2-3. The magnitude of S11 is plotted against the frequency. (a) The S11 plot using the 

balanced L-network or the unbalanced L-network. (b) The S11 plot when the capacitor (C2) in 

the unbalanced L-network is increased from 9.4 pF to 16.3 pF. 
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Figure 2-4. The current distributions in the 12 lumped elements of the coil, plotted from 290 

MHz to 308 MHz. The current source is 1 A and 50 Ω for all cases. The first row from the top is 

the tuned but unmatched loop coil and its current magnitude distribution within the lumped 

elements (a) and the phase distributions (b). The middle row is the coil tuned and matched with 

the balanced L network, and the current magnitude distribution shows in (c), and the phase 

distribution shows in (d). The bottom row is the coil tuned and matched with the balanced L-

network, and (e) is the current magnitude distribution; (f) is the current phase distribution. 
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The transmit efficiency 

The transmit efficiency (µT/√W)  is defined as the transmit B1
+

 magnitude normalized by 

the square root of the input power. The transmit efficiency and phase maps are shown in Figure 2-

5. The transmit efficiency is the highest in the tuned and un-matched coil as shown in Figure 2-5-

(a). Fig. 1-5(c), (e), (g) and (i) show the percentage difference from the transmit efficiency in 

Figure 2-5-(a), and in all cases the transmit efficiency decreased. If the coil is well tuned, adding 

the matching circuits changes the transmit efficiency spatial pattern. Additionally, adding the 

matching circuits changes the phase in B1
+ field. The phase maps are the same for all the matched 

coils. The B1
+ phase increases roughly 60° from the unmatched to the matched coils. This phase 

increment is close to the phase increment in the currents. Finally, both the balanced and the 

unbalanced L-networks produced the same transmit efficiency and phase maps. 
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Conclusion 

This work demonstrates the tuning and matching approaches for modeling RF coils, and how 

each may affect the magnitude and phase of the resulting currents, the transmit efficiency and the 

phase of the complex maps. The tuned coil has a greater transmit efficiency compared to the 

Figure 2-5. Transmit efficiency and phase maps in the sagittal plane (YZ plane) within the slab 

phantom. The first row illustrates the (a) transmit efficiency (µT/√W) and (b) B1
+

 phase map of 

the tuned, not matched coil. The second row shows (c) the percentage ratio of transmit efficiency 

of the tuned, not matched coil to the transmit efficiency of (a), and (d) the phase map. The third 

row similarly shows (e) the difference ratio and (f) the phase map for the coil tuned and matched 

with the balanced L-network. The fourth row shows the (g) difference ratio and (h) the phase 

map for the coil tuned and matched with unbalanced L-network. The fifth row shows (i) the 

difference ratio and (j) the phase map for the coil tuned, but not well matched. 
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untuned coil. Adding a matching circuit can result in spatially focusing the transmit efficiency map. 

Furthermore, adding the matching circuit will add a phase shift to the B1
+

 complex map, which is 

determined by the current phase around the coil loop. Therefore, to validate a coil modeling with 

empirical model design, it is necessary to have the coil tuned, and matched to the experimental 

resonant frequency. 

2.2 A comparison of FDTD and FEM solvers for simulating a surface loop coil with tissue 

phantom 

Two popular electromagnetic (EM) simulation methods used in MRI RF coil simulations are 

the frequency-domain finite element method (FEM) and the finite-difference time-domain (FDTD) 

method, and both provide powerful capability for meshing detailed body and surface. There are 

several popular solvers: the frequency-domain HFSS (ANSYS, PA, USA), the time-domain XFdtd 

(Remcom, PA, USA) and the time-domain Sim4Life (Zurich MedTech AG, Zurich, Switzerland) 

solvers (we used Sim4Life in section 1.3.1.). In this section we use both methods to simulate a 

surface loop coil in 7T at a very fine level of mesh resolution, transmitting the RF coil on a muscle 

and a fat phantom, at 1 cm and 0.5 cm gap distance from the coil to phantom surface as shown in 

Figure 2-6. 

 

Figure 2-6. Simulation setup of a surface loop coil over a tissue phantom. 
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2.2.1 Background of HFSS and XFdtd 

Electromagnetic (EM) simulation of MRI RF coils can facilitate RF coil design and 

validate patient safety due to RF heating. The finite-difference time-domain (FDTD) and finite 

element method (FEM) solvers are general methods to solve Maxwell’s equations to derive the 

electric and magnetic fields. HFSS has a reliable adaptive meshing algorithm for curved surfaces. 

Additionally, the ANSYS Circuit module is used for the circuit domain co-simulation. XFdtd 

offers XACT meshing capability for curved body, and the circuit components are meshed within 

the 3D simulation gridding. The mesh of the two solvers are shown in Figure 2-7. This study 

compares the performance of these two solvers at simulating a RF transmit coil in 7T, oriented 

above a fat and muscle phantom, at 1 cm and 0.5 cm gap distance from the coil to phantom. 

 

2.2.2 Comparison of E and B fields 

Figure 2-8 shows the E and B1
+ maps in the muscle phantom in the sagittal view at gaps of 

1 cm and 0.5 cm, respectively.  Figure 2-9 shows the E and B1
+ maps in the fat phantom in the 

sagittal view at gaps 1 cm and 0.5 cm respectively. The E and B1
+ maps have distinct distribution 

Figure 2-7. Meshed coil and phantom in XFdtd and HFSS. 
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Figure 2-8. E and B1
+ field strength in a cross section of the muscle slab. 

in fat and muscle. Different gap distance (in the range of 0.5 cm to 1 cm) has a subtle influence on 

the field distributions. 
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This study investigates the difference in the E and B1
+ distribution using the HFSS and XFdtd 

solvers for RF coil simulation at a very fine level of mesh resolution. When the simulating 

parameters are carefully selected, both simulation solvers present similar results. In a close look, 

FDTD produce slightly finer and smoother field data. 

2.3 Bench measurement of S parameters of two loop coils 

The two coils decoupled by the Resonant inductive decoupling (RID)(45) circuit is shown 

in Figure 2-10-A. Each feed port of the coil is connected to a vector network analyzer (E5071C, 

Keysight Technologies, Santa Rosa, CA, USA). The RID decoupling theory is described by the 

colored arrows in Figure 2-10-A. The red arrow denotes the induced current by current in loop 1, 

Figure 2-9. E and B1
+ field strength in a cross section of the fat slab. 
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and the induced current (red arrow) flows in the opposite direction of the current induced by the 

RID in loop 2 (green arrow). The S12 measurement of the network analyzer is shown in Figure 2-

10-B (without RID) and Figure 2-10-C (without RID). 

 

Figure 2-10. Bench Measurement of two coils decupled by Resonant inductive decoupling (RID) 

(A), the S12 coefficient without RID (B), and S12 coefficient with RID (C). 

2.3.1 Measuring coil input impedance 

We employ bench measurements to confirm the simulated coil and in vivo coils have similar 

input impedances in the unloaded condition, for a single loop coil of the two coils shown in Figure 

2-10-A. During measurement of the input impedances, we did not include a matching circuit at the 

simulation or physical coil inputs as doing so would prevent validation of the standalone coil 

structures. The input impedance plotted in a Smith chart is shown in Figure 2-10. Using a vector 

network analyzer, the measured single coil input impedance is 6.4 + j145.0 Ω. In XFdtd the input 

impedance is 4.7 + j194 Ω, and 3.3 + j164.2 Ω in Sim4Life. Comparing the bench measurement 
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and simulation measurement, there are 19.0% difference in magnitude and 1.4 % difference in 

phase. 

2.3.2 Circuit simulation of the RID decoupling 

We used ADS 2020 (company, city, state, USA) to create the circuit schematic shown in 

Figure 2-12-A, to represent the two coils shown in Figure 2-10-A. The coil S parameters with and 

without RID are shown in Figure 2-10-B. A dip at 298 MHz is shown in the S12, when the two coils 

are decoupled by RID, while the S11 and S22 are not affected by the RID. 

 

 

  

Figure 2-11. Input Impedance plotted in a Smith chart (Auto wave 50 - 650 MHz) for XFdtd (A) 

and Network Analyzer (B). 
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Figure 2-12. A: circuit simulation of the two coils shown in Figure 2-10. B: S parameter plots of 

the two coils (the top row is with RID, the bottom row is without RID). 

A 

B 
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 SIMULATION OF HETEROGENEOUS BREAST MODELS IN RF 

EXPOSURE 

This chapter is reprinted with permission from Li & Rispoli (2); ©2019 Wiley Periodicals, Inc. 

 

To facilitate assessment of RF power deposition and temperature rise within the breast, we 

present a method to seamlessly join heterogeneous breast models with standard whole-body 

models and demonstrate simulations at 7 T. Finite-difference time-domain electromagnetic and 

bioheat simulations are performed to analyze specific absorption rate (SAR) and temperature rise 

distributions in 36 BI-RADS-categorized breast models fused to two female whole-body models 

while transmitting from a 7T breast volume coil. The breast models are uncompressed in the prone 

position and feature heterogeneous tissue contents; fusion with human models utilizes affine 

transformation and the level-set method. The fusion method produces a continuous transient from 

the chest region to the posterior portion of breast models while preserving the original volume and 

shape of breast models. Simulation results of both Ella and Hanako models indicate the maximum 

local SAR, partial body SAR, and local tissue temperature rise are positively correlated with both 

breast density and the highest BI-RADS density classification. Additionally, maximum local tissue 

temperature rise is positively correlated with maximum 10-g SAR values. Fibroglandular tissue 

content plays an important role in the distribution of SAR and temperature rise within breast tissue. 

The combined body-breast models preserve the integrity of breast models while concurrently 

exhibiting the loading of whole-body human models. The procedures presented in this simulation 

study facilitate safety assessments for breast MRI across the population at both clinical and ultra-

high field strengths. 

3.1 Background 

3.1.1 Breast MRI 

Breast cancer is the most commonly diagnosed cancer and leads to the highest death rate 

among women in the United States. In 2016, roughly 246,660 new incidences of breast cancer 

were diagnosed, corresponding to 29% of all new cancer cases, while breast cancer caused 40,450 

deaths, equaling 14% of all cancers deaths (7). Compared to other imaging modalities, MRI offers 
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high sensitivity for breast cancer detection (8,9) and is commonly indicated for screening high-

risk subjects, e.g., women with familial history, genetic predisposition, significant chest radiation 

history, or lobular cancer (10,11,46,47). Furthermore, owing to superior contrast between tumor 

and fibroglandular tissue, MRI has been reported to improve sensitivity within dense breasts 

(14,15), i.e., those clinically classified as heterogeneous or extreme fibroglandular tissue according 

to the American College of Radiology Breast Imaging Reporting and Data System (BI-RADS) 

Atlas (48). The increased signal-to-noise ratio at 7 T enhances both temporal and spatial 

resolutions of dynamic contrast-enhanced breast MRI, thus improving sensitivity; the diagnostic 

specificity of breast MRI may be extended by using supplementary techniques including diffusion-

weighted MRI and magnetic resonance spectroscopy, which also have improved performance at 7 

T (17–19). However, radiofrequency (RF) power deposition—quantified as specific absorption 

rate (SAR)—must be well characterized, particularly at high fields. Both the U.S. Food and Drug 

Administration (FDA) and the International Electrotechnical Commission (IEC) include SAR as a 

criterion for assessing significant risk in MRI devices (20,21). The IEC60601-2-33 standard 

specifies SAR limits and temperature limits at normal operating mode and first-level controlled 

operating modes, while second-level controlled operating mode requires SAR limits be 

specifically approved by an appropriate investigational review board. For a volume transmit coil 

at normal operating mode, the partial body SAR limit is 2-10 W/kg (determined by the ratio of 

exposed patent mass to patient mass), and the maximum local temperature limit is 39 °C. For a 

local transmit coil at normal operating mode, the local SAR (10-g averaged SAR) limit is 10 W/kg 

for trunk and 20 W/kg for extremities, and temperature constraints are the same as for a volume 

transmit coil.  

3.1.2 SAR measuring and simulation 

Experimental methods to determine SAR values in tissue rely on either measuring the 

temperature rise of a loaded phantom or by measuring the energy per pulse delivered by RF coils 

(49). At present, the real-time in vivo determination of regional SAR values in tissue is unfeasible. 

The finite-difference time-domain method (FDTD) simulation method for electromagnetics (EM) 

utilizes a simple numerical integration algorithm and facilitates SAR calculation in human body 

models of different resolution (50–53). While the FDTD method is robust for whole-body 

simulation, caution must be undertaken if simulating cropped regions of the body (e.g., head only). 
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Wolf et al. showed that adjoining body parts outside the coil affect the resulting EM fields inside 

the coil, and a cropped body part alone will exaggerate the resulting SAR values (54).  

Researchers have access to a limited number of noncommercial adult female whole-body 

models for SAR simulations; four prominent examples are detailed in Table 3-1. 

 

Table 3-1. Attributes of Selected Adult Female Whole-Body Voxel Models 

 

Name 

Resolution 

[mm] 

Height 

[cm] 

Tissue 

Types 

Year 

Released 

Ella  0.5 160 76 2013 

Hanako 2 159 51 2004 

Naomi 2 163 41 2005 

High Fidelity Female Body Mesh 5 165 36 2005 

 

All four models are oriented in the standing or supine positions (55–58), where breasts are flattened 

with suboptimal visualization, thus requiring adaptation to accurately simulate breast MRI in the 

prone position. Prone position breast imaging provides separation of deep breast structures from 

the heart, liver and pectoral muscles, offering greater resolution of small lesions in deep breasts 

(59) and avoiding respiratory and potential cardiac artifacts (60–62). Most recently, Kim et al. 

studied the SAR and B1
+ field in various types of breast models (63), however, there was no 

discussion on the method of fusion of the breast models to human voxel models and the influence 

on SAR from the chest region of the body model was unknown. Van der Velden et al. combined 

2-mm resolution unilateral breast models generated from segmented MRI images of five study 

volunteers—a personalized modeling paradigm requiring a priori 3D image sets—with a whole-

body model for FDTD simulations (64); however, the overlap-fusion method is susceptible to 

producing embedded skin layers, and the study participants did not represent all BI-RADS breast 

composition categories.  

