
1

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11752  | https://doi.org/10.1038/s41598-020-68651-6

www.nature.com/scientificreports

Mitigation of B1
+ inhomogeneity 

for ultra‑high‑field magnetic 
resonance imaging: hybrid mode 
shaping with auxiliary EM potential
Minkyu Park, Hansol Noh & Namkyoo Park*

The notion of mode shaping based on evanescent coupling has been successfully applied in various 
fields of optics, such as in the dispersion engineering of optical waveguides. Here, we show that 
the same concept provides an opportunity for the seemingly different field of ultra-high-field 
MRI, addressing transmit RF magnetic field (B1+) inhomogeneity. In this work, treating the human 
phantom as a resonator, we employ an evanescently coupled high-index cladding layer to study the 
effects of the auxiliary potential on shaping the B1+ field distribution inside the phantom. Controlling 
the strength and coupling of the auxiliary potential ultimately determining the hybridized mode, 
we successfully demonstrate the global 2D homogenization of axial B1+ for a simplified cylindrical 
phantom and for a more realistic phantom of spheroidal geometry. The mode-shaping potentials with 
a magnetic permeability or material loss are also tested to offer additional degrees of freedom in the 
selection of materials as well as in the manipulation of the B1+ distribution, opening up the possibility 
of B1

+ homogenization for 3D MRI scanning.

Modal shaping with evanescent coupling has been employed as a proven technique in various applications of 
optics1–4. For example, double-clad W-type fibers use a higher-index outer cladding layer in combination with 
a lower-index inner cladding layer to tailor the modal confinement and dispersion properties5–7, which is not 
achievable from simple core-clad structures. A problem that is similar in nature also exists in different applica-
tions and carrier frequencies of magnetic resonance imaging (MRI) under the terminology of RF shimming or 
B1

+ inhomogeneity mitigation. In the MRI system, the RF electromagnetic field B1
+ is generated by the RF coil, 

tuned around the Larmor frequency ωL, which is set by and scales with the strength of the DC bias magnetic 
field (B0). While the most commonly used MRI systems use a B0 of 3 T (Tesla), the latest MRI devices employ a 
higher magnetic field, such as 7 T, to enhance the signal-to-noise ratio (SNR), spatial and temporal resolutions, 
and contrast8–11.

Nonetheless, with the increase in bias B0, the corresponding Larmor wavelength λL for the B1
+ RF field also 

decreases, causing B1
+ inhomogeneity problems in MRI. In ultra-high-field (UHF) MRI over B0 = 7 T, with the 

high permittivity of body tissue (ε ~ 78 at ωL = 300 MHz), the Larmor wavelength of the B1
+ field in the body 

(λL ~ 11 cm) becomes comparable to or smaller than the size of the human body. This high permittivity body 
surrounded by air of much lower permittivity ε = 1 then constitutes an electromagnetic resonator operating at the 
Larmor RF frequency under the excitation of the MRI RF field B1

+. This body resonator then inherently presents 
the typical field pattern of a few-mode resonator (e.g., bright in the central region, dark in the periphery)12,13, 
and inhomogeneity in the B1

+ field in MRI arises, which is detrimental to homogeneous retrieval of the intensity, 
SNR, and contrast in MRI applications14–17.

Common approaches for mitigating or shimming this B1
+ inhomogeneity are to use the capacity to alter the 

B1
+ distribution with high-permittivity materials (HPM). Dielectric pads filled with water (ε ~ 78 at 300 MHz) 

placed in contact with the head have been used to improve the sensitivity of the signal in the peripheral region 
of the ROI (region of interest), especially in proximity to the high permittivity pads18. Pads of mixtures of metal 
titanate and water have been employed to increase the permittivity of the pads so that they can be used in similar 
strategies19–24. Structures with metallic inclusions, such as metasurfaces and hybridized meta atoms (HMAs), 
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have also been reported to manipulate field profiles at subwavelength scales25,26. However, while successful in 
controlling the field distribution, most of the past efforts utilizing the local enhancement of B1

+ in the vicinity 
of the pad structures, especially those in contact with the body, often resulted in deterioration of the global B1

+ 
homogeneity over the ROI.

