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Purpose: In this study, we investigate a strategy to reduce the local specific absorp-
tion rate (SAR) while keeping B+

1
 constant inside the region of interest (ROI) at the 

ultra-high field (B0 ≥ 7T) MRI.
Methods: Locally raising the resonance structure under the discontinuity (i.e., creat-
ing a bump) increases the distance between the accumulated charges and the tissue. 
As a result, it reduces the electric field and local SAR generated by these charges 
inside the tissue. The B+

1
 at a point that is sufficiently far from the coil, however, 

is not affected by this modification. In this study, three different resonant elements 
(i.e., loop coil, snake antenna, and fractionated dipole [FD]) are investigated. For 
experimental validation, a bumped FD is further investigated at 10.5T. After the 
validation, the transmit performances of eight-channel arrays of each element are 
compared through electromagnetic (EM) simulations.
Results: Introducing a bump reduced the peak 10g-averaged SAR by 21, 26, 23% 
for the loop and snake antenna at 7T, and FD at 10.5T, respectively. In addition, 
eight-channel bumped FD array at 10.5T had a 27% lower peak 10g-averaged SAR 
in a realistic human body simulation (i.e., prostate imaging) compared to an eight-
channel FD array.
Conclusion: In this study, we investigated a simple design strategy based on adding 
bumps to a resonant element to reduce the local SAR while maintaining B+

1
 inside 

an ROI. As an example, we modified an FD and performed EM simulations and 
phantom experiments with a 10.5T scanner. Results show that the peak 10g-averaged 
SAR can be reduced more than 25%.
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1 |  INTRODUCTION

Demand for the ultra-high field (UHF, B0 ≥ 7T) MRI is 
continuously increasing due to its numerous benefits such 
as a significant increase in signal-to-noise ratio1-6 (SNR) 
and improved susceptibility contrast.7,8 However, with an 
increasing static magnetic field (B0), electromagnetic (EM) 
wavelengths decrease resulting in destructive and construc-
tive interferences of radiofrequency (RF) magnetic fields 
causing degradation in overall image quality. In addition, 
constructive interference of the RF electric field can lead 
to elevated local specific absorption rate (SAR) hot spots, 
which are an important patient safety concern at UHF. 
Nevertheless, it is shown that multichannel transmit arrays 
(TxArrays) with improved RF performance can be used to 
alleviate both issues when optimal excitation strategies are 
used.9,10

In the literature, various types of the transmitting el-
ements, such as loop coils,11-16 transmission lines,6,9,17-19 
and dipole-like structures,20-26 are investigated for UHF-
MRI. Thalhammer et al11 used TxArray of loop coils for 
cardiac imaging at 7T. Adriany et al9 used an array of 
the transmission lines for head imaging at 7T. Vaughan 
et al18 built a transverse electromagnetic (TEM) coil for 
whole-body imaging at 7T. Raaijmaker et al20,21 intro-
duced single-side adapted and fractionated dipole as new 
transmitter elements for body imaging at 7T. Steensma 
et al22,23 improved the SAR performance of the dipoles at 
7T and 10.5T by introducing the snake antenna. Vaughan 
et al6 used a TEM coil for the head imaging at 9.4T. Shajan 
et al13 performed head imaging at 9.4T using the array of 
loop elements. Erturk et al24 proposed to use an array of 
fractionated dipoles for torso imaging at 10.5T. RF coil 
development is essential for realizing the full potential of 
UHF-MRI. Improving the performance of RF coil arrays 
improves UHF imaging as demonstrated in numerous stud-
ies in the literature.

In this study, we propose to modify the geometry of in-
dividual coil elements by placing a bump underneath the 
discontinuities (i.e., all lumped elements and excitation 
ports) on the coil.27 This reduces the peak local SAR while 
maintaining comparable B+

1
 within the target region of in-

terest (ROI). As proof of concept, EM simulations were 
performed for three different types of coils: the loop coil 
and snake antenna at 7T, and the fractionated dipole at 
10.5T. In addition, a bumped fractionated dipole is con-
structed and experimentally compared to a fractionated di-
pole design previously proposed for 10.5T.24 Moreover, two 
eight-channel body arrays are simulated using the bumped 
and regular fractionated dipoles and their Tx performance 
are compared to each other.