To accurately assess and quantify the breast regional 10-g SAR, partial body SAR and tissue 

temperature values, we propose EM and thermal simulations of patient-based breast models 

covering all BI-RADS breast composition categories— designated a, b, c, and d—in a breast-

specific volume transmit coil (38). In this work, the patient-based breast models are created from 

segmented MRI and CT images of uncompressed (i.e., free of compression plates) breasts of 

human subjects in the prone position. Our fusion technique then joins the breast models with a 
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human model by applying: 1) affine transformation to create a curved breast posterior portion to 

be positioned on the top of the chest of human models; 2) the level-set method of mean curvature 

motion, a general method in the computer vison community to seamlessly fuse joints or reconstruct 

surfaces (65–67). Our simulations illustrate homogenous B1
+

 field distributions in the coil effective 

volume; and the 10-g SAR, partial body SAR and tissue temperature values are quantified at a 

mean B1
+ within the coil effective volume, based on the TR-averaged B1

+ used in practical breast 

MRI scans at 7 T (38,68–70).  

3.2 Breast Modeling 

We adapted nine MRI image-derived breast models (0.5-mm isotropic resolution) made 

available by the University of Wisconsin Cross-Disciplinary Electromagnetics Laboratory (71), 

and nine CT image-derived breast models (0.35-mm isotropic resolution) from the Carl E. Ravin 

Advanced Imaging Laboratories at Duke University (72). All breast models were uncompressed 

and in the prone position; the set included models from all four BI-RADS classifications: a, b, c, 

and d. Dielectric properties were assigned from the IT'IS Foundation Database (73). For 

quantitative analysis, we labeled the breast models by the volumetric fibroglandular tissue (FGT) 

percentage (FGT%). 

Tissue types in each breast model included skin, breast adipose, FGT, and three (intravoxel) 

FGT-adipose combinations of varying FGT makeup, by volume percentage: 25%, 50%, and 75%. 

FGT-adipose tissue with higher proportions of FGT border the densest regions, which are typically 

in the center of the breast. We linearly distributed the dielectric properties at 298 MHz for the three 

FGT-adipose mixture definitions (i.e., 75%, 50% and 25 % FGT-adipose mixture) between that of 

100% FGT (ε𝑟  = 62.5, σ = 851 mS/m) and adipose tissue (ε𝑟  = 5.54, σ = 32.7 mS/m). Our 

motivation to define the above tissue types derives from Zastrow et al., who showed linearly 

decreasing dielectric properties between 0-5 GHz for four tissue types dubbed 

“glandular/fibroconnective-1”, “glandular/fibroconnective-2”, “glandular/fibroconnective-3”, and 

“transitional” (74). Likewise, for the CT image-derived breast models, Erickson et al. defined 

adipose tissue, four heterogeneous proportions of FGT and adipose mixtures, and skin based on 

linearly increasing voxel intensities in breast computed tomography (bCT) data (72).  

For this study, we employed two adult female models with superior tissue counts and 

relatively high resolution: Ella and Hanako. The 0.5-mm isotropic Ella model is part of The Virtual 



 

 

37 

Family 1.2 and represents a 26-year-old female of height 160 cm and mass 58 kg (58). The 2-mm 

isotropic Hanako model is from Japan’s National Institute of Information and Communications 

Technology (NICT) and represents an average 18- to 30-year-old Japanese female of height 159 

cm and mass 52.6 kg (55). 

3.2.1 Model Fusion Algorithm 

Morphological Filtering  

Closing and opening morphological operators (75) are applied to smooth the pectoral 

muscle wall. Firstly, the pectoral muscle wall is converted to a binary image volume, with ones 

representing the pectoral muscle and bones, and zeros representing empty space. Next, we smooth 

the binary image volume by a three-dimensional image-closing morphological operator; the kernel 

is a 5-voxel diameter solid sphere for the Hanako model and a 15-voxel diameter solid sphere for 

the Ella model. Subsequently, we fill empty voxels inside the pectoral muscle wall with a voxel 

value of one. Finally, we smooth the binary image volume with a three-dimensional image-opening 

morphological operator, using the same kernel sizes defined previously. 

Affine transformation 

The posterior portion of the breast model is projected on top of the smoothed pectoral muscle 

wall surface using affine transformation. N voxels from location [𝑥, 𝑦, 𝑧]  are transformed to 

[𝑥, 𝑦, 𝑧 − 𝑑𝑖], where i = 1,2,3 … N, and 𝑑𝑖 is the z projection values of the pectoral muscle wall 

surface. Our initial implementation of this method was previously described in (76,77).  

Level set method of mean curvature motion 

The fusion of the posterior portion of the breast model to the subcutaneous adipose of the 

chest region is achieved via a mean-curvatures regularized level-set motion algorithm (67). A 

minimal amount of subcutaneous adipose is added. Consider the common level set function  

 
𝜕Ф

𝜕𝑡
= −𝑏𝜅|∇Ф| [3-1] 
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where Ф is the time dependent level set function that determines a dynamic contour when Ф(x, y, 

z, t) = 0, 𝑏 is a constant that controls the speed of the active contour, ∇Ф is the inward vector 

normal at the dynamic contour, and 𝜅 is the mean curvature. Eq. 3-1 can be decomposed to  

 
𝜕Ф

𝜕𝑡
= −

𝑏

2
(𝜅1 + 𝜅2)|∇Ф| [3-2] 

where 𝜅1 and 𝜅2 are the maximal and minimal curvatures, i.e., the principle curvatures, derived 

from the mean curvatures (𝜅M) and Gaussian curvature (𝜅G) equations in (78): 

 𝜅1, 𝜅2 = 𝜅M  ± √𝜅M
2 − 𝜅G [3-3] 

where 

𝜅M = (Ф𝑥
2Ф𝑦𝑦 − 2Ф𝑥Ф𝑦Ф𝑥𝑦 +Ф𝑦

2Ф𝑥𝑥 +Ф𝑥
2Ф𝑧𝑧 − 2Ф𝑥Ф𝑧Ф𝑥𝑧 + 

Ф𝑧
2Ф𝑥𝑥 +Ф𝑦

2Ф𝑧𝑧 − 2Ф𝑦Ф𝑧Ф𝑦𝑧 +Ф𝑧
2Ф𝑦𝑦)/|∇Ф| 

3  [3-4] 

and  

 𝜅G = −

|
|

Ф𝑥𝑥 Ф𝑥𝑦
Ф𝑥𝑦  Ф𝑦𝑦

   
Ф𝑥𝑧 Ф𝑥
Ф𝑦𝑧 Ф𝑦

Ф𝑥𝑧 Ф𝑦𝑧
Ф𝑥 Ф𝑦

    
 Ф𝑧𝑧 Ф𝑧
 Ф𝑧 0

|
|

|∇Ф| 4
 .  [3-5] 

To consider the outward motions for both concave and saddle surfaces, we take the positive 

components of the principle curvatures and denote them by 𝜅1
+ and 𝜅2

+. Thus Eq. 3-2 becomes  

 
𝜕Ф

𝜕𝑡
= −𝑏(𝜅1

+ + 𝜅2
+)|∇Ф|. [3-6] 

Implementation  

The model fusion software is implemented in MATLAB (MathWorks, Natick, Massachusetts, 

USA), and the source code is publicly available (https://github.com/rispoli-lab/Bilateral-Breast-

Fusion-). The implementation of the fusion scheme for bilateral breasts consists of the following 

steps: 

1. Unilateral breast models are scaled to the desired size, with aspect ratio using a 3D 

nearest-neighbor interpolation. The scaling factor is approximately the ratio of breast 

model voxel length to the human model voxel length. In our simulation study, the breast 

models are resized to cover all breast tissue contained in Ella and Hanako models. 

Unilateral breast models are mirrored referring to the center sagittal plane of human 

models to generate bilateral breast models. Circular rings representing a breast RF coil 
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are positioned outside of the scaled breast models to ensure the tissue-to-coil spacing is 

at least 1 cm, and the coil’s coordinates relative to the human model are saved for 

positioning the breast coil in the EM simulation software in step 4. Notably, the breast 

coil will be fixed at the same location with respect to the human model (e.g., Ella and 

Hanako). 

2. In preparation for becoming the interface between the breast and body models, the 

pectoral muscle and bone volumes in the female body model are extracted and smoothed 

by morphological filtering. Affine transformation is applied on the breast model to 

create a curved posterior portion that fits on the surface of the smoothed pectoral muscle 

and bone.  

3. A 3D region is selected, containing the joints of the posterior portion of the breast model 

and the chest of the human model. The level-set method is applied on the selected region 

to smooth the sharp joints and edges at the outer layer of the integrated model. Extra 

tissue added by the level-set method is labeled as subcutaneous adipose tissue (SAT). A 

skin layer of fixed depth is sequentially added on the top of the SAT layer. The 

smoothed 3D region is then merged with the breast-chest model to create the modified 

breast model. The modified breast’s coordinates relative to the human model are saved 

for positioning the breast model in the EM simulation software in step 4. 

4. The modified breast model is saved, imported into EM simulation software and 

positioned at the desired location based on location coordinates generated from step 3. 

Breast models are assigned an elevated meshing priority to overwrite breast tissues 

contained in Ella and Hanako. The breast RF coil is positioned based on the location 

saved in step 1. 

3.3 Electromagnetic and thermal simulations 

3.3.1 Breast RF coil modeling 

We use a commercial full-wave simulation software package (XFdtd® 7.7, Remcom, State 

College, Pennsylvania, USA) for electromagnetic and thermal simulation. For this study, the 

modified breast models are saved in the voxel file (.vox) to facilitate importing into XFdtd. 

Following successful voxel file import, the modified breast models are assigned a high mesh 
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priority and consequently overwrite the breast regions of the body models; notably, the body model 

is never explicitly modified and saved, facilitating compliance with common licensing terms that 

prohibit truncating or segmenting the models. To mitigate potential discretization effects from 

combining multiple gridded objects, mesh cells were created with averaged dielectric properties.  

A previously-reported quadrature breast coil (Figure 3-1) composed of orthogonal 

Helmholtz and saddle pairs (38) is modeled by copper sheet of conductivity 5.96×107 S/m. The 

contour path method is utilized to mesh curved coil conductor geometries (79). All coil elements 

are segmented by capacitors, and fined-tuned using the ideal drive method to match input 

impedances from bench measurements (37). The two coil pairs are in quadrature operation and 

driven by 298-MHz sinusoidal current feeds with appropriate 90° phase separation to achieve equal 

input power for both pairs.  
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Figure 3-1. B1
+ spatial profile of a loaded breast coil in the sagittal (a), coronal (b), and axial (c) 

planes. The coil-encompassed volume accessible by the subject, with 1-cm spacing to adjacent 

coil boundary, is outlined by the black dashed line; this volume is defined as the coil effective 

volume and used for averaging B1
+. Breast and chest are outlined by the red long-dashed line. 

Local discontinuity of B1
+ appears at the skin-to-air boundary. (d) Right breast of prone position 

Ella model is positioned inside breast coil for unilateral RF excitation, with the coil boundaries at 

least 1 cm to skin. 
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3.3.2 Simulation parameters 

The RF coil is positioned around the right breast, with a minimum spacing of 1 cm from 

adjacent tissue, at a fixed height of approximately 1 cm above the chest wall of Hanako or Ella. 

Detailed Yee cells, set from 0.5 to 1 mm, surround the RF coil and are edge-aligned with geometric 

extents of the coil conductors; these detailed cells extend in three dimensions throughout the mesh 

and include parts of the human body. The Yee cell size for other regions is set to a maximum of 

20 mm. The coil effective volume is outlined by the black dashed line in Figure 3-1; less than 95% 

of total RF power is absorbed in a homogeneous adipose phantom filling this volume. Thirteen 20-

mm cells, approximating one quarter wavelength in free space, are included for padding. The 

boundary condition for the far field is set to seven perfectly matched layers. Tissue properties at 

298 MHz for the Ella model and imported breast models are assigned according to the IT'IS 

foundation database (73), and properties of remaining tissue types unique to Hanako are assigned 

to source tissues as detailed by Nagaoka (55). The EM simulation convergence criterion for a 

sinusoidal current feed is set to -50 dB (or 0.316%), based on the dissipation of additional 

frequencies introduced during the ramp-up period of the sinusoidal wave.  

3.3.3 SAR calculation 

 The 10-g SAR Sensor is enabled in XFdtd for calculating the 10-g averaged SAR values 

within tissue utilizing the methods outlined by IEEE standard C95.3-2002 (80). Following 

successful completion of the simulation, steady-state B1
+, raw SAR and 10-g SAR are imported 

into MATLAB for calculating the average B1
+ (in μT) within the tissue in the coil effective volume, 

i.e., B1
+

mean, and power dissipated to different tissue types. According to IEC60601-2-33, the 

partial body SAR is calculated as the total power absorbed in the coil effective volume divided by 

the total tissue mass in the coil effective volume. SAR values are normalized by |B1
+|2mean 

producing normalized SAR in W/kg/µT2. Reviewing the 7T breast MRI literature, we computed 

TR-averaged B1
+ values of 0.13 µT for fat suppression with 8° tip angle and 4-ms TR (68,69), 0.6 

µT with an RF-intensive imaging protocol with 20 µT applied with 3% RF duty cycle (38), and 

3.6 µT for WALTZ-16 proton decoupling of 18 µT applied with 20% RF duty cycle (70). Based 

on these practical TR-averaged B1
+ values, we scale the output of raw SAR, 10-g averaged SAR, 

and partial body SAR to a moderate B1
+ value of 1.5 µT.  
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3.3.4 Thermal simulation 

Whole-body thermal simulation is performed in XFdtd using the same gridding from the 

EM simulation. The heat transfer equation solved adheres to the Pennes bioheat equation (81), 

with an additional heating term due to the RF dissipated power in tissue (82). The ambient (air) 

temperature is set to 25 °C, and the perfusion medium is blood at 37 °C. Both initial and final 

temperatures are calculated from the steady-state solution of the heat transfer equation. Initial 

temperature is tissue absolute temperature without RF exposure, and final temperature is absolute 

temperature with addition of dissipated power in tissue due to RF exposure. The total dissipated 

power in tissue of the thermal simulation is set to a value corresponding to an MRI sequence with 

TR-averaged mean B1
+ = 1.5 µT within tissue inside the coil effective volume. At a similar SAR 

level, the steady-state solution of the Pennes bioheat equation corresponds to 30 minutes of tissue 

exposure to RF (83). Final temperature data are exported to MATLAB. 