In this paper, we apply the notion of optical mode shaping to UHF MRI systems and successfully achieve 
global 2D homogenization of the axial B1

+ field. We treat the MRI system, composed of the body and an RF B1
+ 

coil, as a waveguide operating at the Larmor wavelength and then employ a high permittivity cladding layer 
(auxiliary electromagnetic potential well) to tailor the mode shape inside the body through controlled evanescent 
mode coupling. For this, we control three key parameters of the RF B1

+ waveguide: depth of the pad potential 
(cladding layer permittivity), width of the pad potential, and width of the potential barrier (air gap) between the 
body potential and the pad potential. From the results of a numerical analysis employing the simplified phantom 
of the brain, we then derive an optimal layout of the geometry and material parameters of the pad, which can be 
applied to the MRI systems in 2D scanning operations. Finally, we also examine the cases of pad potential with 
magnetic permeability or material loss to reveal additional degrees of freedom in the manipulation of the B1

+ 
distribution, which can be used as a route for 3D MRI shimming.

Results
Concept of hybrid mode shaping with auxiliary EM potential.  Considering the structure of MRI 
and the corresponding symmetries of the RF B1

+ and DC B0 fields, it is reasonable to approach the present solu-
tion as an electromagnetic boundary problem having dominant translational symmetry in the sagittal direction, 
with finite length. Since the uniformities of the B1

+ field distribution in the radial and sagittal directions have a 
trade-off relation in a cylindrical phantom at a given Larmor frequency27, we focus here on axial 2D MRI scan-
ning, which is widely used in clinical applications. To start, we first simplify the MRI system to maintain the 
z-translational symmetry by assuming a cylindrical phantom and a cylindrical pad to minimize the mode mixing 
between the radial (r), sagittal (z), and azimuthal (θ) directions (Fig. 1a). In this setting, at a fixed sagittal (z-axis) 
height of the B1

+ RF coil, phantom, and pad, the shaping of the mode is then determined by three control param-
eters: the depth of the auxiliary pad potential dp, the width of the pad potential wp, and the width of the potential 
barrier (air gap) wb (Fig. 1b). We further note that in view of evanescent coupling, it is clear that the control of 
dp and wp will govern the amplitude and width of the B1

+ field in the pad, while the control of the potential bar-
rier wb will determine the evanescent coupling and mode hybridization between the phantom and pad modes, 
achieving the resultant mode shaping in the target ROI.

To assess the effect of mode hybridization from the proposed evanescent mode coupling, full-wave electro-
magnetic numerical analyses are carried out by using an FEM-based simulation tool (COMSOL Multiphysics). 
As the source of B1

+ field RF excitation, we assume an idealized coil consisting of 16 surface current sources 
(rectangular, 1 cm × 18 cm) equally spaced on a cylinder (radius 15 cm, height 18 cm). The currents on each 
source are sinusoidally driven with the same magnitude at a Larmor frequency of 300 MHz (corresponding to 
B0 = 7 T) and are sequentially phase-shifted by 360°/16 = 22.5°. It is noted that this sequential phase shift provides 
a homogeneous distribution of circularly polarized fields (i.e., B1

+) with a coefficient of variation of less than 6% 

Figure 1.   The concept of evanescent mode coupling for MRI B1
+ shimming with the pad potential. (a) 

Schematic of the proposed MRI B1
+ shimming system: RF coil (gray), phantom (yellow), and cylindrical pad 

(blue). (b) The corresponding permittivity potential layout along the radial direction: phantom (yellow), air-gap 
barrier (black), and pad (blue line). (c) Plot of the B1

+ field amplitude along the radial direction at the center of 
the axial plane (z = 0): phantom-only (yellow curve), pad-potential-only (blue curve), and both the phantom and 
pad potentials (red curve). The yellow- and blue-shaded region each corresponds to the brain phantom and pad.
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in the phantom loading region. The coil is surrounded by a cylindrical surface of the perfect electric conductor 
(PEC) with a radius of 17 cm and a height of 18 cm, modeling the shield of the coil for the MRI systems. To start, 
we also focus on the imaging of the head and employ a simplified head phantom, assuming a lossy dielectric 
cylinder (height of 18 cm, radius of 7 cm, relative permittivity of 74.2, conductivity of 0.87 S/m) made of an 
agar–agar gel26. For the dielectric pad encircling the phantom, we also assume a high-permittivity material and 
cylindrical geometry, to emphasize, not in contact but evanescently coupled to the head phantom through the 
potential barrier of the air gap. These shielded coil, cylindrical pad, and phantom constitute a coaxial structure, 
as shown in Fig. 1a,b, with air gaps in between.