2 |  METHODS

According to Equation 1, the continuity equation in the elec-
tromagnetic theory, spatial variation of the current density J 
produces electrical charges.

where ρ denotes the electrical charge density. Based on this 
basic principle we can predict that a high SAR region would 
occur underneath a conductor discontinuity on an RF transmit-
ter. In other words, the discontinuity on the pathway of the cur-
rent leads to charge accumulation, which results in an elevated 
electric field (so-called conservative electric field) and high 
local SAR in the tissue. As a solution for this RF safety prob-
lem, we propose to place a bump underneath the discontinuities 
and increase the distance between the accumulated charges and 
the body. This simple modification reduces the conservative 
electric field inside the tissue. On the other hand, the B+

1
 at a 

point which is sufficiently far from the coil is not affected by 
this modification.

2.1 | Numerical optimization of the 
bump geometry

As a proof concept, simple bumps were placed underneath the 
discontinuities of a loop coil,11 the snake antenna,22 and the 
fractionated dipole,24 as shown in Figure 1A-F. To determine 
the optimum height of the bump in each case, a deep-body 
target (e.g., prostate imaging) is defined, and accordingly, the 
following optimization problem is investigated by sweeping 
the height in a reasonable range.

The height of the bump was swept from 5 mm to 35 mm 
for the loop coil (7T), 60 mm for the snake antenna (7T), and 
60 mm for the fractionated dipole (10.5T), moreover accord-
ing to the original structures,11,22,24 the element-to-phantom 
separations of 15 mm, 20mm, and 20 mm were determined 
respectively. The EM simulations were performed using a 
numerical EM solver HFSS 18.1 (ANSYS, Canonsburg, 
PA, USA) based on the finite-element method (FEM). In 
all cases, conductors were placed on an FR4 printed cir-
cuit board (PCB) which was mounted on a block of polyeth-
ylene terephthalate glycol (PETG). A uniform rectangular 
phantom (200 × 200 × 400 mm3) with electrical properties 

(1)∇ ⋅J =−j��

minimize
[

peak 10g−averaged SAR
]

subject to
[

B+

1
remaining constant at the target range

(i.e., 50 to 120 mm depth), compared to the

original structure
]
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similar to the average values of the human body (εr = 36,  
σ = 0.42 S/m) were used in the simulations for optimization.

2.2 | Experimental element-wise comparison

Both the bumped and regular FDs were constructed and 
matched to obtain a reflection coefficient −15 dB or less. Both 
dipoles consisted of conductors on an FR4 PCB mounted on 

a PETG block with the thickness of 10 mm. The regular24 and 
the bumped fractionated dipoles, the latter with an optimized 
bump height using the methods detailed above, were posi-
tioned on a torso-sized elliptical body phantom (450 × 180 × 
290 mm3) (Figure 1G).28 The phantom was filled with a NaCl 
doped hydroxyethyl cellulose (HEC) gel with electrical prop-
erties of εr = 78.3 and σ = 0.66 S/m. The two FD elements 
being compared were used as transmitters in this setup while 
an additional three FD elements were placed on the phantom 
as receivers only (Figure 1G).

Experimental studies with the above setup were conducted 
on a whole-body 10.5T Magnet (Agilent Technologies, 
Oxford, UK) and associated imaging system (Siemens 
Healthineers, Erlangen, Germany). The scanner is equipped 
with a 16-channel parallel transmit system with each channel 
driven by a 2-kW RF power amplifiers (Stolberg HF-Technik 
AG, Stolberg, Germany). Transmit B+

1
 maps were acquired 

using the actual flip-angle imaging (AFI) technique.29 
Temperature mapping was performed using magnetic reso-
nance thermometry30 (MRT) based on the proton resonance 
offset method31 with a 3D multi-echo gradient-echo se-
quence. SAR values were calculated by finding the slope of 
the initial part of the heating curve and multiplying with the 
heat capacity of the HEC gel (4386 J/kg/˚K). The experimen-
tal B+

1
 and SAR maps were compared against EM simulations 

of the same configuration performed using the HFSS.