3.4 EM simulation results  

3.4.1 Modeled breast fused on human models 

Figure 3-2 shows the sagittal and axial cross sections, in the same scale, of the Ella and 

Hanako models fused with 0.5-mm resolution breasts. Affine transformation results in the curved 

posterior breast portion fitting properly on the surface of the pectoral muscle and bones. The level-

set method added additional SAT, depicted in blue color, to smooth the surface at the outer layer 

of the breast to the chest joint.  Figure 3-2-d illustrates 3D surface renderings of Ella in prone 

position and fused to modified breast models while loaded with the unilateral RF coil for EM and 

thermal simulation. Figure 3-1-a-c shows the B1
+ profile of a loaded breast coil in the three 

principal anatomical planes. A slight discontinuity of B1
+ appears along the boundary between air 

and skin tissue, owing to surface currents on the skin. The volume RF transmit coil B1
+ is 

distributed homogeneously (-20 to -29 dB) within the extended volume encompassed by the breast 

coil.
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Figure 3-2. Bilateral breasts (0.5 mm resolution) fused to whole-body models. Sagittal (a) and 

axial (b) view of bilateral breasts fused to Ella (0.5 mm resolution); (c,d) the same set of bilateral 

breasts are fused to Hanako (2 mm resolution). The modified breast models are assigned a higher 

meshing priority and consequently overwrite the chest region of the whole-body models. Tissue 

added by the level-set method is designated Level-set subcutaneous adipose tissue (SAT) and 

colored blue. 
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3.4.2 SAR and temperature rise in breast 

Figure 3-3 illustrate the sagittal slices of raw SAR and tissue temperature rise of four BI-

RADS-category breasts. Sagittal slices of the raw and 10-g SAR and the local tissue temperature 

rise of all simulation cases are presented with the online version of this article as Supporting 

Figures B-1,2,3, respectively; corresponding axial slices are presented in Supporting Figures B-

4,5,6. Figure 3-3-A shows breasts fused with Ella, and Figure 3-3-B shows breasts fused with 

Hanako. Figure 3-4 illustrate the sagittal slices of raw and 10-g SAR and the local tissue 

temperature rise of breast models of 0.5-mm and 2-mm voxel resolution fused with Hanako, with 

the same 0.5-mm breast model fused to Ella for comparison. In Figures 3-3 and Figure 3-4, skin 

and FGT have high raw-SAR level compared to the remaining breast tissue owing to their high 

conductivity. FGT of relatively high SAR levels branches out from regions near the nipple toward 

the chest, with SAR levels gradually attenuated near the pectoral muscle wall. In Figures 3-3, BI-

RADS a, b, c and d breasts show ascending values of FGT%, raw and 10-g SAR and local tissue 

temperature rise.  
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Figure 3-3. Sagittal plots of raw SAR and temperature rise with four BI-RADS-categorized breasts 

fused to Ella (A) and Hanako (B). Raw SAR and temperature rise when tissue temperature reaches 

the steady-state are quantified at mean B1
+ = 1.5 µT within breast tissue at 7 T. Each row represents 

a simulation case of one BI-RADS category, and corresponding FGT% is reported. All plots are 

taken from the sagittal plane across the coil center in a field of view of 22 cm (height) by 19 cm 

(width). Raw SAR 0 dB = 1.3 W/kg. 
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In Figure 3-4, the Hanako 2-mm resolution breast skin with relatively high SAR levels is 

thicker compared to Ella and Hanako 0.5-mm breast skin. In Figure 3-3-B and Figure 3-4, the 

blank areas in the Hanako body represent internal air in the large intestine. The breast models in 

Figure 3-4 included chest wall tissues in the posterior portion that were unable to be segmented 

from the CT images; thus, these regions remained in the breast models and appear heightened in 

the raw SAR image in Figure 3-4. 
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Figure 3-4. Sagittal plots of raw SAR, 10-g averaged SAR, and temperature rise with the same set 

of bilateral breasts, but of different voxel resolution, fused to Ella and Hanako. SAR and 

temperature rise when tissue temperature reaches the steady-state are quantified at mean B1
+ = 1.5 

µT within breast tissue at 7 T. Both the top and bottom rows include breast models with 0.5-mm 

resolution, while the middle row includes the same breast models at 2-mm resolution. This breast 

was categorized as BI-RADS d, and the FGT% is 47.6 for Ella and 50.4 for Hanako. All plots are 

taken from the sagittal plane across the coil center in the same field of view of 22 cm (height) by 

19 cm (width). SAR 0 dB = 1.3 W/kg. Internal air in the large intestine of Hanako results in the 

blank internal regions of raw SAR. 
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3.4.3 Power deposition in various tissue 

Figure 3-5 shows the power deposition in tissue as a percentage of the same net power 

dissipated in Ella and Hanako. Muscle, skin, FGT, lung, heart, liver, and adipose tissue contain 

most dissipated power in both models. In addition, connective tissue (cyan labeled tissue in the 

Ella model in Figure 3-2) contained high percentage of dissipated power in Ella, while blood (pink 

labeled tissue in heart lumen of Hanako model in Figure 3-2) contained high percentage of 

dissipated power in Hanako. Breast fat has a mean value of 3% power dissipation, and FGT has a 

mean value of 9% in both 0.5-mm resolution Ella and Hanako breasts. In the 2-mm resolution 

Hanako breasts, the mean dissipated power in skin is significantly higher, while the mean 

dissipated power in FGT is slightly lower as compared to 0.5-mm resolution breasts.  
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Figure 3-5. Mean power deposition percentage in tissues with the same net power dissipated 

under RF exposure in Ella (top) and Hanako (bottom). The same sample size of 0.5-mm and 2-

mm resolution breasts are plotted in the bottom bar graph. Error bars demonstrate data 

distributed within one standard deviation. 
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3.4.4 FGT % increases SAR and temperature rise 

Figure 3-6 shows the plot of the maximum 10-g averaged SAR as a function of FGT%, the 

plot of partial body SAR as a function of FGT%, and the plot of maximum local tissue temperature 

rise (i.e., the maximum temperature rise of tissue within the coil effective volume) as a function 

of the maximum 10-g averaged SAR for Ella and Hanako 0.5-mm resolution breasts. For 

comparison of 10-g averaged SAR, partial body SAR, and temperature rise values among BI-

RADS breasts within each human model, BI-RADS a and b breasts have the lowest values; BI-

RADS c have moderate values; and BI-RADS d have the highest values. Both Ella and Hanako 

breasts have similar slope of 10-g SAR and partial body SAR as a function of FGT%, and the 

maximum 10-g averaged and partial body SAR among all breasts is 1.5 and 0.7 W/kg, respectively. 

For both models, partial body and the maximum 10-g SAR value are positively correlated with 

FGT%, and the maximum local tissue temperature rise values are positively correlated with the 

maximum 10-g averaged SAR value. There is stronger linear regression between the maximum 

local tissue temperature rise and the maximum 10-g SAR value in Hanako model as compared to 

Ella model, as the R2 values are 0.85 in Hanako and 0.49 in Ella model. This implies the difference 

between Hanako and Ella anatomy may contribute to variance in bioheat thermal simulation results. 

Based on the bioheat simulation methodology in XFdtd, the simulated final tissue temperatures 

within human models are below 37.6 °C, and the simulated tissue temperatures within breast tissue 

in the effective coil volume are below 37.2 °C. Neither of the mentioned tissue temperatures 

increase as breast FGT% increases.  

The transmit efficiency for each breast phantom simulation case is shown in Table 3-2. The 

transmission efficiency is calculated as mean B1
+ within breast tissue inside the coil effective 

volume divided by the square root of the net input power. Comparably, the transmit efficiency of 

the quadrature coil reported by van de Bank et al. was 0.9487 µT/√W,  given 30 µT within breast 

tissue and input power of 1 kW (12). 
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Table 3-2. Transmit efficiency for each breast phantom simulation case 

Ella Hanako 

Fibroglandular Tissue 

(FGT) [%] 

Transmit Efficiency 

[μT/√W] 

Fibroglandular Tissue 

(FGT) [%] 

Transmit Efficiency 

[μT/√W] 

7.1 1.24 8 1.22 

7.1 1.16 7.9 1.19 

17 1.15 17.9 1.19 

19.1 1.23 20 1.21 

19.2 1.26 19.7 1.28 

23.4 1.28 27.5 1.29 

31 1.13 31.7 1.15 

31.6 1.19 34.3 1.24 

36.3 1.26 36.6 1.23 

39.2 1.17 42.6 1.25 

40.3 1.03 40.7 1.11 

41.9 1.15 43.8 1.23 

42.4 1.09 42.9 1.2 

43.3 1.08 43.4 1.15 

47.6 1.15 50.4 1.2 

54.2 1.06 56.2 1.1 

62.5 1.16 62.5 1.17 

66.2 1.08 66.6 1.14 
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Figure 3-6. Plots illustrating correlations between FGT%, SAR, and temperature rise for Ella 

and Hanako breasts. Top plot shows the maximum 10-g averaged SAR values versus FGT%. 

Middle plot shows the partial body SAR versus FGT%. Bottom plot shows maximum local 

tissue temperature rise (at steady state) versus maximum 10-g averaged SAR values. All breast 

phantoms are in 0.5-mm resolution. Linear regression is used to fit Ella and Hanako breasts data 

separately; the blue regression line is for Ella, and the black line is for Hanako. The R2 values for 

10-g averaged SAR as a function of FGT%, partial body SAR as a function of FGT%, and 

temperature rise as a function of 10-g averaged SAR are 0.61, 0.70, and 0.49 for Ella, and 0.63, 

0.86, and 0.85 for Hanako, respectively. All breast models are color-labeled according to their 

BI-RADS category. 
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3.5 Role of FGT % and various tissue on SAR and temperature 

The simulated partial body SAR and local temperature obey the IEC60601-2-33 constraints 

for a volume transmit coil at normal operating mode. Furthermore, since local breast transmit coils 

are also utilized at 7 T (17,18,68), we provided 10-g averaged SAR results to facilitate comparison, 

and our simulation results also fulfill the 10-g averaged SAR constraints for local transmit coils. 

Breast transmit coils, as opposed to a whole-body transmit coil, will be necessary for potential 

future clinical adoption of 7T breast MRI. While the presented SAR and temperature results 

corresponding to a time-average B1
+ of 1.5 µT are well below recommended limits, it is important 

to note SAR increases proportionally with the square of B1
+. Furthermore, while temperature will 

increase proportionally to SAR for short exposure durations, new temperature simulations would 

be required for different time-average B1
+. Since the practical safety hazard from RF energy 

deposition is manifested by the thermal dose, not total power deposition, it is notable that dense 

breasts may be more vulnerable to local temperature increases. Adequate airflow during prone 

breast imaging can play a critical role in skin cooling (84). 

3.5.1 FGT % increase SAR level 

Our results show FGT%, BI-RADS breast composition categories, and human model 

resolution are important factors affecting SAR and thermal distributions. As shown in Figure 3-6, 

models of BI-RADS a, b, c and d breasts have FGT% in ascending order. Since FGT has the 

highest conductivity among breast tissues, both 10-g averaged SAR and partial body SAR values 

are positively correlated with breast FGT contents. This result is congruent with the transmit 

efficiency data presented in Table 3-2, with a general trend of higher FGT% requiring greater 

transmit power. In addition, FGT will experience temperature rise given its higher metabolic rate 

and greater vascular perfusion compared to adipose tissue. As shown in Figure 3-4, 2-mm Hanako 

breast skin is thicker than 0.5-mm breast skin at a detailed meshing scheme (e.g., 0.5-1.0 mm mesh) 

in FDTD simulation, due to the larger voxel length of 2-mm resolution breasts as compared to 0.5-

mm resolution breasts. Hence, power dissipation in skin of 2-mm Hanako breasts are higher than 

in skin of 0.5-mm Hanako breasts as illustrated in Figure 3-5. Additionally, as 2-mm resolution 

breast models fused with Hanako are down-sampled four-fold as compared to 0.5-mm Hanako 

breasts, detailed FGT structures in breasts are not reserved, which results in loss of FGT-adipose 
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mixture of high FGT% (e.g., 75% FGT-25% adipose mixture). Therefore, Figure 3-5 illustrates 

higher power dissipation in 0.5-mm Hanako breasts as compared to 2-mm Hanako breasts. On the 

other hand, the power dissipation in the FGT and breast fat is similar in both Ella and Hanako with 

0.5-mm breasts.  

In practice, safety simulations must include the specific RF coil design being used in the 

imaging study, as coils may differ in transmit efficiency and produce unique B1
+ and E field 

patterns. Notably, we previously compared a quadrature breast coil of two orthogonal loops, akin 

to that utilized in (17,18,67), with the Helmholtz and saddle pair used in this study; our results 

reported in (85) illustrated similar trends with respect to breast and body models and thus we 

exclude simulation of other RF coils in this paper. Furthermore, the whole-body transmit coils 

utilized at 1.5 and 3 T may be modeled with the fused phantoms presented herein; preliminary 

results utilizing the FDTD EM solver in the Sim4Life software package (Zurich MedTech AG, 

Zurich, Switzerland) are presented in (86). 

3.5.2 Maximum tissue temperature rise 

The observed maximum tissue temperatures based on the XFdtd thermal simulation are 

below 37.6 °C. In addition to XFdtd, the Pennes bioheat equation is also applied for the thermal 

simulation in Sim4Life version 3.4. In both cases, the blood temperature is constant during the 

thermal simulation, and thus the simulation results will not account for body core temperature. The 

generic bioheat transfer model (GBHTM) takes into account spatial and temporal blood 

temperature variation due to RF heating. Comparisons between in vivo and in silico data show the 

temperature results based on GBHTM have better fitting, while the temperature reported from the 

Pennes bioheat equation shows less fitting with in vivo data (83). 