Figure 1c shows the excited modes without or with the presence of pad potential: the yellow and the blue 
curve correspond to the B1

+ field amplitude with the phantom only and the pad only, respectively, while the red 
curve shows that of the two potentials together, forming a hybridized mode exhibiting a flattened mode profile 
in the ROI of the head (at z = 0). Depending on the relative strength of the phantom and pad potentials with 
gaps in between, each potential dominates the overall mode profile in the MRI system, perturbed by the other 
potential. It is also critical to note that for a pad potential of sufficiently high permittivity, higher than that of the 
phantom, the behavior of the coupled mode is dominated by the pad potential and not greatly perturbed by the 
geometry or permittivity distribution of the phantom.

Optimization process.  While some clinical imaging prefer B1
+ profiles brighter in the central region of 

the ROI, a flattened mode profile is preferred in conventional, 2D MRI scanning. Here, focusing on the 2D 
homogenization of B1

+ over the transverse plane, in terms of the control parameter set (dp, wp, wb), we look into 
the following figures of merit (FOMs): (1) B1

+ maximum-to-minimum ratio (MmR) over the axial plane (r, θ) 
signifying the degree of 2D flattening; (2) the position of the B1

+ node in the radial direction (rnode) representing 
the redistribution of the B1

+ fields; and (3) the contour of B1
+ at the plane (r, z) showing homogenization over 

the z direction.
Figure 2 shows the effect of the pad potential-well depth dp on the mode profile of the phantom. When the 

pad potential is shallower than that of the phantom (εp < 80) (Fig. 2a,b), the effect of the pad on the mode shaping 
is not significant, with the deeper and wider potential of the phantom dominating the coupled system. On the 
other hand, with a pad permittivity εp > 200 (Fig. 2h,i), the B1

+ field is strongly confined in the pad, inhibiting its 
coupling to the phantom. At fixed wb = 2 cm and wp = 2 cm, with εp = 180, the lowest axial MmR of 1.2 is obtained, 
far lower than the MmR of 4.3 for the phantom-only case (εp = 1).

Figure 3 shows the effect of the pad width wp at various εp. As expected, the depth and width of the potential 
operate in a complementary manner providing almost the same pattern of modes and MmR values, e.g., for sets 

Figure 2.   Effects of the pad permittivity εp (pad potential depth) on the mode shaping. Normalized field 
amplitude in the sagittal plane (θ = 0). Contour lines represent the B1

+/B1
+

center values of 1 (red), 1/2 (yellow), and 
1/4 (blue). The region of interest, i.e., the cylinder phantom, is marked with a black rectangle. The pad is marked 
by the black-dashed rectangles. The width of the air-gap potential barrier wb is set at 2 cm. The width of the pad 
potential well wp is set at = 2 cm.
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(εp, wp) = (140, 3 cm), (180, 2 cm), and (300, 1 cm), implying an extra degree of freedom in the selection of pad 
materials (Fig. 3b). It is also noted that the lowest MmR is achieved when the node positions are farthest from 
the center, signifying the redistribution of the B1

+ fields in the radial direction for the shimming.
Figure 4 shows the effects of the air-gap barrier width wb on the mode shaping. It is noted that wb = 0 refers 

to a pad in contact with the phantom, and wb > 0 corresponds to the evanescently coupled potential case. By 
controlling wb, it is possible to adjust the strength of the evanescent coupling from the high-permittivity pad 
while retaining the general shape of the pad mode. From this added degree of freedom, we find that a nonzero 
wb consistently provides much better homogeneity than the contact pad (wb = 0), which has been demon-
strated previously18,20,21,28,29. An MmR value of 1.2 is obtained, far lower than that in the case of the contact pad 
(MmR >  ~ 2.6). Furthermore, we note that the stability of our solution against a range of wb values implies the 
robustness of our evanescent mode-shaping solution to the shape or displacement of the used phantom. In the 
optimization process, only three factors (effectively two) need to be considered for homogenization, which is 
less complex than the pad optimization scheme in other studies30,31.

