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Adaptive radiofrequency shimming 
in MRI using reconfigurable 
dielectric materials
Paulina Šiurytė1, Robert van de Velde1,4, Jasper van Leeuwen1,4, Kadir Berat Yildirim1,  
Ömer Can Akgün2, Wyger Brink3 & Sebastian Weingärtner1

Inhomogeneity of the transmitted radiofrequency field (B+
1 ) is a major factor hindering the image 

quality in Magnetic Resonance Imaging (MRI) at high field strengths. Here, a novel approach is 
presented, to locally modulate the B+

1  utilizing an array of high permittivity materials with switchable 
connections. A 3×3 array of barium titanate suspension elements was constructed, with two PIN 
diode-based switchable connectors per element. Electromagnetic simulations were performed to 
determine configurations that produce strong B+

1  modulation. Remote B+
1  field switching was 

tested in a disk- and a torso-shaped phantom at 3T by applying different bias voltages to the PIN 
diodes. The attained B+

1  modulation was assessed at various switching pattern positions and various 
depths within the phantoms. The configuration with the strongest effect size has produced up to 11% 
modulation in simulations at 15 mm depth, with excellent translation properties. The effects were 
successfully replicated in phantoms, with a 5 V bias voltage producing up to 11.6±0.2% modulation. 
At the relative depth of the human heart, up to 6% of modulation was observed in the torso phantom. 
The presented method may provide a promising direction for cost-effective, and adaptive B+

1  
shimming without changes to the scanner hardware.

Keywords  MRI, Radiofrequency shimming, B+
1  inhomogeneity, Dielectric materials, EM simulations

In Magnetic Resonance Imaging (MRI), high static magnetic field strengths (B0) of 3 T and above have been 
increasingly used due to the gains in available signal-to-noise ratio (SNR)1. However, image quality at high-field 
MRI can suffer from artifacts caused by inhomogeneities in the transmitted radiofrequency (RF) field, B+

1
2. 

These artifacts become apparent when the RF wavelength approaches the dimensions of the anatomy of interest, 
such as in body imaging at 3 T or neuroimaging at 7 T and above2,3. In these configurations, the formation 
of standing waves decreases the transmit field homogeneity, giving rise to image shading and contrast non-
uniformities. In cardiac MRI, this can lead to signal variations of up to 50% across the heart4, reducing image 
quality and hindering clinical interpretation5.

Several methods have emerged to improve B+
1  field homogeneity, a process referred to as shimming6. Parallel 

RF transmission (pTx) can be used when multiple RF transmit channels are available7. The amplitude and phase 
of each channel can be configured to improve the homogeneity of the resulting superimposed B+

1  field. This has 
become the technological standard in many body imaging applications at 3T8. Additionally, individual control 
of the transmitted waveform can enable short-time scale variation of RF pulses to improve magnetization 
homogeneity further9,10. However, in both cases, the shimming capabilities are limited by the available software 
and hardware11. As dual-channel transmit systems are offered by most vendors as part of top-of-the-line system 
architecture and require expensive upgrades or replacements in conventional implementations, pTx does not 
always provide a sustainable solution for existing and older systems.

An alternative for B+
1  shimming is the use of dielectric materials, often termed “dielectric pads” or “dielectric 

shimming”. These pads typically consist of materials with high relative permittivity (ϵr) such as water, titanate 
suspensions12,13 or solid ceramics14,15. The pads are placed on the subject close to the area of interest. During 
RF transmission a displacement current is induced in the high permittivity material, which in turn, gives 
rise to a secondary magnetic field. This field is superimposed onto the field generated by the RF transmit 
coil, improving the B+

1  field homogeneity in the artifact-affected areas16. Several studies have demonstrated 
promising improvements of the B+

1  homogeneity using barium titanate suspension pads in body MRI at 3T17,18. 
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Although dielectric pads offer a cheap solution to improve B+
1  homogeneity and can be constructed in a body-

conforming shape19,20, the optimal design of the pad geometry and dielectric properties is application- and, 
ultimately, subject-specific. As a result, the clinical use of the dielectric pads is limited to the use of a single “one-
size-fits-all” design, involving compromises on the RF shimming performance.