3.5.3 Additional considerations on breast morphology  

Since various shapes and anatomical structures of breasts exist across the population, it is 

difficult to define a standard breast template, which is a primary criterion used for image 

registrations. In contrast to image registration, the level-set method can preserve the original 

structures of the middle and anterior portions of breast models as well as whole-body human 

models. The level-set function discussed in this paper is regularized by the surface curvatures of 
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both the human models and the breast models. Considering that recreating natural-appearing breast 

surface curvatures is considered the gold standard for breast reconstruction surgery (87–89), the 

fusion method presented here produces models that are analogous to the actual population. 
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 EM SIMULATION OF A 16-CHANNEL HEAD TRANSCEIVER AT 7 T 

USING CIRCUIT-SPATIAL OPTIMIZATION 

The recent regulatory clearance for the 7T MRI system has led to increased interest in clinical 

ultra-high field UHF applications (38,90–92). However, to robustly achieve the expected increase 

in SNR at UHF, the RF challenges need to be met, namely, problems with higher RF power (4), 

worse 𝐵1
+

 inhomogeneity (38,90,93,94), and increased tissue permittivity and conductivity at 

higher frequency, all of which usually results in increased SAR (6,22,51,94). The parallel 

transmission (pTx) coils and techniques are generally accepted as a realistic solution (5,22–25), 

providing improvement in the 𝐵1
+

 spatial homogeneity with good RF efficiency while reducing 

peak local SAR (26,27). In the development of such pTx coils, the need for accurate EM 

simulations for RF safety and performance design is evident. Over the past several years, the state-

of-the-art for design and simulation of such coil arrays has advanced, e.g., Kozlov and Turner (28) 

described the circuit-domain co-simulation strategy to use the S-parameters from a single EM 

simulation with RF circuit analysis for coil tuning and matching thereby saving significant time. 

More specifically, Zhang (29) and Lemdiasov (30) described calculation of a closed-form S-

parameter matrix to accomplish these simulations. These methods have been used to improve the 

prediction of local SAR in pTx coils (26,31) at 3 T, 7 T (32) and 10.5 T (33).  

A key aspect of the use of pTx arrays has been the coil interactions, which become more 

severe at higher frequency. In order to minimize these couplings, several approaches (27,95–100) 

have been proposed including capacitive decoupling, inductive decoupling, and other methods 

such as induced current elimination (ICE), resonant inductive decoupling (RID), and dipole-loop 

decoupling. These methods range from geometric overlap to additional secondary resonant circuits 

that can minimize both real and imaginary terms in the impedance matrix. It is clear however that 

independent of the specific methodology of decoupling, given the decoupling circuit’s effect on 

power distribution, it is important to include its impact in the EM simulation and circuit analysis. 

However, with the simulation tools available, solutions that include the decoupling circuits have 

been less discussed. The dual-row head coil modeled by Adriany (101) and Hoffmann (102) 

included transformer decoupling (TD) circuits modeled using the built-in toolbox offered in CST 

Microwave Studio 2018. However, more complex features, such as the Q factor and isolated 
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resonant frequency of the TD circuits, are not well modeled and optimized in the EM simulation 

or circuit analysis software (103). 

In this work, we establish methods to assist in the design and optimization of a decoupled 

transceiver array for the human head. Based on the double row transceiver array as described by 

Avdievich (104–106), we introduce a closed-form S-parameter matrix of the transceiver that 

accounts for the matching circuits, decoupling circuits, and lumped capacitors. We implement a 

hybrid circuit-spatial domain analysis that uses a target cost function which includes both the S-

parameters and 𝐵1
+

 homogeneity to determine coil parameters, including capacitors, inductors, and 

decoupling circuits’ Q factors, isolated frequencies, and coupling coefficients. Over a series of 

four simulated head models and an input range of coil parameters determined from real experience, 

this hybrid circuit-spatial domain analysis obtains excellent agreement of optimized components. 

Finally, using the applied amplifier voltages from the MRI console, we generate 𝐵1
+

 profiles from 

individual coils which show good agreement with the in vivo data.  

4.1 Method  

4.1.1 Simulation set-up 

The double row array coil was modeled in XFdtd (v7.7, Remcom, State College, PA) in 1-

mm nominal cell resolution as shown in Figure 4-1-A. The cylindrical RF shield is made by two 

layers of overlapped slotted copper foil that are insulated from each other using a thin liquid crystal 

polymer layer (𝜀r=2). The slotted copper foil enhances the TEM waves inside the RF coil and thus 

improves the 𝐵1
+

 field (107). The coil former is modeled as polycarbonate (𝜀r=3), and the board 

material of the coil is Bakelite (𝜀r=3.5). The volume enclosed by the RF shield is meshed with 1-

mm resolution gridding; the rest of the space (including the human body and simulation paddings) 

are meshed with gridding resolution of at least 20 cells per wavelength. The Japanese head model 

Hanako (2-mm resolution adult female) (108), two Virtual Family models Ella (v1.3 1-mm 

resolution 26 year old female) and Duke (v1.3 1-mm resolution 34 year old male) (109), and the 

Virtual Population model Louis (v1.3 1-mm resolution 14 year old male) (110) were loaded 

separately in the coil center, with coil-to-tissue distance greater than 1 cm. A broadband excitation 

with convergence criterion of -50 dB resulted a simulation time of 14 minutes per voltage port of 
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a multi-port simulation, running on an Intel Xeon workstation with 64 GB RAM and two Quadro 

K5200 GPU. 
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Figure 4-1. A: The coil set up. A slotted RF shield is placed outside the array coil. The dual-row 

coil is made with a former and covered with copper clad board. The simulated human models are 

positioned in the coil center, with the eyes aligned with the eye portals on the coil former, 

mimicking the real scanning scenario. B: The 1-V, 50-Ω voltage feeds orientations in the XFdtd 

setup for the ℂ208×208 S-parameters calculation. The arrow points to the current flowing 

direction. The circuit diagrams of the top and bottom row loop coils are shown in C. The RID 

and TD circuits are shown in D. There are 16 RID circuits applied to decouple neighboring coils 

in the horizontal direction, 8 vertical TD circuits applied to decouple neighboring coils in the 

vertical direction, and 16 diagonal TD circuits applied to decouple neighboring coils in the 

diagonal direction. 
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4.1.2 S-parameters relationship 

The array coil (Figure 4-1) has 208 gaps distributed along the loops and is described by 

296 parameters (a listing is shown in Table 4-1, first column). 

 

Table 4-1. Mean ± standard deviation of key components of the 296 optimized parameters. 

Components Hanako 

Hanako 

(exclude 𝑩𝟏
+  

inhomogene

ity) 

Ella Duke Louis  

𝑥1 - 𝑥96 Fixed lumped caps (“10 pF” or “8.2 
pF”) 
Optimization subject to 𝑥1−96 ∈ [7, 13 pF] 

9.66±1.24 9.52±0.87 9.66±0.91 9.53±0.85 9.69±0.87 

𝑥105 - 𝑥112 Tuning cap, top coils 
[10, 20 pF] 

14.19±0.85 13.75±0.50 14.80±0.24 14.19±0.40 14.37±0.56 

𝑥97 - 𝑥104 Tuning cap, bottom coils 
[10, 20 pF] 

15.70±1.53 15.11±0.45 15.43±0.39 15.52±0.71 15.03±0.55 

𝑥121  - 𝑥128  Trimmer cap, matching, top 
coils 
[5, 20 pF] 

5.56±0.30 7.28±0.70 6.58±1.01 6.61±1.05 6.02±0.46 

𝑥113  - 𝑥120  Trimmer cap, matching, 
bottom coils 
[5, 20 pF] 

10.84±2.33 7.82±0.51 8.39±2.21 6.97±1.08 7.72±1.29 

𝑥129 - 𝑥144 Shunt matching cap 
[5, 20 pF] 

6.22±0.82 6.53±0.56 6.38±0.79 5.92±0.43 6.18±0.47 

𝑥145 - 𝑥160 Parallel matching cap 
[5, 25 pF] 

18.93±4.08 19.55±0.58 19.93±2.24 20.16±2.69 20.14±2.34 

𝑥161 - 𝑥168 RID inductor, top coils 
[5, 15 nH] 

9.91±1.05 9.34 ±1.42 9.37±0.90 10.00±1.46 9.55±1.42 

𝑥169 - 𝑥176 RID inductor, bottom coils 
[5, 15 nH] 

11.50±1.20 9.49±1.49 10.31±1.06 11.35±1.30 10.18±1.63 

𝑥201 - 𝑥216 RID isolated frequency 
[200, 298 MHz] 

290.27± 2.0
2 

292.64± 0.8
7 

291.48± 1.0
2 

290.44± 1.6
4 

291.46± 1.7
2 

𝑥241 - 𝑥256 RID Q factors 
[150, 350] 

235.46± 22.
06 

216.98± 15.
90 

238.24± 9.2
3 

245.25± 16.
26 

236.94± 17.
22 

𝑥281 - 𝑥296 RID k coefficients 
[0.06, 0.5] 

0.282± 0.02
9 

0.257± 0.01
9 

0.279± 0.01
4 

0.295± 0.02
1 

0.280± 0.02
4 

𝑥177 - 𝑥184 TD vertical inductors 
[5, 20 nH] 

17.93±0.49 18.47±0.33 17.81±0.26 17.93±0.29 17.79±0.32 

𝑥185 - 𝑥200 TD diagonal inductors 
[5, 20 nH] 

8.29±1.38 9.98±0.78 8.77±1.53 9.77±2.99 8.97±1.72 

𝑥217 - 𝑥240 TD Q factors 
[150, 350] 

249.95± 3.3
2 

247.76± 1.5
9 

249.02± 1.8
8 

250.02± 1.4
2 

248.92± 1.9
7 

𝑥257 - 𝑥264 TD vertical k coefficients 
[0.06, 0.5] 

0.424± 0.01
7 

0.441± 0.01
4 

0.435± 0.01
2 

0.416± 0.01
6 

0.433± 0.01
4 

𝑥265 - 𝑥280 TD diagonal k coefficients 
[0.06, 0.5] 

0.243± 0.01
8 

0.255± 0.01
3 

0.256± 0.01
1 

0.259± 0.02
3 

0.255± 0.01
6 
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The voltage feeds are bridged across the gaps in the orientation as shown in Figure 4-1-B, with 

each voltage feed set to 1 V, 50 Ω with modulated Gaussian wave excitations. In the circuit-domain, 

this array can be modeled as a network of 208 ports, with 16 ports connected to the matching 

circuits, and 192 ports connected to 112 lumped capacitors and 40 decoupling circuits (using 2 

ports each). At a given frequency, the ℂ208×208 S-matrix is 

𝑺CoilPorts = [
𝑺drive drive 𝑺drive lump
𝑺lump drive 𝑺lump lump

]. [4-1] 

 

 

Figure 4-2. The 208-port coil as a network system. The 16 channels coming from the splitter are 

connected to matching circuits which are connected to the dual-row coil. The dual-row coil 

elements are also connected with lumped capacitors and transformers decoupling circuits. 

 

With our experimental values for forward and reflected voltages being measured at the amplifier, 

in this analysis we need to describe the S-parameters at the RF amplifiers: as shown in Figure 4-2, 

this is defined as bout/ain where ain and bout are the complex forward and reflected voltages, 
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respectively, between the matching circuits and amplifiers. Here we show the analysis relating the 

coil elements used in the optimization to the S-parameters bout/ain. 

The forward wave to the network system is a column vector: 

𝒂 = [𝑎1 𝑎2 ⋯    𝑎208]T = [𝒂drive
T 𝒂lump

T], [4-2] 

 

and the reflected waves of the network system are represented by a column vector: 

𝒃 = [𝑏1 𝑏2 ⋯    𝑏208]
T = [𝒃drive

T 𝒃lump
T], [4-3] 

 

where 𝒂drive  and 𝒃drive  are column vectors that contain 16 complex elements, annotated with 

complex vector space ℂ16. 𝒂drive and 𝒃drive  represent the forward and reflected waves connected 

to the driving ports on the coils, respectively. 𝒂lump and 𝒃lump are of ℂ192, representing the forward 

and reflected waves to the lumped capacitors and decoupling circuits ports. The overall 

relationship of all ports is: 

[
𝑺drive drive 𝑺drive lump
𝑺lump drive 𝑺lump lump

] [
𝒂drive
𝒂lump

] = [
𝒃drive
𝒃lump

]. [4-4] 

 

The reflected waves can be represented by a function of reflection coefficients and forward waves 

as described by Lemdiasov (30). Eq. 4-5 relates the reflected waves in relation to both the coil 

array and the matching circuits: 

[
𝒃drive
𝒃lump

] = [
𝑺match+

−1 ·  𝒂drive 

𝑺lump
−1 ·  𝒂lump

]− [𝑺match+− · 𝑺match+
−1 · 𝒂in 

0
] . [4-5] 

 

The 𝑺match+ and 𝑺match+− are diagonal matrices for the 16 matching circuits: the diagonal terms 

are the reflection and the transmission coefficients respectively, when looking from the loop coil 

toward the matching circuit. In Eq. 4-5, 𝑺lump contains the S matrices of lumped capacitors (𝑺cap) 

and decoupling circuits (𝑺DC): 

𝑺lump  =  [
𝑺cap 𝟎

𝟎 𝑺DC
] [4-6] 

 

The Appendix describes the S matrices for matching circuits (𝑺match+ , 𝑺match+− and 𝑺match−), 

lumped capacitors (𝑺cap) and decoupling circuits (𝑺DC). 

Inserting Eq. 4-5 in Eq. 4-4 gives: 
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[
𝑺drive drive 𝑺drive lump
𝑺lump drive 𝑺lump lump

] [
𝒂drive
𝒂lump

] = [
𝑺match+

−1 ·  𝒂drive 

𝑺lump
−1 ·  𝒂lump

]−

 [𝑺match+− · 𝑺match+
−1 · 𝒂in 

0
] . 

[4-7] 

 

As stated, we need to determine the array S-parameters from 𝒃out/𝒂in, with 𝒃out given by the 

relationship between the matching circuits’ 𝑺match parameters and 𝒂drive: 

𝒃out = 𝑺match+−  ·
𝒂drive −  𝑺match+− ·𝒂in

𝑺match+
+ 𝑺match− · 𝒂in , [4-8] 

 

where 𝒂drive is calculated from Eq. 4-7 as 

  𝒂drive = (𝑺match+
−1 − 𝑺drive drive − 𝑺drive lump · (𝑺lump

−1 − 𝑺lump lump)
−1 ·

𝑺drive lump)
−1 · 𝑺match+ −  · 𝑺match+

−1 · 𝒂in . 
[4-9] 

 

Thus the ℂ16×16 S-parameters of the array coil measured at the RF amplifier is  

𝑺 =  
𝒃out

𝒂in
= 𝑺match+ −  · 𝑺match+

−1 · (
𝒂drive

𝒂in
− 𝑺match+−) + 𝑺match− . [4-10] 

 

To validate Eq. 4-10, the XFdtd-calculated 𝑺CoilPorts  from Eq. 4-1 was imported into the SnP 

(Touchstone) instance in ADS 2020 and connected with corresponding circuit models (lumped 

capacitors, matching circuits, and decoupling circuits). The resulting S-parameters obtained at the 

16 feed ports in the ADS 2020 SnP instance are the same as the ℂ16×16 S-parameters obtained 

using Eq. 4-10.  