Effect of the phantom geometry and other material parameters of the pad.  By replacing the 
cylindrical phantom with a more realistic one of prolate spheroid geometry (semiaxis of 7 cm along the x-direc-
tion, 7 cm along the y-direction, and 9 cm along the z-direction), we continue the optimization of the pad geom-
etry for 2D scanning MRI. It is found that the B1

+ mode profile is not critically sensitive to the geometry of the 
tested phantoms unless the size of a phantom changes dramatically. Especially when the pad mode dominates 
the overall system with a high pad-permittivity value, the geometry of the phantom is perturbative only to the 
overall system behavior. Considering that the homogeneity of the B1

+ field over a sliced plane affects the perfor-
mance of the 2D scanning MRI system, we focus on the in-slice B1

+ uniformities of the system. Figure 5 shows 
MmR values and mode profiles along different z-cut planes without and with the mode-shaping pad. It is noted 
that the two nodes of B1

+ at z ~  + /− 2 cm are the signatures of the Fabry–Perot resonance modes of the high-
permittivity pad along the z-direction. Overall, the max/min ratio of B1

+ in a transverse plane is kept less than 
2 throughout the phantom. Specifically, with the cylindrical pad, a large reduction (max of 57%) of the MmR 
is observed in the central region (z = − 4 to 4 cm) of the spheroid phantom, where B1

+ field focusing is usually 
observed without the application of an evanescently coupled pad.

In view of the refractive index, the magnetic permeability of the pad should work as an equivalent potential 
for the B1

+ RF field in the same way as the electric permittivity discussed earlier. In Fig. 6a–c, as an additional 
degree of freedom in the design of the B1

+ shimming pad, we present cases of magnetic pads (μp = 2, εp = 135), 
(μp = 4, εp = 98), and (μp = 6, εp = 78), such as those based on metamaterials, providing a similar B1

+ RF field pattern 
to that of nonmagnetic pads (μp = 1, εp = 180). In Fig. 6d–f, we also show the effect of pad loss (or the imaginary 
part of the permittivity, σp) on the mode shaping. For a non-negligible damping of σp > 0.01, the z-directional 
Fabry–Perot resonance in the pad is suppressed, decreasing the contrast or inhomogeneity of the B1

+ field in the 
z-direction. Together, these results offer strategies for the selection of materials, and the pad-based 3D shim-
ming of the B1

+ RF field.

Figure 3.   Effects of the pad potential width wp on the mode shaping. (a) Max/min ratio (left axis, solid curves) 
and node position (right axis, dotted curves) obtained for various wp (1–3 cm), at the central plane of the ROI 
(z = 0). (b) Relation between wp and εp, obtained for the minimum MmR = 1.2. (c-e) Mode profile in the sagittal 
plane (θ = 0). Potential barrier width wb = 2 cm.
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Discussion
To summarize, we propose the concept of B1

+ field mode shaping in the notion of evanescent coupling of an 
auxiliary potential to address the issue of transmit RF (B1

+) inhomogeneity in UHF MRI. Specifically, treating the 
head-air-HPM (high-permittivity materials) MRI system as an RF waveguide excited by an external electromag-
netic source, we systematically optimize the material and geometrical parameters of the HPM and evanescent 
coupling for B1

+ shimming and prove its validity against the conventional contact-pad structure. It is revealed that 
the mode shape and homogeneity inside the phantom are determined by two key factors: the mode shape inside 
the pad potential and the hybridization strength between the phantom and the pad potentials. The mode shape 
inside the pad potential is again dictated by the electric permittivity of the pad (εp), the width of the pad (wp), 
the magnetic permeability of the pad (μp), and the loss of the pad (σp). The hybridization strength is controlled 
by the width of the air potential (wb), working as a potential barrier between the phantom and pad potentials. 
With the strong boundary condition derived from the high permittivity of the pad (εpad >  > εphantom), we achieve 
a robust, global homogenization of axial B1

+ throughout the ROI with negligible dependence on the geometry 
of the phantom. With a simplified phantom of spheroidal geometry, the max-to-min ratio of B1

+ was kept < 2 
over the whole region, being applicable to 2D MRI scanning. With the use of additional parameters, such as a 
noncylindrical pad geometry, an anisotropic HPM material and a metasurface HPM, further extension of our 
proposal should be possible for higher-level B1

+ mode control in UHF MRI.