In this work, we aim to improve the adaptability of dielectric shimming using an array of small dielectric 
elements that are electrically interconnected. The connections between the elements can be switched using PIN 
diodes to change the B+

1  field modulation. Electromagnetic (EM) simulations were performed to optimize the 
configuration and to study the effect of varying the dielectric permittivity. A 3D-printed array of cavities filled 
with a high permittivity titanate suspension was used for in-situ B+

1  shimming experiments at 3T. The B+
1  field 

modulation was measured in two different phantoms, using various connection patterns and multiple depths 
below the phantom surface.

Methods
The proposed approach is based on multiple small, sub-wavelength-sized dielectric elements, which can be 
electrically coupled using switchable connections to modulate the B+

1  field. To this end, a prototype device was 
designed as a 3×3 array of cubical cavities (50 mm×50 mm×30 mm3, 2 mm separation, Fig. 1A). Each cavity is 
electrically insulated and filled with a high permittivity material. Sets of two electrode connectors (A and B) are 
brought into contact with each element to enable inter-element connections.

EM simulations
Electromagnetic simulations were performed in CST (CST Studio Suite 2023, Dassault Systèmes, France) to 
model the B+

1  field of a 3 T MRI system. A 16-rung high-pass birdcage coil (diameter = 73 cm, length = 56 cm) 

Fig. 1.  Switchable dielectric shimming prototype. (A) Schematic overview of the 3×3 array of dielectric 
elements with a single element width of 50 mm, height 30 mm, electrode length 27 mm, and inter-element 
gap width of 2 mm. The elements of the array and the connectors are labeled (1–9, A-B) in blue for reference 
purposes. (B) 3D-printed polylactic acid container, filled with a 25% v/v barium titanate slurry (estimated 
relative permittivity of 165). An epoxy layer was applied on the inside for waterproofing, and the container was 
sealed with universal adhesive. The switching mechanism (dashed lines) is shown connecting four adjacent 
elements in parallel: 2A-3A-6A-5A-2A (pink squares) and 2B-3B-6B-5B-2B (green squares). The bias voltage 
is applied to each printed circuit board using a pair of jumper wires (visible at the bottom). (C) Simplified 
diagram of the RF switching circuit for interconnecting four elements of the dielectric array by applying a PIN 
diode bias voltage Vbias. A detailed circuit diagram is shown in Fig. S1A.
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was driven in circular polarization mode (i.e. applying a 22.5◦ phase shift between each successive rung). The 
coil was shielded by a copper cylindrical sheet (diameter = 79 cm, length = 100 cm).

A disk-shaped mineral oil phantom (diameter = 36 cm, height = 10 cm, ϵr  = 2.1, σ = 0.001 S/m)) was placed 
horizontally in the center of the coil. A 3×3 array of dielectric blocks (width = 50 mm, height 30 mm) was 
placed on top of the phantom, aligned with the center. The default relative permittivity of the dielectric material 
was set to 165 unless stated otherwise, whereas the conductivity was set to σ = 0.25 S/m in all simulations. For 
electrode connections, two copper rods (diameter = 2.5 mm, length = 37.5 mm) were placed in the top-left and 
bottom-right corner of each dielectric block at a 5 mm offset from the edge and extending down to 3 mm above 
the bottom of each block.

A time domain solver was set up to solve for the electromagnetic fields at 128 MHz in the simulation 
model. A non-uniform hexahedral mesh with minimal spacing of 3.5 mm around the phantom and coarser 
spacing outside the phantom was used for sufficient sampling of the gaps between the dielectric elements while 
minimizing the computation times. The simulated B+

1  field was normalized to 1000 W of stimulated power and 
evaluated at 15 mm below the phantom surface.

Five different series and parallel circuits between subsets of the dielectric array were studied to determine 
which interconnections produce a strong modulation of the B+

1  field. Circuit connections were simulated by 
using perfectly conducting wires with a length of 6–11 cm (minimal connector-to-connector length, rounded 
to the nearest larger integer) and a radius of 0.2 mm. For parallel circuits, three versions were investigated: 
one connecting three adjacent elements (1A-2A-5A-1A and 1B-2B-5B-1B connections); four adjacent elements 
(1A-2A-5A-4A-1A and 1B-2B-5B-4B-1B); and four non-adjacent elements, with an additional gap (1A-3A-9A-
7A-1A and 1B-3B-9B-7B-1B). For series circuits, two versions were simulated: adjacent four-element connection 
(1A-2A, 2B-5A, 5B-4B, and 4A-1B) and adjacent two-element connection (1A-2A and 1B-2B). Longer wire 
lengths were also studied by simulating 4 cm, 8 cm and 12 cm extensions to the individual connections.

