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Abstract 
Herein, we propose a compact 0.36 T MRI-enhancing circuit-based metasurface working at its third order mode. Different 
from most MRI-enhancing metasurface designs which exploit the fundamental mode with the highest enhancement, 
our choice is a trade-off between the enhancement and homogeneity. The metasurface is organized with capacitively-
loaded metal wires where the capacitors decrease the electric length of the wires thus enabling a deep subwavelength 
scale. The working frequency of metasurface is tuned to the Larmor frequency, contributing to the redistribution of 
transmitted field. Full-wave simulations based on CST Microwave Studio compare the magnetic field in a mimicked MRI 
environment with and without the metasurface. The utilization of metasurface leads to a field enhancement ratio of 
9.36-fold over a 28 × 28  cm2 area at 2 cm height while exceeding unity till almost 12 cm. Meanwhile, the variation of the 
quasi-homogenous magnetic field is less than 1/3 over a relatively large area. The impact of metasurface is further dem-
onstrated by simulations with a head bio-model to evaluate the transmitted field strength and electromagnetic energy 
absorption. A preliminary measuring experiment is also conducted to validate the special mode pattern. The proposed 
metasurface effectively enhances the transmitted efficiency thus can be employed in clinical MRI to enhance imaging 
quality or reduce the input power. Moreover, this design paradigm is compatible with other enhancing approaches due 
to the nonmagnetic inclusions and frequency-dependent response and can be adapted for higher-field MRI systems by 
adjusting the length of metal wires and the value of loaded capacitors.

Article Highlights

• The paper introduces a compact circuit-based metasurface with unit cells featuring capacitively-loaded metal wires 
and demonstrates the ability of its third-order mode to enhance the magnetic field of MRI while maintaining a rela-
tively homogeneous distribution.

• The proposed metasurface can be harnessed to improve the transmitted efficiency thus allowing improved imaging 
quality, reduced scanning time and safer test process in clinical MRI if the patients are properly arranged and the 
scanning settings are accordingly adjusted.

• The design paradigm has the potential to be adapted for MRI with other field strength and imaging requirement, or 
be modified for other application scenarios where powerful tailoring of electromagnetic field is desirable.
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1 Introduction

In the past decades, magnetic resonance imaging (MRI) has advanced from a method used in a few specialized physical 
laboratories [1] to an essential technique in modern diagnostics [2, 3], while showing promising potentials in physics [4], 
chemistry [5] and other basic sciences. Simple modification of scanning parameters can achieve arbitrary selection of 
imaging slices, provide different types of image contrast, and detect various components. Underpinning this revolution 
is the non-ionizing and non-invasive nature of MRI and the substantial advances in electronics, information technol-
ogy and material science. To further enhance the performance of MRI, several approaches have been developed. The 
most straightforward way is to increase the strength of the static magnetic field [6], which can drastically multiply the 
signal-to-noise ratio (SNR) but is hindered by resultant safety concerns and cost problems. Specifically, the heating of 
the patient’s body and excess absorbed radiation occur as unneglectable harms for high-field MRI. Some other means, 
including coil optimization [7], imaging-algorithm innovation [8] and contrast agent employment [9], can improve MRI 
without changing the static field, and these techniques have been employed in specific scenarios.

Metamaterials are artificial mediums featuring periodically arranged subwavelength unit cells, possessing exotic 
electromagnetic properties that cannot be found in natural materials [10–12]. Metasurfaces, the two-dimensional 
counterparts of metamaterials, have also aroused great interest recently because of their compact, low-loss struc-
ture and rich capacity for manipulation of electromagnetic field-matter interactions [13, 14]. The on-demand design 
of metamaterials and metasurfaces presents an abundant parametric space, which in turn endows them with the 
powerful ability of unprecedented control of electromagnetic field. So far, these metastructures have been widely 
designed and demonstrated in different platforms, ranging from transmission lines [15], graphene [16] to nanopar-
ticles [17, 18]. Their potential has been proved in a host of applications, including electromagnetic cloaking [19, 20], 
subwavelength imaging [21–23], wireless power transfer [24], integrable computing elements [25] and so on.

The employment of metamaterials has been demonstrated to be a new paradigm for enhancing MRI since the 
beginning of the twenty-first century [26]. By precise structure design, effective permeability with special values at 
expected frequency can be realized thus achieving customized functions. For example, high-permeability metama-
terials can act as flux guides [27, 28]; negative-permeability metamaterials can serve as super-lenses [29, 30]; zero-
permeability metamaterials can provide local modification [31]. And the ability to exhibit artificial magnetism without 
magnetic components renders this sort of metamaterial compatible with MRI equipment. Moreover, metamaterials 
with novel dispersion relationships, including magneto-inductive metamaterials [32, 33], wire medium metamateri-
als [34, 35] and composed right-/left-handed transmission-line metamaterials [36], have also been demonstrated to 
improve MRI by manipulating the propagation of electromagnetic wave.