Figure 4.   Effects of the air-gap potential barrier width wb on the mode. (a) Potential distribution in the radial 
direction. (b) Max/min ratio obtained for various wb values at the central plane of the system (z = 0). (c–f) Mode 
profile in the sagittal plane (θ = 0). εp = 180, and wp = 2 cm.
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Figure 5.   B1
+ homogenization tested with a spheroidal phantom (long axis = 9 cm, short axis = 7 cm). For the 

pad, εp = 188, wb = 2 cm, and wp = 2 cm. (a) Mode profile in the sagittal view. (b) Max/min ratio at different axial 
slices (z-positions). (c) Axial images along the z-direction.

Figure 6.   Effect of the magnetic permeability and the loss of the pad. (a-c) Mode profile for a magnetic pad of 
μp = 2, 4, 6. (d-f) Effects of pad loss (σp = 0.01, 0.2, 0.5) on the mode shaping. εp = 180. For all cases, wb = 2 cm, and 
wp = 2 cm.



7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:11752  | https://doi.org/10.1038/s41598-020-68651-6

www.nature.com/scientificreports/

Received: 15 May 2020; Accepted: 29 June 2020

References
	 1.	 Jensen, S. The nonlinear coherent coupler. IEEE J. Quantum Electron. 18, 1580–1583 (1982).
	 2.	 Wang, Z. B. et al. Optical near-field interaction between neighbouring micro/nano-particles. J. Laser Micro/Nanoeng. 3, 14–18 

(2008).
	 3.	 Bliokh, K. Y., Rodríguez-Fortuño, F. J., Nori, F. & Zayats, A. V. Spin–orbit interactions of light. Nat. Photonics 9, 796–808 (2015).
	 4.	 Chin, M. K. & Ho, S. T. Design and modeling of waveguide-coupled single-mode microring resonators. J. Light. Technol. 16, 

1433–1446 (1998).
	 5.	 Kawakami, S. & Nishida, S. Characteristics of a doubly clad optical fiber with a low-index inner cladding. IEEE J. Quantum Electron. 

10, 879–887 (1974).
	 6.	 Kawakami, S. & Nishida, S. Perturbation theory of a doubly clad optical fiber with a low-index inner cladding. IEEE J. Quantum 

Electron. 11, 130–138 (1975).
	 7.	 Tanaka, T. P., Onoda, S. I. & Sumi, M. W-type optical fiber: Relation between refractive index difference and transmission band-

width. Appl. Opt. 15, 1121–1122 (1976).
	 8.	 Edelstein, W. A., Glover, G. H., Hardy, C. J. & Redington, R. W. The intrinsic signal-to-noise ratio in NMR imaging. Magn. Reson. 

Med. 3, 604–618 (1986).
	 9.	 Obusez, E. C. et al. 7 T MR of intracranial pathology: Preliminary observations and comparisons to 3 T and 1.5 T. Neuroimage 

168, 459–476 (2018).
	10.	 Tkáč, I., Öz, G., Adriany, G., Uğurbil, K. & Gruetter, R. In vivo 1H NMR spectroscopy of the human brain at high magnetic fields: 

Metabolite quantification at 4 T vs. 7 T. Magn. Reson. Med. 62, 868–879 (2009).
	11.	 Pohmann, R., Speck, O. & Scheffler, K. Signal-to-noise ratio and MR tissue parameters in human brain imaging at 3, 7, and 9.4 

tesla using current receive coil arrays. Magn. Reson. Med. 75, 801–809 (2016).
	12.	 Van de Moortele, P. F. et al. B1 destructive interferences and spatial phase patterns at 7 T with a head transceiver array coil. Magn. 

Reson. Med. 54, 1503–1518 (2005).
	13.	 Vaughan, J. T. et al. 7T vs. 4T: RF power, homogeneity, and signal-to-noise comparison in head images. Magn. Reson. Med. 46, 

24–30 (2001).
	14.	 Uğurbil, K. Imaging at ultrahigh magnetic fields: History, challenges, and solutions. Neuroimage 168, 7–32 (2018).
	15.	 van der Zwaag, W., Schäfer, A., Marques, J. P., Turner, R. & Trampel, R. Recent applications of UHF-MRI in the study of human 

brain function and structure: A review. NMR Biomed. 29, 1274–1288 (2016).
	16.	 Ladd, M. E. et al. Pros and cons of ultra-high-field MRI/MRS for human application. Prog. Nucl. Mag. Res. Sp. 109, 1–50 (2018).
	17.	 Balchandani, P. & Naidich, T. P. Ultra-high-field MR neuroimaging. AJNR Am. 36, 1204–1215 (2015).
	18.	 Yang, Q. X. et al. Manipulation of image intensity distribution at 7.0 T: Passive RF shimming and focusing with dielectric materials. 