4.1.3 Decoupling circuits 

In the above 208-port array description, we used a lumped component description of the 

decoupling circuits. Figure 4-1-B shows the adjacent surface coils being decoupled using two types 

of decoupling circuits. Depending on the orientation, the nearest neighbor surface coils have 

mutual impedance 𝑍12 = −𝑗𝜔𝑀12 +𝑅12 , where 𝜔  is coil resonant angular frequency 2π×298 

MHz. As shown in Figure 4-1-B, within a row (top or bottom), the horizontally adjacent coils are 

decoupled by RID circuits; the vertically and diagonally (“cornering”) adjacent coils are decoupled 

by TD circuits (Figure 4-1-D). As shown by Avdievich (45), for the RID circuit both the reactive 
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and resistive terms can be canceled when 𝜔0 < 𝜔 while the TD eliminates the reactive term of the 

mutual impedance. The ℂ2×2  Z matrix of each RID circuit (𝒁RID  in Appendix Eq. A7) is 

characterized by four variables 𝜔0, 𝐿0, 𝑄0 and 𝑘0, representing the isolated resonant frequency, 

inductors, RID Q factor and coupling coefficients. Consequently, the capacitor value (𝐶0) and the 

inductor resistivity (𝑅0) can be determined based on 𝐶0 = 2/(𝜔0
2𝐿0), and 𝑅0 = 𝜔0𝐿0/𝑄0. The 

ℂ2×2 Z matrix of each TD circuit (𝒁TD in Appendix Eq. A8) is characterized by three variables 𝐿1, 

𝑄1 and 𝑘1, representing inductors, inductor Q factor and the coupling coefficient. The inductor 

resistivity (𝑅1) of the TD circuit is given by 𝑅1 = 𝜔𝐿1/𝑄1.  

4.1.4 Optimization 

The optimization was performed using a cost function (𝑓(𝒙)) defined in Eq. 4-11, where 

‖ ‖ denotes the Euclidean distance, | | is the elementwise absolute values, and 𝑤1−3 are weights:   

𝑓(𝒙) = 𝑤1‖|diag(𝑆(𝒙))| − 𝑆𝑖𝑖‖ + 𝑤2‖ |𝑆𝑟(𝒙)| − 𝑆𝑖𝑗‖ + 𝑤3 ‖
Std(𝐵1)

Mean(𝐵1)
− target‖ . [4-11] 

The minimum is given by the constrained optimization: 

�̂� = arg min
𝒙

{  𝑓(𝒙) } , 

over the 296 parameters, and each coil port has at least one parameter (see Table 4-1, left column 

for itemization for 𝒙), subject to 

𝒙 ∈ {𝛺: 𝑥𝑛 lower < 𝑥𝑛 < 𝑥𝑛 upper, 𝑛 = 1,2, … , 296} .  

 

Eq. 4-11 contains three parts, with the first part optimizing the diagonal terms of the S-parameters 

𝑆(𝒙) from Eq. 4-10 (denoted by diag(𝑆(𝒙))) with a target value 𝑆𝑖𝑖 of -20 to -25dB. The second 

part is optimization of decoupling of any two adjacent coils, represented by the selected off-

diagonal terms of the coil S-parameter (denoted by 𝑆𝑟(𝒙), terms are shown as 𝑆𝑖𝑗(RID bot), 𝑆𝑖𝑗(RID bot), 

and 𝑆𝑖𝑗(TD) in Figure 4-3-A) with a target value 𝑆𝑖𝑗 of -20 to -30 dB; these boundary values based 

on experimental data. Notably, 𝑆𝑟(𝒙) are effectively defined by the TD and RID circuits (rather 

than the sample), so the optimization of 𝑆𝑟(𝒙) is equivalent to optimization of the TD and RID 

circuits. The third part is the optimization of 𝐵1
+

 inhomogeneity within the brain calculated using 

Eqs. 4-9,12,13,14 (see below); we used a target 𝐵1
+

 inhomogeneity of 10%. The weightings 𝑤1, 

𝑤2  and 𝑤3  were set at 0.1, 0.1, and 1.5, based on obtaining equal contributions to the 𝑓(𝒙) 
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minimization from the three target parameters. To avoid large matrix sizes and to save optimization 

time, we downsampled the 𝐵1
+

 maps from 3002 to 642 resolution over the 9 slices (i.e., ~20 fold 

reduction in matrix size) before calculating Std(𝐵1
+) and Mean(𝐵1

+).  

 

 

Figure 4-3. Magnitude (dB) and phase of S-parameter matrix at 298 MHz, and frequency sweep 

determined from cost function Eq. 4-11 (with B1
+ homogeneity optimization) for Duke (A), Ella 

(B), Hanako (C), and Louis (D). Panel E shows these equivalent data for Louis but determined 

with Eq. 4-15, without B1
+ homogeneity optimization. 

 

This constrained optimization can be solved using solvers such as Self Organizing 

Migrating Algorithm (SOMA) (111), the alternating direction method of multipliers (ADMM) 

(112), Genetic Algorithm (GA) and a nonlinear programming solver ‘fmincon’. Both GA and 

fmincon are provided in the MATLAB Optimization Toolbox (MathWorks, Natick, MA). We used 

fmincon as the optimization solver and searched for optimal x parameters within the upper and 

lower bounds. 

As shown in Table 4-1, over the four modeled heads Ella, Duke, Hanako and Louis, the 

constrained optimization of 𝑓(𝒙) gave highly consistent values for all mean component values 

(264 parameters associated with the RID, TD, and distributed capacitors, excluding tuning and 

matching circuits). These values were thus used to define the “fixed” transceiver T0. To mimic 

real-world workflow, T0 was then used with optimization of the 32 tuning and matching capacitors 

(𝑥97 to 𝑥128) for each head to estimate field maps and RF shim.  
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ADMM Optimization implementation 

To remove the constraint on x for the cost function Eq 4-11 

-11, we define the convex function:  

 

𝑔(𝒙) =  {
   0   𝑖𝑓   𝒙 ∈ 𝛺  
  ∞   𝑖𝑓   𝒙 ∉  𝛺 

  . 

 

Then, the minimum is given by the unconstrained optimization: 

�̂� = arg min
𝒙

{  𝑓(𝒙) + 𝑔(𝒙)} . 

 

We can use variable splitting to derive a constrained optimization problem that is equivalent to the 

above equation: 

(�̂�, �̂�) = arg min
𝒙=𝒗

{  𝑓(𝒙) + 𝑔(𝒗)} . 

 

Next, we use the augmented Lagrangian method to formulate the constrained optimization as an 

unconstrained optimization: 

(𝒙, �̂�) = arg min
𝒙,𝒗

{ 𝑓(𝒙) + 𝑔(𝒗) + 
𝑎

2
‖𝒙 − 𝒗 + 𝒖‖2} , 

and 
𝑎

2
‖𝒙 − 𝒗 + 𝒖‖  is regularization term. We apply the ADMM algorithm to formulate an 

iterative algorithm to solve the augmented Lagrangian, and the pseudocode is 

 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝒙, 𝒗, 𝒖 𝑎𝑛𝑑 𝑎  

𝑅𝑒𝑝𝑒𝑎𝑡 𝐾 𝑡𝑖𝑚𝑒𝑠{  

𝒙 ← arg min
𝒙

{  𝑓(𝒙)  + 
𝑎

2
‖𝒙 − 𝒗 + 𝒖‖2 } [4-12] 

 

𝒗 ← 𝑐𝑙𝑖𝑝{𝒙 + 𝒖,𝛺} 

 

𝒖 ←  𝒖 + (𝒙 − 𝒗) 

                            } 

 

Here the 𝑐𝑙𝑖𝑝(𝒙 + 𝒖, 𝛺) function clips 𝒙 + 𝒖 into the convex set 𝛺. 
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After K iterations, the both x and v vectors converged, and x equals to v, as shown in Fig. 

3-4-B. In addition, upon convergence, the entries in x are within the imposed upper and lower 

bounds. 

We define the proximal mapping  𝐿(𝒙) =  𝑓(𝒙)  + 
𝑎

2
‖𝒙 − 𝒗 + 𝒖‖2 , and the 

implementation of Eq. 4-12 is described be achieved by the following pseudocode: 

 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝛼0 

𝑅𝑒𝑝𝑒𝑎𝑡 𝑀 𝑡𝑖𝑚𝑒𝑠{   

𝐹𝑜𝑟 𝑛 ∈ [1,… ,𝑁] {        

𝛼 ← 𝛼0 ·  (−
∂ 𝐿 (𝒙)

∂𝑥𝑛
)   [4-13] 

𝑊ℎ𝑖𝑙𝑒 𝐿(𝒙) > 𝐿(𝒙 +  𝛼 ·  ԑ𝑛) 

     { 

 𝛼 ←  𝛼 · 0.1  

} 

      

    𝒙 +  𝛼 ·  ԑ𝑛 

                               } 

                 } 

ԑ𝑛  is a column vector with its 𝑛𝑡ℎ  element 1 and 0 otherwise. One full iteration of the above 

pseudocode consists of a sequence of single updates, where entry in 𝒙 is updated exactly once. 

After repeating M times, we can obtain the minimum for Eq. 4-12. Numerical differentiation with 

sufficiently small ∂𝑥𝑛 can be used to implement Eq. 4-13. 
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4.1.5 Reconstruction of B1
+ profiles and RF shimming 

As shown in Figure 4-2, the forward waves from the 8-channel RF amplifier are split to 16 

forward waves (𝑎in )  to feed the 16 coil elements. While the RF amplifier of the Siemens 

Magnetom 7T VB17 8 pTx system is capable of up to 165 V per channel, to target a final 𝐵1
+

 of 

500 Hz, each channel is optimized with a maximum of 110 V. To include the splitter and 

approximate real-world conditions, we applied 4.5 dB attenuation on the forward voltage, i.e., each 

coil received maximum 65.5 V forward voltage. Thus, the expression of forward voltage (ain) for 

each coil at the coil plug-in is 

𝑎in = 𝑉𝑘𝑒
𝑗(𝜙𝑘) = 𝑉0𝑒

𝑗(𝜙CP + Dinter−row), [4-14] 

 

where 𝑉𝑘 is the forward voltage amplitude, 𝜙𝑘 is applied forward voltage phase (𝑘 = 1,2, … ,16). 

To generate a circularly polarized (CP) distribution, 𝜙CP  is 𝜋 4⁄  phase increments along the 8 

channels in the azimuthal direction. It should be recognized that there is an additional phase shift 

Dinter-row (identical for all 8 channels) between the top and bottom rows of the array, reflecting 

additional cable lengths associated with the splitter. An optimization of Eq. 4-11 over a range of 

Figure 4-4. A: Four optimization solvers, with the objective function evaluations plotted with 

normalized iterations. The SAMO optimization took 11 hours to converge. B: The ADMM 

solver is able to converge when the difference between vector x and v becomes negligible 
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inter-row (0 – 80) showed the least 𝐵1
+

 homogeneity at >50 (Figure 4-4-B). We used inter-row = 

56 for the remainder of the study.  

 

 

 

Figure 4-5. A: B1
+ field magnitude for 16 channels, and each coil is fed with 65.5 V forward 

voltage. The field maps are taken in the axial plane at the center of each surface coil. The channel 

index is labeled in Figure 4-1-B. B: The standard deviation over mean (B1
+ inhomogeneity) over 

the inter-row coil phase shift from 0 to 80. 

 

The 𝒂in is a vector concatenating 𝑎in of all 16 coils. Substituting this 𝒂in into Eq. 4-9 gives 

𝒂drive, and using Eq. 4-15 gives 𝒂lump . 

𝒂lump = (𝑺lump
−1 − 𝑺lump lump)

−1
· 𝑺lump drive · 𝒂drive [4-15] 

 

After calculating 𝒂drive and 𝒂lump , we can obtain the forward wave vector 𝒂 in Eq. 4-2, and its 

elements 𝑎𝑛 are used in the following Eq. 4-16, which can be used to generate either the 𝐵1
+

 of 

individual coil or all coils simultaneous transmission. 

𝐵1
+ =∑ 𝑎𝑛 ·

𝐵1
+
voltage source 𝑛 

𝑎 voltage source 𝑛 

208

𝑛=1

 ,  [4-16] 
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where the 𝑎𝑛 is the nth element of the forward wave vector 𝒂, the 𝐵1
+
voltage source 𝑛 is the 𝐵1

+
 field 

map generated by the nth voltage feed (one of the 208 voltage feeds in XFdtd), and  𝑎 voltage source 𝑛 

is the forward voltage at the load of the nth voltage feed. 𝑎 voltage source 𝑛 is calculated based on the 

load voltage and the reflection coefficient seen at the nth voltage feed. To check the accuracy of Eq. 

4-16, a simplified coil array (without the decoupling circuits) was used, i.e., a direct simulation 

was performed with XFdtd using lumped capacitors and voltage sources bridging the coil gaps, 

and matching circuits embedded at the voltage sources as SPICE circuit models. The resulting 

direct simulation S-parameters and field maps are compared to the calculated co-simulated results 

generated from Eqs. 4-10 and 4-16, respectively; Figure A-1 shows largely identical results.  

For RF shimming using these simulated field maps, we used the RF shim method described 

in (25). For the “Homogeneous” distribution that targets the intracerebral region, two ROIs are 

defined: an inner ROI (ROIHomogPhase) over which the phase per channel is calculated and a larger 

outer ROI (ROIHomogAmp) that includes all of the intracerebral tissue. The ROIHomogPhase is used with 

each channel data to obtain a constant phase across all channels and the amplitudes of the forward 

voltages of the 8 channels (combining each vertical pair of the 16 channels) optimized to achieve 

the targeted 𝐵1
+

 (500 Hz, 11.7 µT) in the ROIHomogAmp. The selections of ROI are shown in Figure 

A-2. 

 All in vivo 𝐵1
+

 data in this paper (n=8 total healthy controls, n=4 women) were acquired as 

part of ongoing studies recruited with Institutional Review Board approval. 