To quantify the modulation strength, B+
1  differences were measured between the wired configurations and 

one reference configuration without any connections. For each configuration, a circular region-of-interest (ROI) 
was defined, centered at the point with maximum absolute modulation, with a radius of 11.7 mm to match the 
further phantom experiments. The configuration that induced the maximal change in B+

1  was selected for use 
in further simulations and phantom experiments.

Subsequently, different subsets of array elements were connected using the optimized interconnections and 
compared to the uncoupled case in order to determine if the shimming effect can be spatially shifted. Finally, 
the relative permittivity of the dielectric was studied in order to evaluate the impact of dielectric properties on 
the device performance. In particular, ϵr  was varied to resemble water (ϵr  = 80), 25% volume barium titanate 
suspension in water (v/v) (ϵr  = 165)12,13, compressed metal titanates (ϵr  = 500)21, and ceramics (ϵr  = 1000)14,15. 
Finally, a low relative permittivity (ϵr  = 10) and a few intermediate values (ϵr  = 210, 255, 300) were evaluated.

Experimental prototype
A prototype device was constructed using polylactic acid (PLA) on a commercially available 3D-printer (Sigma 
D25, BCN3D Technologies, Spain). A thin layer of epoxy resin was applied to the inner faces of the container 
to prevent water evaporation. Each cavity was filled with a 25% v/v suspension of barium titanate in distilled 
water. This ratio was chosen for its known dielectric properties at 3 T (ϵr  = 165), close to the saturation limit13.

After filling, the container was sealed with a 2 mm thick 3D-printed PLA lid that was mounted using a 
universal adhesive. The inner side of the lid was also coated with epoxy resin for waterproofing. A pair of header 
pins (PRPC040SACN-RC, Sullins Connector Solutions, United States) was inserted at two opposing corners of 
each dielectric element, at a distance of 5 mm to the lateral edges. A 27 mm copper wire was lowered into the 
dielectric to enable the electrical connections. The prototype is depicted in Fig. 1B.

RF switching
MRI-compatible RF switches were designed to modulate the RF current generated in an interconnected subset 
of the dielectric elements (see Fig. 1C). MR-compatible PIN diodes (MA4P7470F-1072T, MACOM Technology 
Solutions,150 mA maximum forward DC current rating) were used to switch interconnections based on the 
applied bias voltage. RF chokes (1 µH, 05CCM-1R0M-01, Fastron Group, Germany) and DC blocking capacitors 
(10 nF, VJ0402Y103KCAAC, Vishay, United States) were used to minimize RF coupling to the circuitry and 
direct the bias voltage to a single diode.

To study the optimized configuration, the RF switch was designed to interconnect four connecting points on 
the prototype. Each switch featured four PIN diodes, four header pins, eight DC chokes, and eight RF chokes 
(Fig. S1A). The four PIN diode connections were grouped for simultaneous application of the bias voltage. 
The four header pins were connected to the container using 10 cm AWG 26 jumper wires. For connecting 2×
2 shim array subsets of adjacent elements in a parallel circuit (e.g. 1A-2A-5A-4A-1A and 1B-2B-5B-4B-1B for 
connecting elements 1, 2, 4, and 5), two switches were used.

B+
1  mapping

Phantom experiments were performed on a 3 T MR system (Ingenia, Philips Healthcare, the Netherlands). B+
1  

maps were obtained using a Dual Refocusing Echo Acquisition Mode (DREAM) sequence (3x3 mm2 in-plane 
resolution, 10 mm slice thickness, FOV = 450×450 mm2, TR/TE = 4.6/1.9 ms, Imaging/STEAM flip angle = 
15/60 ◦)22. RF shimming was evaluated in a disk-shaped phantom (diameter = 36 cm, height = 10 cm) filled with 
mineral oil (SpectraSyn 4, ExxonMobil, United States) and a ballistic gel torso (51×46×23 cm3, T1 ≈ 169 ms, 
T2 ≈ 39.2 ms, Clear Ballistics, Unites States), which was used to mimic the human torso dimensions. At the 
water resonance frequency of the MRI scanner (127.8 MHz), the phantom’s dielectric properties were measured 
using a dielectric probe setup at room temperature (23◦), as σ = 5.93 ± 0.02 mS/m, εr  = 1.829 ± 0.002. All 
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imaging was performed with the body coil for transmit, and two loop coils on the sides of the phantom for 
receive. B+