Recently, metasurfaces have come to the fore in enhancing MRI. Their versatile functionalities in magnetic resonance 
imaging generally depend on the peculiar electromagnetic field distribution of the eigenmodes [37–39], rather than 
depicted by the effective parameters or dispersions as traditional metamaterials. Thanks to the fact that the operation 
frequency of MRI ranges from tens to hundreds of MHz within a bandwidth of tens of kHz, the potential narrow-band 
response of resonant modes is not a problem for MRI. These metasurfaces may be leveraged, as wireless coils to combine 
with the body coil or harnessed as passive devices compatible with other receiver coils, to redistribute the RF magnetic 
field in MRI. This field serves to excite the nuclei and make the net magnetization vector detectable by receiver coil during 
the MRI process. It has been proved that metasurfaces can play different roles in improving MRI, such as enhancing the 
imaging quality, reducing the scanning time, and decreasing the electromagnetic exposure to patients, to name a few.

For the metasurface designs, most of the researches focused on the fundamental mode, which usually exhibits 
a boosted but sinusoidal-like magnetic field distribution over the extension of metasurface. To deal with the inho-
mogeneity of magnetic field, additional tunability has been introduced by adjustable water tank [39] or movable 
mechanical structure [40], but the complicated structure may not be practical. Meanwhile, the need for constructing 
a compact subwavelength metasurface is usually satisfied by introducing lumped capacitance [41] or distributed 
capacitance [42]. Compared to other bulky designs featuring metallic helices [43] or metal wires with high-permittivity 
substrate [44], capacitively-loaded metal wires exhibit better assemblability and miniaturization, which are beneficial 
for clinical MRI. However, the uneven current distribution alters the original sinusoidal-like magnetic field distribu-
tion to a bimodal one and aggravates the inhomogeneity of magnetic field. It remains a problem to be solved for 
designing a compact metasurface with relative uniform field enhancement.

Different resonant modes of MRI-enhancing metasurface correspond to different field distribution and localization. 
Although the third-order mode does not exhibit an enhancement as high as the first-order mode, it can generate a 
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more homogeneous magnetic field. Herein, we propose a compact metasurface composed of an array of capacitively-
loaded metal wires, whose third-order mode is utilized to enhance 0.36 T MRI by redistributing the radiofrequency 
(RF) magnetic field. We numerically compare the characteristics for the first and the third eigenmodes of the meta-
surface, demonstrating the superiority of the chosen mode. With respect to MRI application, we simulate the field 
patterns in a birdcage coil and quantitatively calculate the enhancement ratio of magnetic field to account the effect 
of the metasurface. In addition, a head bio-model is considered to evaluate the B+

1
 field enhancement and the spe-

cific absorption rate (SAR) concern. Finally, a microwave experiment is conducted to preliminarily corroborate the 
feasibility by measuring the magnetic field distribution of a fabricated metasurface. The proposed metasurface can 
enhance the efficiency of transmitted field, thus enabling better imaging quality with no need to increase the static 
magnetic field, or allowing a reduction of scanning time or input power while maintaining equivalent imaging quality. 
In other words, the proposed metasurface may effectively decrease the total cost and boost the overall efficiency of 
MRI systems. Moreover, the working frequency of proposed circuit-based metasurface design can be easily altered 
to fit MRI systems with other field strength by changing the length of metal wires and the value of loaded capacitors.