4.2 Results 

4.2.1 Defining the fixed transceiver T0 

Despite the variation in head sizes, the optimization yielded very consistent results as 

shown in Table 4-1, with an overall covariance of ~8%. Thus the “fixed” transceiver T0 was 

defined from the mean values from the four heads for each component. Using T0, we then 

optimized the tuning and matching capacitors to generate the coil S-parameter matrix at single 

frequency 298 MHz for each head model. As shown in Figure 4-3, the S-parameter matrices have 

element-wise similar magnitude and phase over the four models. For all cases, the 𝑆𝑖𝑖 and 𝑆𝑖𝑗 (for 

adjacent decoupled coil pairs) are close to their target values of -25 dB and -40 dB respectively, 

while the 𝑆𝑖𝑗 of the next adjacent coil (which is not explicitly decoupled) are all better than -14 dB. 
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The top row 8 coils (the 9th to 16th coils) are more difficult to decouple because the top row coils 

are angled inward towards the human head, increasing the mutual resistance between adjacent 

coils. However, for all adjacent coils decoupled by the RID circuits, the S-parameter frequency 

sweep showed a dip, reaching Sij values of -30 dB to -50 dB (95).   

 Figure 4-4-A shows the reconstructed 𝐵1
+

 magnitude profiles (reconstructed using Eq. 4-

16) of all 16 coils loaded with the Louis model, and each coil is fed with 65.5 V forward voltage. 

Each coil has similar spatial distribution of 𝐵1
+

 magnitude, as each coil is well decoupled from the 

adjacent coils, with the coupling between the next nearest neighbor coils reaching -14 dB isolation 

(e.g., 𝑆13,11 and 𝑆14,12 in Figure 4-4-D). Allowing for variation in inter-row, Figure 4-4-B shows 

that two simulating heads behaved similarly for resulting 𝐵1
+

 inhomogeneity variation, with an 

approximate minimum beyond >50.  

4.2.2 Simulated and experimental B1
+ maps 

 Figure 4-5 shows good agreement in the 𝐵1
+

 maps (phase, amplitude) of individual 

channels between simulation and experimental data for the Louis model. In both simulation and 

experiment, each of the 16 coils is fed with 65.5 V forward voltage.  
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Figure 4-6. B1
+ phase and magnitude profiles of eight channels on five axial slices (A-E) evenly 

spaced across the simulated and in vivo heads. Within the same row, from left to right order, are 

the simulated magnitude, in vivo magnitude, simulated phase, and in vivo phase. The phase map 

of each channel is relative to the 1st channel. In both simulation and experiment, each coil is fed 

with 65.5 V forward voltage. 
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Results from the RF shimmed homogeneous 𝐵1
+

 maps using cost function Eq. 4-11 are 

shown in Figure 4-6 and in Table 4-2A, finding reasonable agreement with in vivo data obtained 

from eight human subjects.  

 

Table 4-2. The mean and standard deviations of B1
+ in the intracerebral tissue, and the total peak 

forward power of RF amplifier for homogeneous distribution. (A) Including homogeneity 

weighting (Eq. 4-11), (B) excluding homogeneity weighting (Eq. 4-17). (A, B) perform the 

transceiver T optimization individually over the four models, optimizing full set of parameter x. 

(C) Using the fixed transceiver T0 as determined from the homogeneity weighted optimization. 

 
𝑩𝟏
+  Mean 

(Hz) 

𝑩𝟏
+  Std 

(Hz) 

𝑩𝟏
+  

Std/Mean 

% 

Peak Forward 

Power (W) 

RF efficiency 

(Hz/√𝐖) 

A: With 𝑩𝟏
+  inhomogeneity in cost function 

Hanako (3.14 L) 487.5 69.2 14.2 1920.84 11.12 

Ella (3.20 L) 488.3 66.6 13.6 1922.79 11.14 

Duke (3.75 L) 473.8 64.2 13.6 1936.00 10.77 

Louis (3.28 L) 490.9 64.2 13.1 1781.28 11.63 

Mean simulated 485.17.7 66.02.4 13.60.4 1890.272.9 11.160.35 

in vivo (n = 8) 472.74.3 49.377.34 10.51.5 1723104 11.39 

B: Excluding 𝑩𝟏
+  inhomogeneity in cost function 

Hanako 475.1 94.0 19.8 1705.6 11.50 

Ella 475.5 80.7 17.0 1782.8 11.26 

Duke 472.9 81.5 17.2 1824.4 11.07 

Louis 482.7 78.0 16.1 1716.4 11.65 

Mean simulated 476.64.3 83.67.1 17.51.6 1757.356.3 11.360.26 

C: Optimizing the user-tunable 32 tuning and matching capacitors on the “fixed” 

transceiver T0 

Hanako  487.2 73.3 15.1 1846.11 11.34 

Ella 486.2 65.3 13.4 1931.0 11.06 

Duke 484.9 66.9 13.8 1915.7 11.08 

Louis  490.9 64.3 13.1 1748.2 11.74 

Mean simulated 487.32.6 67.44.0 13.90.9 1860.383.3 11.310.32 
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There is excellent agreement in RF efficiency, achieving an in silico 11.160.35 Hz/√W, 

in comparison in vivo 11.39 Hz/√W, and good agreement in 𝐵1
+

 inhomogeneity, at 13.60.4% in 

silico, in comparison to our previous reports at 11-13% (104,105) and 10.51.5% (n=8 subjects) 

in vivo. To mimic real world workflow, Table 4-2-C shows the performance when using the T0 

transceiver on all four head models, optimizing only the tuning and matching capacitors. As 

expected, the RF efficiency and 𝐵1
+

 inhomogeneity are in good agreement with in vivo data. 
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Figure 4-7. A: The sagittal B1
+ profiles of the RF shimmed homogeneous distributions for Ella 

(top left), Louis (top right), Hanako (bottom left), and Duke (bottom right). The nine ROI slices 

indicated with dashed red lines are evenly spaced across the head, and the axial views are shown 

in Supporting Figure A-2 for four simulation heads. B: The corresponding coronal B1
+ profiles 

for the four head models. 



 

 

79 

4.2.3 With and without a homogeneity cost function 

The decoupled array design is advantageous due to better control of the coil interactions 

that affect homogeneity and amplitude. In this analysis, we were able to consider the homogeneity 

as a design feature in the cost function (Eq. 4-11) and examine the consequent impact on the coil 

components. For this comparison, we modified the cost function to eliminate the homogeneity 

condition, giving Eq. 4-17.  

𝑓(𝒙) = 𝑤1‖|diag(𝑆(𝒙))| − 𝑆𝑖𝑖‖ + 𝑤2‖ |𝑆𝑟(𝒙)| − 𝑆𝑖𝑗‖ [3-17] 

As shown in Table 4-2-A,B, comparing the effect of homogeneity weighting, the mean 𝐵1
+

 

covariance worsened by 28.47.5% to 17.51.6%, while the RF efficiency is slightly improved. 

Hanako exhibited the greatest change, an absolute 5% drop in covariance, 14.2% > 19.8%, i.e., a 

~39% change in inhomogeneity. The consequences of omitting the homogeneity weighting for 

Hanako are seen throughout the decoupling circuits, with increased isolated RID resonance 

frequency and TD inductor values, decreased Q factors, RID inductor values, and RID k 

coefficients. Figure 4-3-D,E compare the S-parameters and frequency sweeps calculated with and 

without homogeneity weighting for the Louis model. It is notable that with omission of the 

homogeneity weighting, the majority of change in the S-parameters amplitude and phase are in the 

top-top and top-bottom row coil interactions, with little effect in the bottom-bottom row 

interactions. Comparing with and without homogeneity weighting, the top-top and top-bottom Sij 

values are remarkably worse (larger values) with homogeneity weighting. Nonetheless, with 

homogeneity weighting, this range of values for the 𝑆𝑖𝑗(RID top), 𝑆𝑖𝑗(RID bot)  and 𝑆𝑖𝑗(TD)  is similar 

over the four models (Figure 4-3-A-D).  

4.3 Discussion 

4.3.1 Co-simulation and S-parameters optimization 

This work demonstrates a co-simulation method, paired with S-parameters and 𝐵1
+

 

inhomogeneity optimization to simulate a double-row, 16-coil head transmit array at 7 T. Our co-

simulation model considered the matching circuits, decoupling circuits, and lumped capacitors. 

With the RID and TD circuits, the array coil can be tuned and matched at various loadings in silico 

with all coil elements achieving 𝑆𝑖𝑗 coupling better than ~ -14 dB, consistent with known in vivo 

performance (106). The optimization parameters accurately characterized the decoupling circuits, 
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e.g., the Q factors and isolated resonant frequencies of decoupling circuits are similar to those 

previously published (45), and would be important to account for the effect on RF power 

distribution by the decoupling circuits. Based on this co-simulation, the coil S-parameters and 𝐵1
+

 

inhomogeneity can be optimized by different constrained optimization solvers (ADMM, SOMA, 

GA, and fmincon). The resulting complex field maps of individual and summed coils show 

excellent agreement with in vivo data. 

4.3.2 Cost function: hybrid circuit-spatial domain optimization 

Commercial software such as the industrial standard ADS 2020 includes S-parameter 

calculation but has limited cost function optimization capability and is unable to adjust the 

parameters used in optimization algorithms. Our analysis avoids these limitations, and we found 

that either the MATLAB fmincon or ADMM (data not shown) optimizations are substantially 

faster than ADS 2020, but more importantly, using either fmincon or ADMM, the cost function 

was minimized to a smaller value than with ADS 2020.  

In our analysis we have compared the behavior of the S-parameters using two cost 

functions that explicitly use spatial information (Eqs. 4-11 and 4-17). With and without the 

homogeneity cost function results in significant 8-17% change in the Q factors, coupling 

coefficients, and inductances. It is of interest that the homogeneity weighting worsens the Sij values, 

particularly affecting the top row coils and their coupling with the bottom row. This may reflect 

the need for some propagation and complex summation within the top row and between the two 

rows for greater resulting homogeneity, which results in a small decrease in efficiency and 

amplitude (~1-3%, Table 4-2-A,B). In this manner, the inclusion of the spatially variable 

homogeneity cost function is effectively making use of both the magnitude and phase of the S-

parameters, the phase which is commonly ignored in RF simulation studies (28,31,102).  

4.3.3 Simulating the transceiver and experimental B1
+ maps 

Over the four heads placed in the coil center, the simulation generated highly consistent 

values for the component terms (Table 4-1). The head volumes inside the RF shield are reported 

in Table 4-2-A left column. Several observations are of note. First, even though there is a 16.3% 

difference in head volume between the Duke head (3.75 liters, determined from all head tissue 
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within the RF shield) and Hanako head (3.14 liters), there was no significant difference between 

any matching circuit or decoupling components and minimal differences in 𝑆𝑖𝑗  (Figure 4-3), 

indicating that with the applied decoupling circuits, the residual impedance is small. Second, the 

effects of the decoupling circuits are clear. As demonstrated by the validation simulation of Eq. 4-

16 (Figure A-1), for a single activated coil at bottom row, the highest 𝑆𝑖𝑗 (~ -9 dB) is with adjacent 

coil, significantly worse than the scenarios after adding the RIDs where the highest 𝑆𝑖𝑗 (~ -15 dB) 

is with the next adjacent coils.  

Finally, there is good agreement between simulated and in vivo in terms of 𝐵1
+

 profiles (as 

shown in Figure 4-8) and RF power efficiency. In RF shimming, we achieved a mean 𝐵1
+

 

covariance of 13.60.4% and RF efficiency 11.160.35 Hz/√W in comparison to experimental 

data here of 𝐵1
+

 covariance 10.51.5%, RF efficiency 11.370.26 Hz/√W , and of 11-13% 

covariance previously reported (29,30), Table 4-2-A. We suspect these residuals may be a result 

of differences in ROI selection, head position or tilt within the array, or may still be affected by 

the accuracy of the model heads (e.g., in mesh size or tissue properties; for example, such 

measurements may depend on the temperature of the tissue, in vivo or in vitro (96); additionally, 

the dielectric properties of muscle can be anisotropic (97)).   
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Figure 4-8. A: The RF shimmed B1
+ profiles of in vivo scan compared with one simulation head. 

B: The tissue contrast image of simulated head (contrast provided solely based on tissue 

conductivity). 
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4.3.4 Additional considerations 

There are several assumptions that were made in these simulations. First, we did not 

explicitly have measurements of the target Sii for all 16 coils, instead using the 8 available 

experimental directional coupler measurements. The measured 8 channel Sii values range from -

15 dB to -20 dB, and the measurements did not account for the impedance of the 2×8 splitters, 

transmit/receive switches, and cables. Thus, we assumed that the actual Sii of all 16 coils are -20 

to -25 dB. Also, with the lumped component description of the decoupling circuits, we assumed 

that the decoupling circuits are small enough that they do not generate additional complex fields 

in the human head. Indeed, the decoupling circuits on the real coil are small in size, and they are 

elevated several centimeters from the surface coil. As a next step in this analysis, extension of our 

co-simulation method can facilitate designing the next generation of multi-row coils by finding 

the optimal locations to map the decoupling circuits from the circuits-domain onto the S-

parameters in the co-simulation. 

The hybrid circuit-spatial domain optimization may be considered disadvantageous for coil 

analysis, given the additional spatial complexity. Indeed, we did need to reduce the size of the 

available spatial data by ~20x in order to perform these analyses. However, it should be noted that 

the resulting additional time needed for optimization was shorter (optimization time decreased 

from 40 min to 30 min); we hypothesize that the additional spatial information effectively reduced 

the search space in the minimization.  