1  maps were acquired approximately 15 mm below the surface of both phantoms.
First, the shimming effect of an unwired dielectric array was measured. For direct comparison, a second 

barium titanate cask was constructed with equal dimensions but without a 3×3 grid to form a continuous 
dielectric pad. B+

1  maps were acquired in the cylindrical phantom in three settings: without the dielectric cask; 
with the homogeneous cask; and with the unwired 3×3 array. Root mean square (RMS) B+

1  modulation was 
estimated over the area covering the cask positioned on top of the phantom.

Next, the effect of the bias voltage was studied, acquiring B+
1  maps in the cylindrical phantom for the bottom-

left 2×2 block connection, corresponding to dielectric elements 4, 5, 7, and 8. The bias voltage was varied 
between −5 V and 5 V, with 41 sampling steps, with a higher sampling density around the PIN diode activation 
between 0–1 V for the forward bias. One repetition per bias voltage was performed, and the B+

1  modulation was 
evaluated in a small circular ROI with 11.7 mm radius (equivalent to 10 voxels in the reconstructed image). The 
PIN diode bias voltage was provided from the control room using a function generator (AFG31022, Tektronix, 
United States) connected to the RF switches in the scanner (see Fig. S1B-S1D).

Translation of the interconnection was studied by testing different circuit placements: connecting elements 
1, 2, 4, and 5; elements 2, 3, 5, and 6; elements 4, 5, 7, and 8; elements 5, 6, 8, and 9. For this, a 5 V forward bias 
voltage was applied, comparing B+

1  modulation to a reference case of 0 V. The maps were acquired with ten 
repetitions for each bias voltage in a cylindrical phantom and gel-torso, and the shimming effect was evaluated in 
each case over the small circular ROIs displaying the strongest modulation. The translatability was evaluated by 
estimating 2D correlation coefficient for the B+

1  modulation area right below the connected 2×2 array subset. 
Additionally, paired sample t-tests were performed for mean modulation within the ROIs, considering the 
Bonferroni correction-adjusted significant level of 0.01.

Finally, the B+
1  modulation was studied as a function of depth in the gel-torso. B+

1  maps were acquired at 
5, 10, 15, 20, 25, 30, 35, 45, 55, 65, 75, 85, and 95 mm depths with a 5 V forward bias voltage applied to the PIN 
diodes. A reference map with 0 V bias voltage was also obtained for each slice. Three repetitions per slice were 
acquired for each bias voltage and depth. The maps were acquired using elements 2, 3, 5, and 6 connection as a 
representative configuration. For every slice, the B+

1  modulation was evaluated for a small circular ROI.

Results
EM simulations
EM simulations for several interconnection configurations show statistically significant B+

1  field modulation 
(p<0.001, see Fig. 2). A peak modulation of up to 12.8% is observed for four neighboring elements connected 
in a parallel circuit (C1). Alternative configurations with adjacent element connections (C3-C5) achieved a 
relatively weak modulation of up to 5.6%, 8.9%, and 5.1%, respectively. Parallel configuration with non-adjacent 
connections of four blocks (C2) achieved 9.2% modulation, albeit much less localized. Notably, the modulation 
produced by all configurations studied was predominantly negative. Simulations with extended connection wire 
lengths showed a reduced B+

1  field modulation, indicating that interconnecting wire length should be kept 
minimal (see the supplementary Fig. S2).