2  Design of metasurface

The proposed metasurface is shown in Fig. 1a, consisting of 15 parallel metallic wires with the length of L = 40 cm, the 
width of w = 0.5 cm, the thickness t = 0.035 μm and the period of p = 2.5 cm, printed on a 1.6 cm thick FR4 substrate slab 
(ε = 4.3, loss tangent tan δ = 0.009) generated by Rogers Corporation. The length of the wires is supposed to support the 
half wavelength resonance at the Larmor frequency, which is further decreased by introducing dielectric substrate and 
connected capacitors. These structural parameters will influence the coupling between adjacent wires but do not appar-
ently change the field patterns. The overall size of the metasurface is a × b = 42 × 38  cm2. Adjacent wires are connected by 
identical capacitors at both edges, which efficiently decrease the size of metasurface to a subwavelength scale (about 
0.02 λ × 0.02 λ). The value of capacitors is determined on a case-by-case basis for matching the resonant frequency with 
the Larmor frequency or  accommodating with different scenarios. One potential limitation of current design is that the 
value of capacitors cannot be continuously adjusted to precisely tune the frequency, which can be further solved by 
deploying tunable elements. Considering that 1.5 T and 3 T MRI systems are not totally popularized [45], here we take 
0.36 T MRI as an example for low-field case. It is worth noticing that the metasurface can be extended to MRI with other 
field strength by adjusting the capacitors and/or the structural size. For clinical MRI, the footprint of metasurface and 
potential safety concerns should be taken into account as well, which may require further optimization concerning the 
size of metasurface and the applied power of MRI, respectively. Due to the strong coupling between wires, the resonant 
frequency splits into several bands, representing different eigenmodes [38]. When an incident magnetic field is applied, 
different resonant modes can be excited, corresponding to different frequencies and electromagnetic field profiles. The 
resonant frequency can be also estimated by an equivalent circuit which regards the metal wires as inductors.

In order to choose the appropriate mode, we numerically study the resonant characteristics of the proposed meta-
surface. The bottom wire is slotted to insert an electric dipole antenna, which serves as a dipole source to excite the 
metasurface. Figure 1b shows the simulated results of the frequency response of the metasurface. As expected, several 
dips occur within the examined band, indicating various modes with different field patterns and confinement. Another 

Fig. 1  a Schematic view of 
the proposed metasurface. b 
Simulated reflection spec-
trum of the metasurface with 
C = 2.2 nF and an electric 
dipole excitation inserted 
into the slotted bottom wire. 
The  Hz field on the plane 
with a height of 1.5 cm of the 
first three mode patterns are 
shown as insets
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intriguing feature is that the metasurface exhibits anomalous scaling laws (i.e., a higher order resonance mode corre-
sponds to a lower frequency) which has been widely studied in hyperbolic metacavities [46], and this is also conducive 
to further miniaturization of MRI-enhancing structure.

Then the magnetic field patterns of the first order and the third order modes are evaluated. The values of capacitors 
are respectively tuned that the frequency of eigenmode coincides with the working frequency of 0.36 T MRI (about 
15.325 MHz) and then the plane wave excitation is employed in free space. The obtained magnetic field distributions 
are shown in Fig. 2. For mode 1, the magnetic field strongly localizes at the edges of wires [see Fig. 2a] thus the inten-
sity in the central region is not very high. This would be problematic for MRI process unless avoiding the periphery of 
metasurface where the magnetic field experiences a dramatical change. However, the result of mode 3 shows its great 
capability to maintain a relative uniform field, as shown in Fig. 2b. The maximum values are still distributed around 
the edges, but amplitudes elsewhere become comparable now. Two mode profiles along the central wire are further 
showcased in Fig. 2c. The profile of mode 1 is analogous to a superposition of two sharp peaks, while the x positions of 
peaks exactly correspond to the capacitors. Concerning mode 3, a surprising flat region can be found in the middle part, 
whose range exceeds 60% of the wire length. A better homogeneity of magnetic field distribution can effectively pre-
vent subsequent complex modification although the increase of imaging quality may not be that high. In view of these 
facts, as a cautious trade-off between enhancement and homogeneity, the third order mode is chosen for subsequent 
simulation and experiment.

3  Numerical simulations

As measurement is typically not an option inside the human body, electromagnetic simulation is alternative to 
analyze the complex field distribution and evaluate the performance of the device. To demonstrate the effect of the 
proposed metasurface, a series of simulations are conducted using the commercial software package (CST Microwave 
Studio), and the perfect matching boundary condition is applied to the outer box, which consists of the inner MRI 
system and extra background of air. Certainly, the dynamic MRI environment and complicated human body cannot 
be mimicked with total accuracy, and so do the result of field and SAR. But the powerful solvers and specialized MRI 
toolbox of CST can ensure relatively precise results, which provide considerable reference value for assessing the 
feasibility of metasurface and optimizing its performance before practical measurements. In the simulations, a routine 
high-pass birdcage coil with 16 rungs is constructed and then excited by two ports possessing a phase difference of 
90° to generate a circularly polarized RF magnetic field with a uniform spatial distribution. The metasurface is located 
at the center of the coil with the wires perpendicular to the B0 field, as shown in Fig. 3a. The capacitors are set to be 
C = 1.145 nF, enabling the metasurface to work at 15.48 MHz which is slightly higher than the reference frequency 
of the birdcage coil of 15.325 MHz. Noteworthy, the location of metasurface inside the bore has little impact on its 
performance. The resonant frequency of metasurface will exhibit a shift due to potential error of capacitor values 
which results in a suboptimal performance, but this deviation can be avoided by pre-examination. As shown in 
Fig. 3b, the unloaded birdcage coil can produce a highly homogeneous magnetic field distribution over nearly the 
whole region except the margins. Such a homogenous field is advantageous for achieving uniform RF excitation and 