4.4 Conclusions 

Overall, this study presents a hybrid circuit-spatial domain and cost function optimization 

to accelerate the FDTD simulation and design stages of a double row pTx head coil. The resulting 

field maps are in excellent agreement with in vivo results, and the high consistency of the coil 

components (typically varying by 2 to 8%, mean 3.4%) over the 4 simulated heads contends that 

the methods are robust and identify realistic component values. The inclusion of the spatial 𝐵1
+

 

homogeneity into the cost function is novel and demonstrates that the optimization of this 

decoupled array is based on the desired homogeneity, amplitude, and power efficiency. The 

available solution space shows that a substantial gain in homogeneity (28%) can be achieved with 

a near-negligible (2%) loss in amplitude and efficiency. The accuracy of these maps can be used 
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for predictions for individualized and universal RF shimming (5,27,98–100,113) and for the design 

of spatially accurate pulses for pTx imaging (114–116). From a coil design view, these methods 

are not limited by the complexity of the coil designs such as the number of lumped components, 

nor coil-to-coil proximity, and should thus be applicable to analysis and simulation of array coil 

designs of higher port counts and geometrically overlaid coils. 
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 VIRTUAL OBSERVATION POINTS AND HIGH PERMITTIVITY 

MATERIAL 

5.1 Local SAR and VOP: 

The spatial matrices (S-matrices) defined in the work of Eichfelder and Gebhardt (117) is 

similar to the Q matrices defined by Homann (118) and Zhu (119), except the channel weights are 

the complex-valued waveforms in the former and the currents in the latter. The SAR of in the 

center of one spatial voxel (Yee’s cell in FDTD) is defined as  

𝑆𝐴𝑅 =  
𝜎

𝜌
 𝐄𝐻 · 𝐄 

=
𝜎

𝜌
[(µ1 exp(jθ1))

𝐻       (µ2 exp(jθ2))
𝐻     …     (µ𝑛 exp(jθ𝑛))

𝐻  ] [

µ1 exp(jθ1)𝐸1
µ1 exp(jθ1)𝐸1

…
µ𝑛 exp(jθ𝑛)𝐸𝑛

] 

= [(µ1 exp(jθ1))
𝐻       (µ2 exp(jθ2))

𝐻     …     (µ𝑛 exp(jθ𝑛))
𝐻  ]

𝜎

𝜌
[
𝐸1𝐸1

𝐻 … 𝐸1𝐸𝑛
𝐻

… … …
𝐸𝑛𝐸1

𝐻 … 𝐸𝑛𝐸𝑛
𝐻
]

⏟              
  ≝Q

[

µ1 exp(jθ1)

µ1 exp(jθ1)
…

µ𝑛 exp(jθ𝑛)

] 

= 𝐔𝐻𝐐𝐔 [5-1] 

 

The ‘𝐻’ denotes complex conjugate transpose for vectors or complex conjugate for complex 

numbers, and the 𝜎 and 𝜌 is the tissue conductivity and density respectively. The 𝐸𝑛 in Eq. 5-1 is 

the electric field generated by the 𝑛𝑡ℎ transmit channel at peak voltage (110 volts) with 0-degree 

phase shift. Here we considered 8 transmit channels in total, and 𝐔 is the channel weight vectors. 

Using Eq. 4-16 for reconstructing the reconstruct B1
+ field and substituting the 𝐵1

+ fields with 

electric fields we can also generate the electric field of each transmit channel. The µ𝑛 exp(jθ𝑛) 

term in Eq. 5-1 has amplitude from 0 to 1 and phase from –π to π. In the circuit-field optimization, 

we can use 

𝐸 = ∑ 𝑎𝑛 ·
𝐸 voltage source 𝑛 

𝑎 voltage source 𝑛 
208
𝑛=1  ,  

To generate E fields of individual channel. 
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5.1.1 10-gram averaged Q matrices  

Each element of the complex valued Q matrix need to be 10-gram averaged. The Q matrix 

element is averaged in a 10-g concentric growing cube based on the IEEE C95.3-2002 (80). Each 

elemect of the Q matrix coresponds to the combined effect of the nth and mth source. Figure 5-1 

and Figure 5-2 present the Q3,4 magnitude and phase map, corresponding to the combined E fields 

of source 3 and source 4. As the Q matrix is a Hermitian matrix, to save the computatational power 

we only need to calculate half of the 10-g averaged Q matrix, as the other half will be the complex 

cojugate. 

 

Figure 5-1. the magnitude map of the Q3,4 element of the Q matrix. A: the axial view before and 

after the 10-gram average. B: the sagittal view before and after the 10-gram average. 
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Figure 5-2. the phase map of the Q3,4 element of the Q matrix. A: the axial view before and after 

the 10-gram average. B: the sagittal view before and after the 10-gram average. 

5.1.2 Worst-case SAR 

Eq. 5-1 is a quadratic form of  𝐔𝐻𝐐𝐔 , and has a upper bound of |𝐐|2𝐔
𝐻𝐔, where| |2is the 

2-norm. We can express the upper bound of equation Eq. 5-1 as 

𝑆𝐴𝑅 =  𝐔𝐻𝐐𝐔 ≤ |𝐐|2𝐔
𝐻𝐔 [5-2] 

 

Since 𝐐 is a Hermitian matrix, its 2-norm is the maximum eigenvalue 𝝀𝒎𝒂𝒙 of the Q matrix; We 

can express Eq 5-2 as: 

|𝐐|2𝐔
𝐻𝐔 =  𝝀𝒎𝒂𝒙‖𝐔‖

2 [5-3] 

Eq. 5-3 is the expression of the worst-case SAR for a given voxel. We notice the worst-case SAR 

is independent of the phase of the nth source θ𝑛, but is proportional to the square of the magnitude 

of the channel weight vector ‖𝐔‖. To find the global worst-case SAR, we only need to find the 

largest 𝝀𝒎𝒂𝒙 among all n voxels, then substitute it into Eq. 5-3. 
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5.1.3 VOP compression 

Now we define the Q matrix at the kth voxel as 𝑸𝒌, and call it the spatial matrix of the kth 

voxel. Notice 𝑸𝒌 is a Hermitian matrix. Recall the definition of positive semi-definite (psd), for 

any spatial matrix 𝑸𝒌 at the mth voxel, m = 1,2,...,N (there are N voxels in total). If we have 

𝑸𝒌 − 𝑸𝒎 psd, [5-4] 

then we can have 

 𝐔𝐻(𝑸𝒌 − 𝑸𝒎)𝐔 ≥  0 , [5-5] 

for any 𝐔 (i.e. for any weightings applied to the pTx system). Then the minimum eigenvalue of 

𝑸𝒌 − 𝑸𝒎 is greater than zero, i.e. 𝜆𝑚𝑖𝑛(𝑸𝒌 − 𝑸𝒎) ≥  0 . 

 

The goal of VOP clustering is to select 𝑸core from 𝑸1 …𝑸N  and find 𝐙 such that 

𝑸core + 𝒁 − 𝑸1 psd 

𝑸core + 𝒁 − 𝑸2 psd 

… 

𝑸core + 𝒁 − 𝑸N−1 psd 

with |𝒁|2 minimal and |𝒁|2 ≤ ԑ · 𝑆𝐴𝑅global worst−case . 

The VOP matrix (Qvop) is defined as  

𝑸vop = 𝑸𝒄𝒐𝒓𝒆 + 𝒁,  [5-6] 

so that for any spatial matrix as the mth voxel, we can have 

𝑸𝒗𝒐𝒑 − 𝑸𝒎 psd. [5-7] 

Here ԑ  is a user-input fraction number, and it is usually taken to be 1%, 5% or 10%. The 

𝑆𝐴𝑅global worst−case can be calculated by using Eq. 5-3, or one may use the maximum global SAR. 

To achieve better compression, we need to generate the least amount of 𝑸vop matrices as possible. 

5.1.4 The compression method 

Here we present an effective compression method inspired by Eichfelder and Gebhardt 

(117) 
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Step 1: 

Select 𝑸𝒄𝒐𝒓𝒆 , which is the core matrix that has the maximum eigenvalue over all spatial matrix 

𝑸m, where m = 1,2,...N. 

Step 2: 

Arrange  

0 ≥ 𝜆𝑚𝑖𝑛(𝑸𝒄𝒐𝒓𝒆 − 𝑸1) > 𝜆𝑚𝑖𝑛(𝑸𝒄𝒐𝒓𝒆 −𝑸2) > ⋯ > 𝜆𝑚𝑖𝑛(𝑸𝒄𝒐𝒓𝒆 − 𝑸N)  

This arrangement is to ensure the overestimation |𝐙|2 grows as low as possible so that we can 

generate a large cluster in Step 3. 

Step 3: 

To achieve 𝑸∗ + 𝒁1 − 𝑸1 psd with |𝒁1|2 minimal, we assign  -λmin(𝑸core − 𝑸1) as the 

diagonal element of 𝒁1. To achieve 𝑸∗ + 𝒁1 + 𝒁2 − 𝑸2 psd with |𝒁1 + 𝒁2|2 minimal, we 

assign -λmin(𝑸core + 𝐙1 − 𝑸2) as the diagonal element of 𝐙2. 

… 

𝑸∗ + 𝒁1 + 𝒁2 +⋯+ 𝒁N − 𝑸N psd 

Step 4: 

Break from Step 3 when 

∑|𝒁k|2 > 

𝑁

𝑘=1

 ԑ · 𝑆𝐴𝑅global worst−case 

Now 𝑸1… 𝑸N−1 are in a VOP cluster. 

Step 5: 

A VOP cluster has been created, now go back to Step 1 to create another VOP cluster. The only 

difference is now in Step 1 we do not need to consider spatial voxels that have been clustered. A 

complete set of VOP clusters will be created once we have either one or no spatial matrix left in 

Step 1. 

Finished. 

Here we present an example of how to compress three Q matrices below, with the constraint ԑ ·

𝑆𝐴𝑅global worst−case = 0.15. 

𝑸1 =  [
0.2 0
0 1.2

] 𝑸2 = [
0.4 0
0 0.2

] 𝑸3 = [
0.1 0
0 1.5

]  
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Step 1: 

Chose core matrix 

𝑸𝒄𝒐𝒓𝒆 = 𝑸3 = [
0.1 0
0 1.5

] 

Step 2: 

Arrange Q matrices in order, so 𝑸1 goes first, then 𝑸2. 

Step 3: 

Calculate 𝒁1 =  [
0.1 0
0 0

], 𝒁𝟐 =  [
0.2 0
0 0

]  

Step 4: 

Break from Step 3 when |𝐙2|2 + |𝐙1|2 = 0.3 > 0.15 

Step 5: 

Now 𝑸3 and 𝑸1 are in VOP cluster #1, and 𝐐2 is in VOP cluster #2. For VOP cluster #1, 𝑸𝑣𝑜𝑝 =

𝑸𝒄𝒐𝒓𝒆 + 𝒁1 =  [
0.2 0
0 1.5

]; and for VOP cluster #2, 𝑸𝑣𝑜𝑝 = 𝑸2. 

Finished. 

5.1.5 VOP on human heads 

The channel weight vectors in Eq. 5-1 are scaled such that their Euclidean norms equal one 

(||U|| = 1). The worst-case local SAR of one voxel at ||U|| = 1 is the maximum eigenvalue of the 

10-g averaged Q matrix. Finally, the 10-g averaged Q matrices are compressed using a home-

written VOP compression software previously mentioned. We generated 2000 random channel 

weight vectors, and their elements have varied phases and amplitudes; again, all the channel weight 

vectors are normalized such that ||U|| = 1. Substitute each random channel weight vector and the 

uncompressed Q matrices in Eq. 5-2, we can find the maximum local SAR. Repeating these 

procedures, we can find the maximum local SAR for the VOP matrices.  

For simulation heads in relatively shallow positions in the head coil, results are in Figure 

5-3; for heads in deeper position in the head coil, results are in Figure 5-4. Figure 5-3-A shows the 

worst-case local SAR maps when ||U|| = 1. The SAR distribution scale (0 – 500 W/kg) can be 

multiplied by ||U||2 to relate to the real experience, when ||U|| ≠1.  At 5% over-estimation rate, for 

Ella, 215386 10-gram averaged Q matrices were compressed to 1425 VOP matrices; for Hanako, 

216837 Q matrices were compressed to 2283 VOP matrices; for Duke, 247170 Q matrices were 
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compressed to 1522 VOP matrices; for Louis in coil center, 222300 Q matrices were compressed 

to 2782 VOP matrices; for posterior shift Louis, 223592 Q matrices were compressed to 1489 VOP 

matrices; for superior shift Louis, 236367 Q matrices were compressed to 993 VOP matrices. As 

the worst-case SAR levels increased, the Q matric compression ratio increases. Each VOP cluster 

has one core Q matrix. The locations of the core Q matrices of all VOP clusters are plotted on the 

worst-case SAR maps in Figure 5-3-A. In Figure 5-3-B, we plotted the maximum local SAR over 

the uncompressed Q matrices and the maximum local SAR over the compressed VOP matrices for 

2000 random excitations. 

 

 

Figure 5-3. A: The VOP locations on the worst-case local SAR (10g-SAR) maps in sagittal views 

within the heads of realistic human models: of Ella, Hanako, Duke, Louis head in coil center, Louis 

head posterior shift, and Louis head superior shift. The SAR scale bar (0 – 1000 W/kg) are based 

on ||U|| = 1. B: 2000 random RF excitations were used to validate the VOP matrix with the 

uncompressed Q matrix at 5% over-estimation rate for heads in A. The maximum local SAR for 

both cases at all 2000 random RF excitations is plotted. 
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To compare ԑ effect on VOPs, we compared the Louis head (small) with Duke head (adult male, 

large) at ԑ = 5% and 10%. Figure 5-4 compares the VOP core matrices location for Louis head in 

the center of coil, and the Duke head with nose close to the anterior part of the array coil. Table 5-

1 shows the worst-case SAR, VOP matrices number, and Q matrices number for Duke and Louis. 

Duke has worst-case SAR nearly three times higher than Louis, and this is related with the ~10 to 

20 times higher in VOP compression ratio for Duke. Additionally, increasing the ԑ percentage 

increases the VOP compression ratio, while the worst-case SAR map is not changed.  

 

 

Figure 5-4. Louis VOP core matrices locations on the worst-case SAR map, for ԑ = 5% and 10%; 

and Duke VOP core matrixes for ԑ = 10%. Bottom row figures are the sagittal view of head tissue 

contrast maps, pTx coil former and RF shield. 
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Table 5-1. VOP matrices comparison for Louis and Duke 

ԑ 
Worst-case 

SAR (W/kg) 

Number of 

Q matrices 

Number of 

VOPs 

Compression 

factor 

Cubic voxel 

size (mm) 

Louis 

ԑ = 5% 486.5 194,376 1547 126 1 

ԑ = 10% 486.5 194,376 272 715 1 

Duke 

ԑ = 5% 1619 222,980 109 2,045 1 

ԑ = 10% 1619 222,980 27 8,259 1 

5.2 HPM head former enhancing coil performance 

5.2.1 HPM head former with single coil 

The HPM pads have high relative permittivity (ԑ𝑟 > 100), that has been shown to increase 

the RF efficiency when used in combination with birdcage RF coils (34–36). The increment of the 

RF efficiency for a single coil is apparent as the displacement current in the HPM pad can induce 

a secondary 𝐵1
+ in the head. Figure 5-5 shows when a 5-mm thickness HPM head former covers 

the upper head of Louis, the RF efficiency in the head is increased as ԑ𝑟  increases. The S-

parameters of the pTx head coil and 𝐵1
+ within the head in presence of the HPM have not been 

well studied. 
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Figure 5-5. RF efficiency in the head when single port of the coil is activated when a 5-mm 

thickness HPM head former (green) covers the upper head. The RF efficiency increased as the 

relative permittivity increased. 