The optimized circuit (C1) was shifted to multiple positions across the dielectric array, to study the spatial 
translation of the B+

1  modulation as shown in Fig. 3. Upon moving the circuit connection to a different 2×2 
subset of blocks (C1.1-C1.4), good translation of B+

1  modulation pattern was observed. When comparing the 

Fig. 2.  Simulated B+
1  modulation for several interconnection configurations. (A) Schematic representation 

of a 3×3 array of dielectric elements with different interconnection configurations. C0 represents the 
reference case without any interconnections. (B) B+

1  difference maps evaluated at a depth of 15 mm inside 
the cylindrical phantom. The first subplot shows an absolute B+

1  map for the reference configuration (C0, 
center value defined as 100%). Subsequent subplots show the B+

1  difference of each of the interconnected 
configurations (C1-C5) compared to the reference (C0). The outline of the dielectric array is shown in black, 
and the measurement regions of interest (ROIs) are indicated by a red circle.
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B+
1  modulation obtained in C1.1 directly below the corresponding elements (i.e. the area below elements 1, 2, 4, 

and 5) with that obtained in C1.2 - C1.4, the correlation coefficients are 0.9982, 0.9998, and 0.9988, respectively. 
The area of maximum B+

1  field modulation was observed directly underneath the coupled blocks, reaching 
12.8%, 13.3%, 13.1%, and 13.1% modulation for C1.1-C1.4 configurations, respectively.

The B+
1  modulation achieved by the shimming array showed a strong dependence on the relative permittivity 

of the dielectric material, as illustrated for the C1.1 configuration in Fig. 4. A low-permittivity (ϵr = 10) and water 
model (ϵr = 80) result in a weak B+

1  modulation of 0.99% and 2.28%, respectively. Maximum modulations of 
13.1% and 12.8% are achieved by ϵr = 200 and ϵr = 165. Increasing the relative permittivity value above 250 
resulted in a decreased modulation.

Phantom results
In phantoms, DREAM sequence RF power peaked at 13.5 µT and, with RMS values of 0.25 and 0.92 µT for 
the disk-shaped phantom and for the gel torso, respectively. The resulting B+

1  modulation in the disk-shaped 
phantom averaged to 1.54±1.06% (up to 3.58%) when the unwired 3×3 dielectric array was used (see Fig. S3). 
This was substantially lower compared to the homogeneous dielectric pad without the 3×3 grid, which averaged 
to 6.20±3.89% (up to 12.85%).

The B+
1  modulation was evaluated as a function of the bias voltage Vbias in the disk-shaped phantom by 

gradually increasing the bias voltage Vbias across the PIN diodes (see Fig. 5). A steep modulation onset was 
observed for forward bias voltages around Vbias =200–400  mV, reaching a plateau at around 800 mV with 
mean B+

1  of 93.94±0.04%. Negligible variation is observed for reverse bias voltages (mean normalized B+
1  of 

101.18±0.03%). Accordingly, the configuration C1.3 achieves up to 7.24±0.03% B+
1  modulation. 5 V forward 

bias voltage was used for all subsequent experiments.
Similar to simulations, the B+

1  modulation in both the disk-shaped and gel-torso phantoms showed 
consistent spatial translation, when different 2×2 subsets of blocks were connected in configuration C1. Larger 
differences in the modulation patterns between the different subsets were observed in the experiments compared 
to simulations. Accordingly, a lower correlation coefficients between the modulation patterns for C1.2-C1.4 
and C1.1 as reference was observed in the cylindrical phantom (C1.2 vs C1.1: 0.896, C1.3 vs C1.1: 0.961, and 
C1.4 vs C1.1: 0.762). In C1.1-C1.4, maximum B+

1  modulation of 6.13±0.03%, 6.40±0.04%, 10.72±0.02%, and 
3.35±0.02% was observed for the disk-shaped phantom, respectively (see Fig. 6A, p<0.001). In the gel-torso 
phantom, comparable B+

1  modulation was achieved reaching 6.75±0.13%, 11.58±0.22%, 7.11±0.14%, and 
3.35±0.16% for C1.1-C1.4 (see Fig. 6B, p<0.001). Correlation coefficients upon translation of C1.2-C1.4 with 
respect to C1.1 were 0.887, 0.986, and 0.929, respectively.

The B+
1  variation with depth within the gel-torso phantom showed a gradual decay of the B+

1  modulation 
when moving further away from the dielectric array (see Fig. 7). The B+

1  modulation reaches up to 25.0±2.9% 

Fig. 3.  Simulated B+
1  modulation produced by the C1 configuration translated within the array of dielectric 

blocks. (A) Schematic representation of C1 evaluated for four subsets of 2×2 blocks in the array. (B) 
Normalized modulation of the B+

1  field plotted as a difference between the coupled configuration and the 
uncoupled reference C0.
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near the phantom surface, and is still measurable at 95 mm below the surface (1.12±0.05%). At 25–40 mm depth, 
which is typical for cardiac anatomy, 4–8% modulation is achieved.