Fig. 2  a, b Simulated magnitude of magnetic field of the first and third order of the metasurface excited by plane wave, respectively. Each 
mode is tuned to the working frequency of 0.36 T MRI by adjusting the value of capacitors. c The profiles of magnetic field along the central 
metal wire of mode 1 and 3. The dashed lines indicate the covered length of the wire while the location of central wire is shown as white 
dashed lines in a, b 
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reducing complicated modifications. Figure 3c depicts the magnetic field pattern in the presence of metasurface, 
which exhibits distinct differences. On one hand, the magnetic flux in the surrounding region of the metasurface is 
obviously focused; on the other hand, the field is weakened in farther area. Thus, we can conclude that the introduc-
tion of metasurface can efficiently redistribute the magnetic field due to the peculiar resonant mode. Despite of the 
unavoidable inhomogeneity, the resultant enhancement of magnetic field would be desirable especially for low-field 
scenarios where higher signals are demanded.

Then, we further assess the effect of metasurface by assuming a region of interest (ROI) with a size of 28 × 28  cm2 in 
the xOy plane. In subsequent discussion, the RF transmitted field of MRI is obtained by B+

1
=

B1,x+iB1,y

2
 [47] to predict the 

intensity of excitation signal in a practical MRI experiment. First, the B+
1,rms

 maps at z = 2 cm plane for three cases are pre-
sented. Note the introduction of metasurface and/or bio-model will slightly shift the resonant frequency of the birdcage 
coil, thus the corresponding frequency for each case is observed for comparison. As expected, the birdcage coil alone 
generates a uniform field with imperceptible variation shown in Fig. 3d. The employment of metasurface leads to a 
drastic increase of the transmitted field for 9.36 times [see Fig. 3e]. To be more precisely, the metasurface can boost the 
B+
1

 field under the same power, indicating higher imaging signal or less scanning time. On the whole, the transmitted 
efficiency of the birdcage coil is enhanced thus the level of input power can be reduced, making the patients safer from 
an average view. Certainly, the local maximum of SAR may pose a health risk, but accordingly reduced input power and 
proper arrangement of the position of patients can effectively avoid this and simultaneously realize a comparable or 
higher imaging quality [see Fig. 3f ], which means patients will take less safety risk.

Next, the enhancement and homogeneity along the z direction are compared. In Fig. 4a, the B+
1

 field enhancement 
ratio of ROI is plotted versus the distance between the observed plane and the surface of metasurface. The enhancement 
experiences an exponential decrease due to the field confinement of high-order mode. However, the value still exceeds 
unity even at almost 12cm, implying the feasibility of metasurface over a rather long distance. It is worth noticing that 
the transmitted field at further height would be lower than the one without the metasurface, which verifies the field 
redistribution effect again. Figure 4b–d represent the B+

1,rms
 maps at planes with different heights. We estimate the 

Fig. 3  a Schematic view of the simulated setup. The proposed metasurface with C = 1.145 nF is inserted in a high-pass birdcage coil. The 
lumped elements and metal RF shield are hidden for clarity. The coil is excited simultaneously by two ports with a phase shift of 90°. b, c 
Simulated magnitude of magnetic field distribution within the birdcage coil at 15.325 MHz without the metasurface and at 15.48 MHz with 
the metasurface, respectively. The corresponding colorbar is logarithmically scaled for better visualization. d–f Simulated magnitude of B+

1
 

at 15.48 MHz over the metasurface region with height of 2cm under three cases: d without the metasurface, for 1 W of accepted power; e 
with the metasurface, for 1 W of accepted power; f with the metasurface, for 0.0114 W of accepted power
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homogeneity of field by  calculating the variation as Δ =
(

B+
1,max

− B+
1,min

)

∕B+
1,max

 . Near the metasurface, the transmitted 

field can be regarded as quasi-uniform, with a variation of 22.3% at 2 cm height. As the height increases, the field distri-
bution is gradually distorted, manifesting variations of 24.5% and 33.2% for 5 cm and 8 cm height, respectively. For three 
heights, the field exhibits better homogeneity than that of the first order mode (not shown here). Local modifications 
with finer structure design may further improve the uniformity of field but are not our consideration here.