2.3 | Eight-channel body TxArray coils: 
numerical simulations

To demonstrate the potential of the bumped geometry in a 
multichannel excitation scenario, simulations were per-
formed with arrays of the two element designs. Two separate 
eight-channel TxArrays comprised of bumped or regular ele-
ments were simulated using a uniform phantom and a realis-
tic human body model. In both cases four anterior and four 
posterior dipoles were positioned circumferentially around 
the load. The blocks used in these simulations were 10 mm-
thick instead of 20 mm (i.e., used through the optimization 
procedure) in order to alleviate the lack of physical space due 
to the bore size limitations.

In the phantom simulations, all elements were matched 
to obtain a reflection coefficient of −20 dB or less. We max-
imized the B+

1
-power efficiency at a prostate sized region 

at the center of the phantom using a phase-only shimming 
method, without consideration of the local SAR.32 The total 
input power was adjusted to enforce the same average B+

1
 

value inside the ROI for both TxArrays.
For the body model simulations, the torso of the realistic 

human body model Duke of the virtual population was used 
(voxel size, 2 × 2 × 2 mm3; height, 1.77 m; weight, 70.3 kg), 
as shown in Figure 2C,D. In this case, EM simulations were 

F I G U R E  1  Regular vs. bumped elements. A-C, Loop coil at 7T, 
snake antenna at 7T, and fractionated dipole at 10.5T. D-F, Bumped 
loop coil, snake antenna, and fractionated dipole. G, The experimental 
setup used to compare the transmit performance of the bumped and 
regular fractionated dipole. The experiment was conducted on a 10.5T 
scanner. The experimental set-up is also modeled in the simulation 
environment to perform a comparison with the experimental data



4 |   SADEGHI-TARAKAMEH ET Al.

performed in CST studio 2018 (CST, Darmstadt, Germany) 
using a time-domain solver based on the finite-integration 
technique (FIT). All coil elements were matched to obtain a 
reflection coefficient of −15 dB or less. A phase-only shim-
ming optimization was applied to maximize the B+

1
-power 

efficiency on the prostate without consideration of the local 
SAR. Similar to the phantom simulations, the total input 
power was adjusted to enforce the same average B+

1
 value in-

side the ROI for both TxArrays.

3 |  RESULTS

3.1 | Numerical optimization of the bump 
geometry
Figure 3A-C show the B+

1
-power efficiency results (i.e., 

B+

1

�

√

input power) sampled on a line perpendicular to the 
coil surface and passing through the coil’s center for the loop 
coil, the snake antenna, and the fractionated dipole, respec-
tively. The target range (i.e., 50 to 120 mm depth in the 

F I G U R E  2  Comparison between 
the eight-channel TxArray of regular and 
bumped fractionated dipoles. An eight-
channel TxArray coil of regular (A) and 
bumped (B) fractionated dipoles in the 
presence of a uniform elliptic phantom. An 
eight-channel TxArray coil of regular (C) 
and bumped (D) fractionated dipoles in the 
presence of a realistic human body model

F I G U R E  3  Optimizing bump height. A-C, B+

1
-power efficiencies of a loop coil, a snake antenna, and a fractionated dipole are calculated for 

various bump heights and sampled on a line perpendicular to the surface of the coil passing through the center of the coil. D-F, Peak 10g-averaged 
SAR for each bump geometry is also calculated while the input power is adjusted to achieve the reference B+

1
 at the depth of 80 mm
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phantom) is shown with a shaded region in the figure. As can 
be seen, increasing the height of the bumps results in reduced 
B+

1
-power efficiency at a region close to the coil. On the other 

hand, bumps did not have a significant effect on the  
B+

1
-power efficiency at the target region. In Figure 3D-F, the 

B+

1
 at a depth of 80 mm (i.e., the average distance from the 

transmit element to the prostate) corresponding to the regular 
structures was chosen as a reference. Then, the input power 
in the case of each height was adjusted such that the reference 
B+

1
 value has been achieved. Finally, the peak 10g-averaged 

SARs were determined and plotted for the adjusted input 
powers. As indicated on the graphs, the height of the bump 
that minimizes peak 10g-averaged SAR can be chosen as the 
optimum height. For the loop coil, there is a well-defined 
global optimum height. However, for the snake antenna and 
the fractionated dipole, the peak SAR plot reaches a plateau 
at a certain bump height. This allows us to pick a smaller 
bump size for those designs, improving the ease of fabrica-
tion and patient comfort without sacrificing SAR efficiency.