Discussion
In this study, a proof-of-principle device for adaptive B+

1  field shimming in MRI was built using an array of 
interconnected dielectric elements. EM simulations indicated that shifting a set of parallel connections across the 
shimming array enables targeted spatial modulation of the B+

1  field. Accordingly, phantom experiments using 
PIN diode-based RF switches between elements filled with dielectric slurry show significant and controllable 
spatial modulation of the B+

1  field. This demonstrates a promising proof-of-principle for realizing adjustable 
B+

1  shimming effects using dielectric materials, as a cost-effective solution for B+
1  shimming in high field MRI.

From the investigated set of different interconnection configurations in EM simulations, four adjacent blocks 
connected in parallel were chosen for the phantom experiments due to the achieved focal field modulation. 
Notably, the configuration produced predominantly negative B+

1  field modulation, i.e. reducing the total B+
1  

field amplitude. This could prove valuable in reducing RF-induced heating around implants23, or to homogenize 
the transmit field by locally suppressing hyper-enhanced B+

1  areas. However, in order to correct areas affected 
by signal dropout, a positive B+

1  field modulation would be more beneficial in terms of RF power efficiency. 
Simulation results indicate that various device properties, such as the exact permittivity of the dielectric material, 
or the length of the coupling wires can substantially change the modulation pattern, potentially shifting from 
negative to positive modulation. In addition to the modulation polarity, the absolute magnitude of the induced 
B+

1  field modulation also warrants further investigation. In the current design, up to 11% absolute modulation 
was observed at a depth of 15 mm below the device. Considering the typical levels of B+

1  inhomogeneity ranging 
from 30–50 % for body imaging at 3T4, further improvements in the shimming magnitude are needed to achieve 
sufficient RF field control in clinical applications. Future device optimization will therefore include tuning of the 
dielectric properties, as well as the geometry of the dielectric elements and interconnections, in order to fully 
exploit the potential for B+

1  field correction.
PIN diode switches were used to enable control of the B+

1  modulation magnitude in this work, operated either 
in reverse or forward bias. Based on the bias voltage analysis, where a smooth modulation magnitude function 
was observed, one might consider driving the diodes close to the activation voltage, to provide intermediate 
levels of B+

1  field modulation. While PIN diodes proved to be effective, microelectromechanical systems 
(MEMS) switches can be further explored as MR-compatible alternatives to enable RF switching functionalities. 
This alternative may benefit from decreased power consumption, potentially enabling completely wireless 
implementations of the device. However, in practical applications, MEMS may be more difficult to implement 
due to large bias voltages required for switching. Nonetheless, ongoing research shows promising applications 
in high-field MRI24,25.

In the current prototype, the B+
1  field modulation was optimized for modulation magnitude rather than total 

B+
1  homogeneity. Improving this requires further tailoring of the element combinations. In an experimental 

setting, one might start by mapping the initial B+
1  field, followed by semi-automated activation of dielectric 

Fig. 4.  Simulated B+
1  modulation showing the difference between configuration C1.1 and an uncoupled case 

C0 for various relative permittivity values of the dielectric elements.
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elements close to the region of interest. Iterative application of B+
1  mapping and adjustment of the switching 

modes can allow for robust and adaptive RF field homogenization in a subject-specific manner. The duration 
of such a calibration procedure would be largely determined by the scan time required for B+

1  mapping, which 
can be achieved within seconds22,26, potentially allowing for automated calibration within a clinically acceptable 
time-frame of approximately 30 seconds. Further device optimization for shaped B+

1  shimming could take 
inspiration from other RF field shaping applications, such as reconfigurable reflect arrays or tunable steering-
antenna radomes in telecommunications27,28.