5.2.2 HPM head former with simultaneous transmission   

We applied the co-simulation method detailed in Chapter 3 with the Louis head with HPM 

former and compared its simulation results with those generated from direct XFdtd simulation. 

There is large agreement in S-parameter and B1
+ map between the co-simulation and direct XFdtd 

simulation, as shown in Figure 5-6  
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The B1
+ statistics in the Louis upper brain tissue when wearing HPM head former are 

shown in Figure 5-7. There is a decrease in RF efficiency in the head with simultaneous 

transmission, unlike the case of an increase in RF efficiency of the single port activation in Figure 

5-5. The B1
+ homogeneity has a nonlinear relationship with the ԑ𝑟  values; the best B1

+ 

homogeneity is achieved at ԑ𝑟 = 120 . We also investigated how the array coil S-parameter 

changes with HPM head former. The coil S-parameter with HPM head former at various ԑ𝑟 is 

shown in Figure 5-8. At the resonating frequency, the Sij values are not affected by the HPM below 

ԑ𝑟  =  316, but the Sii decreases as ԑ𝑟 decreased. At ԑ𝑟 = 120, the Sii can be optimized to -16dB. 

At ԑ𝑟 below 60, the coils S parameters can be optimized to values as if there is no HPM. 

 

Figure 5-6. Comparisons of direct simulation and circuit-domain co-simulation. A: the S parameters 

for single coil activation, calculated separately using the circuit-domain co-simulation (left column) 

and direct XFdtd simulation (right column). B: the B1
+ magnitude and phase map for single coil 

activation.  
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Figure 5-7. Head former with simultaneous transmission. A: the sagittal view and 3D view of the    

HPM head former, head tissue and coil structure. B: The B1
+ statistics (mean, standard deviation, 

power, and RF efficiency) in the brain tissue for various ԑ𝑟 of the HPM head former. 
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The sagittal view and coronal view of the Louis head with HPM ԑ𝑟 = 120 and without HPM is 

shown in Figure 5-9. The B1
+ distribution is more homogeneous with HPM ԑ𝑟 = 120 as shown in 

Figure 5-9-A compared to without HPM as shown in Figure 5-9-B, which shows a brighter B1
+ 

region in the head center. 

 

Figure 5-8. The S-parameters of the 16 channels head coil wearing HPM head former at various 

ԑ𝑟.  
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Figure 5-9. The sagittal view (top row) and coronal views (bottom row) of the Louis head when wearing HPM head former (ԑ𝑟 = 120) 

in A, and not wearing the HPM head former in B. 
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5.2.3 VOP on human heads with HPM head former 

The VOP core matrices (ԑ = 5%) locations on the worst-case SAR maps for Louis without 

and with HPM head former is shown in Figure 5-10-A,B. The HPM head former in cyan in sagittal 

view is shown in Figure 5-10-D. In Figure 5-10-B, the VOP core matrices and high-level worst-

case SAR are showing in the periphery of the head that covered by the HPM head former.  

 

 

The VOP matrices and worst-case SAR for Louis without and with HPM head former is 

shown in Table 5-2. There is 23% increment in worst-case SAR, and 7% reduction in VOP 

compression ratio for with HPM head former as compared to without HPM. The increment in 

worst-case SAR is as expected because it is at higher forward power when wearing HPM head 

former. As observed from the Duke model in Table 5-1, the increasing worst-case SAR will cause 

Figure 5-10. The locations of VOP cluster core matrices on the worst-case SAR map for Louis 

without HPM head former (A) and wearing HPM head former (B).  The sagittal view of head 

tissue and coil structure without HPM is in C, and with HPM is in D. 
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increment in VOP compression ratio. But the reduction of VOP compression ratio here when 

wearing HPM head former is different from our previous conclusion. 

 

 

  

Table 5-2. The VOP matrices and worst-case SAR for Louis without and with HPM. 
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APPENDIX A. S-MATRICES CALCULATION 

Matching circuit Z and S-matrices 

The Z matrix for a given matching circuit is written as (using the capacitor notation in 

Figure 4-2): 

 

𝒁match = [
𝑆match+ 𝑆match+−
𝑆match+− 𝑆match− 

] =

[
 
 
 
 −𝑗
𝜔𝐶s

+

𝑗

𝐶s𝐶s
2𝜔

𝐶p
+
𝜔

𝐶s
+
𝜔

𝐶m

−

𝑗

𝐶m𝐶s
2𝜔

𝐶p
+
𝜔

𝐶s
+
𝜔

𝐶m

−

𝑗

𝐶m𝐶s
2𝜔

𝐶p
+
𝜔

𝐶s
+
𝜔

𝐶m

−𝑗

𝜔𝐶m
+

𝑗

𝐶m𝐶m
2𝜔

𝐶p
+
𝜔

𝐶s
+
𝜔

𝐶m ]
 
 
 
 

 .  [A1] 

 

The 𝑺match+  and 𝑺match+− are diagonal matrices for the 16 matching circuits: the reflection 

coefficient between the coil and matching circuit, and the transmit coefficient between the coil and 

voltage feeds respectively. 𝑺match−  is the reflection coefficient between the voltage feed (RF 

amplifier) and matching circuit. Thus, for the 16 matching circuits, 

 

𝑺match+ = [

𝑆1 match+ ⋱ 0
⋱ 𝑆𝑛 match+ ⋱
0 ⋱ 𝑆16 match+

] [A2] 

and  

𝑺match+− = [

𝑆1 match+− ⋱ 0
⋱ 𝑆𝑛 match+− ⋱
0 ⋱ 𝑆16 match+−

]. [A3] 

 

Lumped capacitors Z and S-matrices 

Recall Eq. 4-6, 𝑺lump is of ℂ192×192, and contains the S-parameters of lumped capacitors 

(𝑺cap) and decoupling circuits (𝑺DC), where 𝑺cap is the lumped capacitors’ reflection coefficients, 

and it is a diagonal matrix of ℂ112×112: 

 

𝑺cap = [

𝑆cap 1 ⋱ 0

⋱ 𝑆cap 𝑛 ⋱

0 ⋱ 𝑆cap 112

] = (𝒁cap − 50 𝑰)(𝒁cap + 50 𝑰)
−1, [A4] 
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Where 𝒁cap is a diagonal matrix, and its diagonal elements are the input impedances of the 112 

lumped capacitors. To account for the capacitor equivalent series resistance (ESR), we added 0.2-

Ω resistor in series with each capacitor. 

 

Decoupling circuit Z and S-matrices 

Recall Eq. 4-6, 𝑺lump is of ℂ192×192 and contains the S-parameters of lumped capacitors 

(𝑺cap) and decoupling circuits (𝑺DC), where 𝑺DC  is of ℂ80×80  and contains the 40 decoupling 

circuits’ S-parameters: 

 

𝑺DC = [

𝑺DC 1 ⋱ 𝟎
⋱ 𝑺DC 𝑛 ⋱
𝟎 ⋱ 𝑺DC 40

], [A5] 

 

where 𝑺DC 𝑛 is a ℂ2×2 S-parameters of the nth decoupling circuit. Since each decoupling circuit has 

2 ports, we have: 

𝑺DC 𝑛 =  [
𝑆11 𝑆12
𝑆21 𝑆22

] =  (𝒁DC 𝑛 − 50 𝑰)(𝒁DC 𝑛 + 50 𝑰)
−1, [A6] 

 

where the 𝑍DC 𝑛 is a ℂ2×2 impedance matrix of the nth RID or TD circuit, and their expressions are 

calculated as below. As shown in Figure 4-1-B, the RID decoupling circuits are used to decouple 

within-row adjacent coil pairs, while the TD circuits are used to decouple “cornering” coils and 

between-row coil pairs. Using notations in Figure 4-1-D, the RID circuit Z matrix is written as: 

 

𝒁RID = 

[
 
 
 
 
 𝑗𝜔𝐿0 + 𝑅0 −

𝜔2𝑘0
2𝐿0

2(𝑗𝜔𝐿0−
𝑗

𝜔𝐶0
+𝑅0)

(𝑗𝜔𝐿0−
𝑗

𝜔𝐶0
+𝑅0)

2
−(

𝑗

𝜔𝐶0
)
2

−𝜔2𝑘0
2𝐿0

2(
𝑗

𝜔𝐶0
)

(𝑗𝜔𝐿0−
𝑗

𝜔𝐶0
+𝑅0)

2
−(

𝑗

𝜔𝐶0
)
2

−𝜔2𝑘0
2𝐿0

2(
𝑗

𝜔𝐶0
)

(𝑗𝜔𝐿0−
𝑗

𝜔𝐶0
+𝑅0)

2
−(

𝑗

𝜔𝐶0
)
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, [A7] 

 

where 

𝐶0 = 
2

𝜔02𝐿0
 , and 𝑅0 = 𝜔0𝐿0/𝑄0 .  

The TD circuit Z matrix is written as: 
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𝒁TD = [
𝑗𝜔𝐿1 + 𝑅1 𝑗𝜔𝑘1𝐿1
𝑗𝜔𝑘1𝐿1 𝑗𝜔𝐿1 + 𝑅1

] ,  [A8] 

 

where 

𝑅1 = 𝜔𝐿1/𝑄1. 

 

After the impedance matrices of decoupling circuits are derived, we can derive the S-matrices 

using Eq. A6.  
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Figure A-1. Comparison of co-simulation with direct XFdtd simulation. The voltage feed for the 

direct simulation is 150 V, 50 Ω at 90 phase shift; and the 𝑎in for the co-simulation is 75 V; this 

value is V+ = VL / (1 + S11), where VL is the load voltage and S11 is the reflection coefficient seen 

at the voltage feed in the direct simulation. A displays the S-parameters of one channel (Sii red, 

Sij blue), and B shows the corresponding Ex and B1
+

 phase and magnitude maps. 
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Figure A-2. The ROI selections for the Homogeneous distribution. The ROIs are overlaid on the 

head in the axial view. 
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APPENDIX B. BREAST MODEL 

Figure B-1. Sagittal plots of raw SAR in 7 T at mean B1
+ = 1.5 µT within breast tissue for 0.5-mm 

resolution breast models derived from the BI-RADS categorized CT (triangles) and MRI (squares) 

images fused with Ella (stars) and Hanako (diamonds). The same breast models from Ella (upper 

row) are down-sampled to fuse with Hanako (lower row). The FGT%, in ascending order, is 

quantified below the marker lines. The FGT% values on the left and right side of the forward slash 

correspond to Ella and Hanako breasts, respectively. Raw SAR of 0 dB = 1.3 W/kg. All images 

are taken from the axial plane across the coil center in the same field of view. The blank raw SAR 

in the Hanako model corresponds to internal air in the large intestine. 

 



 

 

107 

 



 

 

108 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-2. Sagittal plots of 10-g averaged SAR in 7 T at mean B1
+ = 1.5 µT within breast tissue 

for 0.5-mm resolution breast models derived from the BI-RADS categorized CT (triangles) and 

MRI (squares) images fused with Ella (stars) and Hanako (diamonds). The same breast models 

from Ella (upper row) are down-sampled to fuse with Hanako (lower row). The FGT%, in 

ascending order, is quantified below the marker lines. The FGT% values on the left and right 

side of the forward slash correspond to Ella and Hanako breasts, respectively. 10-g SAR of 0 dB 

= 1.3 W/kg. All images are taken from the axial plane across the coil center in the same field of 

view. 
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Figure B-3. Sagittal plots of temperature rise when tissue temperature reaches the steady-state in 

7 T at mean B1
+ = 1.5 µT within tissue for 0.5-mm resolution breast models derived from the BI-

RADS-categorized CT (triangles) and MRI (squares) images fused with Ella (stars) and Hanako 

(diamonds). The same breast models from Ella (upper row) are down-sampled to fuse with Hanako 

(lower row). The FGT%, in ascending order, is quantified below the marker lines. The FGT% 

values on the left and right of the forward slash correspond to Ella and Hanako breasts, respectively. 

All images are taken from the sagittal plane across the coil center in the same field of view. 
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Figure B-4. Axial plots of raw SAR in 7 T at mean B1
+ = 1.5 µT within breast tissue for 0.5-mm 

resolution breast models derived from the BI-RADS categorized CT (triangles) and MRI (squares) 

images fused with Ella (stars) and Hanako (diamonds). The same breast models from Ella (upper 

row) are down-sampled to fuse with Hanako (lower row). The FGT%, in ascending order, is 

quantified below the marker lines. The FGT% values on the left and right side of the forward slash 

correspond to Ella and Hanako breasts, respectively. Raw SAR of 0 dB = 1.3 W/kg. All images 

are taken from the axial plane across the coil center in the same field of view. 
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Figure B-5. Axial plots of 10-g averaged SAR in 7 T at mean B1
+ = 1.5 µT within breast tissue for 

0.5-mm resolution breast models derived from the BI-RADS categorized CT (triangles) and MRI 

(squares) images fused with Ella (stars) and Hanako (diamonds). The same breast models from 

Ella (upper row) are down-sampled to fuse with Hanako (lower row). The FGT%, in ascending 

order, is quantified below the marker lines. The FGT% values on the left and right side of the 

forward slash correspond to Ella and Hanako breasts, respectively. 10-g SAR of 0 dB = 1.3 W/kg. 

All images are taken from the axial plane across the coil center in the same field of view. 
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Figure B-6. Axial plots of temperature rise when tissue temperature reaches the steady-state in 7 

T at mean B1
+ = 1.5 µT within tissue for 0.5-mm resolution breast models derived from the BI-

RADS categorized CT (triangles) and MRI (squares) images fused with Ella (stars) and Hanako 

(diamonds). The same breast models from Ella (upper row) are down-sampled to fuse with Hanako 

(lower row). The FGT%, in ascending order, is quantified below the marker lines. The FGT% 

values on the left and right side of the forward slash correspond to Ella and Hanako breasts, 

respectively. All images are taken from the axial plane across the coil center in the same field of 

view. 
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