3.2 | Experimental element-wise comparison

Using the phantom configuration of Figure 1G and the opti-
mized bump height of 50 for the FD determined during opti-
mization, simulation and experimental B+

1
-power efficiencies 

were determined experimentally and from simulation as 

shown in Figure 4A,B, respectively. The B+

1
-power efficien-

cies were sampled along the dashed lines perpendicular to the 
surface of the phantom and passing through the center of the 
dipoles in Figure 4A,B, then they were plotted with respect 
to the depth inside the phantom as shown in Figure 4C. Both 
simulation and experimental results demonstrate that the B+

1

-power efficiency of the bumped FD approaches the regular 
FD and becomes almost identical at a depth ~60 mm.

The simulated and measured 10g-averaged SAR maps de-
termined from MRT are given in Figure 4D,E, respectively.

Figure 4F shows the simulation results for the B+

1
-SAR 

efficiency (B+

1

�√

peak SAR10g) of the bumped FD relative to 
regular FD plotted with respect to depth. The bumped FD 
achieved a 25% improvement in B+

1
-SAR efficiency at all 

depths greater than 50 mm.

3.3 | Eight-channel body TxArray coils: 
numerical simulations

The simulated B+

1
-maps inside a uniform elliptic phantom ob-

tained using the eight-channel TxArray of fractionated and 
bumped dipoles are shown in Figure 5A,B, respectively. The 
maps correspond to the phase-only shimming solution for the 
prostate-size ROI indicated by the black square. The input 
powers for both arrays were adjusted to achieve the same av-
erage B+

1
 (1 µT) inside the ROI.

F I G U R E  4  Simulation and experimental results for individual fractionated and bumped dipoles. A-B, The B+

1
-power efficiencies inside a 

uniform phantom. C, The simulated and experimentally measured B+

1
-power efficiencies on the dashed lines shown in Figure 4A,B. D-E, The 

10g-averaged SAR. F, The B+

1
-SAR efficiency of the bumped element (calculated relative to the regular fractionated dipole) on the dashed lines 

shown in Figure 4A



6 |   SADEGHI-TARAKAMEH ET Al.

The 10g-averaged SAR maps corresponding to the identi-
cal excitations used to obtain the B+

1
-maps in Figure 5A,B are 

shown in Figure 5C,D. The presented SAR map is over the trans-
verse plane which includes the location of peak local SAR. The 
bumped dipole array had a 22% lower peak SAR than the regular 
dipole array, yet achieved the same B+

1
 on the prostate-size ROI.

Similarly, the simulated B+

1
-maps inside the realistic 

human body model (Duke) are shown in Figure 5E,F. The 

phase-only shimming optimization was performed in the 
prostate on the transverse slice passing through the center of 
the dipoles.

The corresponding 10g-averaged SAR map on a trans-
verse plane including the location of peak local SAR. Based 
on these results, the bumped dipole array can achieve a 27% 
reduction in peak 10g-averaged SAR while maintaining the 
same B+

1
-power efficiency in the prostate.

F I G U R E  5  EM simulations corresponding to eight-channel fractionated and bumped dipoles in the presence of a uniform elliptical phantom 
and realistic human body model (Duke). Phase-only shimming solutions for a prostate-size ROI at the center of the uniform elliptical phantom 
(A,B) and corresponding 10g-averaged SAR maps on the transverse plane, which includes the peak local SAR (C,D). Phase-only shimming 
solutions for the prostate (E,F) and corresponding 10g-averaged SAR maps on the transverse plane, which includes the peak local SAR (G,H)
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4 |  DISCUSSION AND 
CONCLUSIONS

In this study, we investigated a simple strategy based on 
adding bumps to a resonant transmit element underneath 
the discontinuities (i.e., lumped elements and excita-
tion port) in order to reduce the local SAR while keeping  
B+

1
-power efficiency constant inside an ROI. This  approach 

works especially well when the target of interest is rela-
tively far away from the coil (i.e., prostate imaging). A 
similar advantage may also be present for head imaging 
studies at UHF,33,34 especially for spectroscopy studies that 
aim to maximize B+