Fig. 5.  Adaptive B+
1  modulation of the dielectric array measured in a disk-shaped phantom using C1.3 

configuration. (A) B+
1  (percentage of nominal value) in a circular ROI plotted as a function of applied 

bias voltage Vbias, showing increased B+
1  modulation at high Vbias as the resistance across the PIN diodes 

decreases with forward bias current. (C) Normalized B+
1  maps for three bias voltages. The circular ROI used 

to extract the data in (A) is indicated in black. (D) Relative B+
1  maps showing the difference between the B+

1  
maps of (B) and a reference case of 0 V bias voltage, with the ROI indicated by a red circle.
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Various design improvements are warranted to bring the prototype closer to clinical use. For body and 
cardiac MRI, larger arrays with an increased number of elements should be considered to provide sufficient 
coverage and increased degrees of freedom for tailoring the spatial modulation pattern. Furthermore, similar to 
flexible passive dielectric pads19,20 body-conforming array can be constructed to improve both patient comfort 
and effect size due to a decreased separation between the dielectric and the skin. Such a device could also be 
integrated with receive coil geometries, such as chest arrays or head coils. This would be particularly useful for 
brain imaging at ultra-high field strengths such as 7 T, where the B+

1  field exhibits even stronger inhomogeneity 
patterns compared to 3T. To ensure that the device fits the limited space inside the close-fitting head coil, thinner 
dielectric elements with increased permittivity can be explored. For example, the proposed approach could be 
combined with other novel methods for RF shimming, such as actively tuned off-resonant loop elements29 or 
coil-integrated flexible metasurfaces30. These can be of particular interest as they may allow for direct integration 
of the switching circuits into the dielectric material.

The current work has several limitations. Firstly, only a small number of potential electrical connections 
was studied, with a limited range of PIN diode bias. The current results warrant further investigation to explore 
additional interconnections with different layouts, the individual dielectric element properties, and the achieved 
B+

1  modulation pattern. Similarly, expanded diode bias ranges could be assessed, as larger reverse bias would 
ensure blocking performance over a wider range of background RF field exposures. Furthermore, in EM 
simulations, the B+

1  field modulation was only studied in the oil phantom, which can be extended to anatomical 
body models for further optimization of the effects. Various human body models could be used to establish 
robust and reproducible shimming across a range of subjects. Notably, the simulated results were evaluated 
relatively, normalising the B+

1  field. For more accurate analysis of absolute B+
1  field modulation, simulated RF 

power could match the scanner sequence and experimental conditions, accounting for the RF transmit chain 
losses. This could also be relevant for more thorough device safety evaluation, including potential concerns about 
device heating. In the current work, PIN diode bias was applied throughout the sequence, however, switching 
the bias off before the receive phase should be implemented in future studies to optimize SNR in practical use. 
Finally, the current prototype has only been evaluated in phantom imaging. Further studies with phantoms 
matching human tissue dielectric properties and in-vivo studies will be needed to validate the effectiveness 
and quantify the achieved B+

1  modulation, while ascertaining safety in terms of RF-induced heating due to the 
device and adjacent tissue31.

Conclusion
In this work, a cost-effective method for adaptive modulation of the B+

1  field in high field MRI using 
reconfigurable dielectric materials is proposed. The proof-of-principle demonstration shows reproducible and 
localized modulation of the B+

1  field in simulations and phantom experiments. A B+
1  field modulation magnitude 

Fig. 6.  Modulation of the B+
1  field in the two phantoms produced by the C1 configuration translated within 

the dielectric shimming array. The maps are shown as a difference between the 5 V bias and a 0 V reference 
state (C0). (A) Modulation patterns in the disk-shaped phantom. (B) Modulation patterns in the torso 
phantom. The coupling configuration and modulation in the ROIs (red circle) is stated below each subplot.
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of up to 11% was observed in phantom measurements 15 mm below the surface. Further optimization of the 
material properties and the design parameters is warranted to increase the effectiveness further. This provides a 
promising alternative towards adaptive and cost-effective B+

1  shimming without the need for multiple transmit 
coils and associated hardware and software requirements.

Data availability
All experimental data can be found at ​h​t​t​p​s​:​​​/​​/​g​i​t​l​a​​b​.​t​u​d​e​l​f​​t​.​​​n​l​/​m​a​​​r​s​-​​l​a​​b​/​a​c​t​​​i​v​e​-​d​i​​e​l​e​c​​t​r​i​c​-​s​h​i​m​m​i​n​g.
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