J. Magn. Reson. Imaging 24, 197–202 (2006).
	19.	 Haines, K., Smith, N. B. & Webb, A. G. New high dielectric constant materials for tailoring the B1+ distribution at high magnetic 

fields. J. Magn. Reson. 203, 323–327 (2010).
	20.	 Teeuwisse, W. M., Brink, W. M. & Webb, A. G. Quantitative assessment of the effects of high-permittivity pads in 7 Tesla MRI of 

the brain. Magn. Reson. Med. 67, 1285–1293 (2012).
	21.	 Teeuwisse, W. M., Brink, W. M., Haines, K. N. & Webb, A. G. Simulations of high permittivity materials for 7 T neuroimaging and 

evaluation of a new barium titanate-based dielectric. Magn. Reson. Med. 67, 912–918 (2012).
	22.	 Neves, A. L. et al. Compressed perovskite aqueous mixtures near their phase transitions show very high permittivities: New pros-

pects for high-field MRI dielectric shimming. Magn. Reson. Med. 79, 1753–1765 (2018).
	23.	 O’Reilly, T. P. A., Webb, A. G. & Brink, W. M. Practical improvements in the design of high permittivity pads for dielectric shim-

ming in neuroimaging at 7 T. J. Magn. Reson. 270, 108–114 (2016).
	24.	 Brink, W. M., van der Jagt, A. M., Versluis, M. J., Verbist, B. M. & Webb, A. G. High permittivity dielectric pads improve high 

spatial resolution magnetic resonance imaging of the inner ear at 7 T. Invest. Radiol. 49, 271–277 (2014).
	25.	 Schmidt, R., Slobozhanyuk, A., Belov, P. & Webb, A. Flexible and compact hybrid metasurfaces for enhanced ultra high field in vivo 

magnetic resonance imaging. Sci. Rep. 7, 1678 (2017).
	26.	 Dubois, M. et al. Kerker effect in ultrahigh-field magnetic resonance imaging. Phys. Rev. X. 8, 031083 (2018).
	27.	 Webb, A. G. Dielectric materials in magnetic resonance. Concept. Magn. Reson. A 38, 148–184 (2011).
	28.	 Brink, W. M., Remis, R. F. & Webb, A. G. A theoretical approach based on electromagnetic scattering for analysing dielectric 

shimming in high-field MRI. Magn. Reson. Med. 75, 2185–2194 (2016).
	29.	 Schmidt, R. & Webb, A. Improvements in RF shimming in high field MRI using high permittivity materials with low order pre-

fractal geometries. IEEE Trans. Med. Imaging 35, 1837–1844 (2016).
	30.	 van Gemert, J. H. F., Brink, W. M., Webb, A. G. & Remis, R. F. High-permittivity pad design for dielectric shimming in magnetic 

resonance imaging using projection-based model reduction and a nonlinear optimization scheme. IEEE Trans. Med. Imaging 37, 
1035–1044 (2018).

	31.	 van Gemert, J., Brink, W., Webb, A. & Remis, R. High-permittivity pad design tool for 7T neuroimaging and 3T body imaging. 
Magn. Reson. Med. 81, 3370–3378 (2019).

Acknowledgements
This work was supported by the National Research Foundation (NRF) of Korea through the Global Frontier 
Program (2014M3A6B3063708), funded by the Korean government.

Author contributions
M.P. developed the ideas, performed the theoretical analyses and numerical calculations. H.N. reviewed data 
analysis and physical interpretation of the results. N.P. proposed the application of mode shaping to MRI B1

+ field 
shimming, and encouraged M.P. to investigate the additional degrees of freedom in the selection of mode-shaping 
pad materials while supervising the findings of this work. All authors discussed the results and contributed to 
the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.P.



8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:11752  | https://doi.org/10.1038/s41598-020-68651-6

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mitigation of B1+ inhomogeneity for ultra-high-field magnetic resonance imaging: hybrid mode shaping with auxiliary EM potential
	Anchor 2
	Anchor 3
	Results
	Concept of hybrid mode shaping with auxiliary EM potential. 
	Optimization process. 
	Effect of the phantom geometry and other material parameters of the pad. 

	Discussion
	References
	Acknowledgements