1
-power efficiency at a single voxel near 

the middle of the brain.35

We demonstrated the advantage of adding bumps for 
SAR reduction using three transmit elements; loop coils and 
snake antennas at 7T, and fractionated dipoles at 10.5T. The 
reason for such selections was to present the advantage of 
adding bump in a fair and unbiased manner since the se-
lected structures are optimized and presented in previously 
published works.11,22,24 This advantage is investigated for a 
fractionated dipole at 7T21 as well, and the results are pre-
sented in Supporting Information Figure S1, which is avail-
able online. In principle, the approach is expected to work 
for all transmit elements with lumped matching and tuning 
elements. Optimizing arrays for the transmit performance in 
a collective manner is a challenging task, mainly because it 
requires modeling the complex interactions between individ-
ual transmit elements. As an alternative strategy, individual 
coil elements can be optimized for a given metric assum-
ing that an array comprised of such elements will also yield 
optimal results.21 Although this conclusion is not generally 
true for arbitrary coil arrays, it has been shown that optimiz-
ing the individual transmitters may result in improved array 
performance, especially when the EM interactions between 
individual elements are weak. In this work, we optimized the 
bump height for the individual elements. This optimization 
resulted in an overall improvement of the array performance 
as demonstrated with our simulation results.

Although the B+

1
-SAR efficiency of transmit elements 

was improved in the ROI by adding the bump, the power ef-
ficiency was slightly declined which indicate a degradation 
in SNR. The reduction in power efficiency mostly can be 
tackled by increasing the transmit power; however, the SNR 
issue may remain unsolved if the bumped elements will be 
used as a receive array as well. A potential solution for such a 
problem during reception can be using other types of receive 
elements along with the bumped elements (e.g., loop-dipole 
combination25).

As shown in Figure 3B, introducing the bump resulted in 
an increase in B+

1
-power efficiency in the target depth-of-in-

terest (shown with the shaded area). The snake antenna 

was originally designed to optimize the B+

1
-SAR efficiency 

(B+

1

�√

peak SAR10g); however, B+

1
-power efficiency was not 

optimized. Adding a bump to the antenna have altered the 
physical and effective length of the antenna resulting in an 
increased B+

1
-power efficiency.

According to Figure 3, the optimal bump heights for the 
snake antenna and the fractionated dipole are 45 mm and 40 
mm, respectively, which makes the elements rather bulky. 
Using these elements to form a transmit array similar to 
Figure 2 may have some drawbacks. For example, the bore 
size may be a limiting physical factor especially for sub-
jects with a higher body mass index (BMI). In addition, the 
conductors at the bump will be closer to the gradient shield 
and this may affect matching of the elements. However, 
both issues can be addressed by modestly sacrificing B+

1

-SAR efficiency and choosing a lower bump height (e.g., 
30 mm instead of 45 mm for the snake antenna and 40 mm 
for the FD which reduce B+

1
-SAR efficiency by 3.7% and 

1.5%, respectively).
Experimentally, we investigated the bumped fraction-

ated dipole at 10.5T comprehensively. We built regular and 
bumped fractionated dipoles and compared their transmit 
performances to validate our simulation results.

In this work, we investigated the effect of adding bumps 
to a resonant transmit element underneath the discontinuities 
(i.e., lumped elements and excitation port). The suggested 
modification reduced the 10g- averaged local SAR (~25%) 
while preserving the B+

1
-power efficiency at a distant point 

of interests. This preliminary work demonstrates that bumped 
elements are promising candidates as Tx coils for deep-targets 
(e.g., prostate) imaging at UHF. Future studies will focus on 
using the proposed topology for in vivo imaging at UHF.
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SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

FIGURE S1 Regular vs. bumped fractionated dipole at 7 T. 
(A) Structure of the regular fractionated dipole used for the 
EM simulations. (B) Structure of the bumped fractionated di-
pole where the bump height was swept between 5 mm and 
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60 mm. (C) B+

1
-power efficiencies of the fractionated dipoles 

are calculated for various bump heights and sampled on a line 
perpendicular to the surface of the dipole passing through the 
center of the dipole. (D) Peak 10g-averaged SAR for each 
bump height is also calculated while the input power is ad-
justed to achieve the reference B+

1
 at the depth of 80 mm. 

As a result, 31% reduction in the peak 10g-averaged SAR is 
achieved for a 55 mm-bump compared to the regular structure
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