So far, the enhancement and homogeneity performance of the transmitted field in a mimicked MRI environment 
with the proposed metasurface have been demystified. The configuration of metasurface, which directly determines 
the resonant mode and the related field distribution, is the decisive factor of the observed field enhancement and 
homogeneity. Now we turn to a more practical example. An optimized head bio-model [48] with mesh resolution 
of 1.1 × 1.1 × 1.4  cm3 is integrated into aforementioned models. The voxel model contains 58 different tissues and 
regions in the head with separate density, thermal conductivity and dielectric properties thus being applicable for 
MRI simulation. The schematic of the head bio-model within the birdcage coil in the presence of metasurface is shown 
in Fig. 5a. Figure 5b–e demonstrate the B+

1,rms
 maps in the absence and presence of metasurface, respectively. In both 

cases, the results in the coronal plane [x = 0, see Fig. 5b, d] and in the transverse plane [z = 10 cm, see Fig. 5c, e] are 
shown. The coronal images clearly illustrate the field redistribution phenomenon, which can substantially improve 

Fig. 4  a The plot of calculated 
B+
1

 enhancement ratio as a 
function of the distance to the 
surface of metasurface of the 
assumed ROI with 28 × 28  cm2. 
b-d Simulated |B+

1
|
rms

 maps at 
15.48 MHz for 1 W of accepted 
power at 2 cm, 5 cm and 8 cm 
height, respectively. The cor-
responding points are marked 
in the curve in a. The white 
dashed square denotes the 
ROI area and the variation of 
field is also calculated

Fig. 5  a The schematic view 
of simulated head bio-model 
located in the core of the 
birdcage coil with the metas-
urface. The lumped elements 
and ports are hidden for clar-
ity. b, c Simulated magnitude 
of B+

1
 at 15.34MHz with bird-

cage coil only. d, e Simulated 
B+
1

 maps at 15.33 MHz with 
the presence of metasurface. 
The maps in b and d are in 
the coronal plane while c and 
e in the transverse plane at 
z = 10 cm height. The dashed 
lines depict the position of 
transverse planes
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the magnetic flux efficiency, i.e., the transmitted field gathers in the vicinity of the metasurface and contributes to 
improved signal intensity. Only at very long distances, the field becomes weaker than before, which can be avoided 
if the tested object is appropriately arranged. The transverse slices show a factor-of-three enhancement in the mag-
nitude of transmitted field, without evident spatial variation. This ratio is higher than the result in Fig. 4a due to the 
influence of dielectric properties of tissues. Meanwhile, lower field strength is observed again at distant place, which 
may be interpreted by the conservation of energy. In MRI process, the received field is also boosted by three times 
according to the principle of reciprocity [49]. It should be pointed out that the ultimate impact on imaging quality 
is not simply a product of two enhancement ratios but a synthetic effect considering flip angle, noise and imaging 
sequence, to name a few.

Additionally, it is essential to evaluate the impact of the metasurface on the human exposure to electromagnetic 
field. Therefore, we finally evaluate the specific absorption rate (SAR) for ensuring the maximum safety. The numeri-
cally calculated SAR maps averaged over 10 g of tissue are calculated. Without the metasurface, the SAR presents an 
irregular distribution and the hotspot occurs inside the head with a maximum of 0.043 W/kg, as shown in Fig. 6a. The 
magnetic field pattern is markedly changed by the inserted metasurface and so is the SAR distribution, as shown in 
Fig. 6b. The hotspots are now located in the back side of head where experiences the highest transmitted field. And 
the decaying tendency of SAR to distance agrees well with the behavior of the B+

1,rms
 field. Though the maximum of 

SAR is increased to 0.64W/kg, it lies below the safety limit and can be reduced via lower power or proper position. 
More importantly, better imaging quality is highly desirable in low-field case while SAR is not a major concern usu-
ally. As the transversal cut slices shown in Fig. 6c, d, the SAR inside the tissue exhibits an increase of magnitude and 
a similar distribution. Noteworthy, the enhancement of SAR is generally smaller than that of the magnetic field, thus 
modification of RF pulses can promise a comparative safety while realizing higher efficiency. Moreover, the inclusion 
of a complete human model with complicated electromagnetic properties of various tissues in future simulations 
will further influence the field distribution and mimic a more credible MRI environment.

Fig. 6  Numerically cal-
culated SAR results aver-
aged over 10 g of tissue for 
1 W of accepted power at 
15.325 MHz for the head bio-
model. a, b SAR distribution 
on the surface of the head. c, 
d SAR maps in the transverse 
plane at z = 10 cm height. The 
maps in a and c are in the 
absence of metasurface while 
b and d in the presence of 
metasurface
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4  Experimental measurements

In laboratorial environment, we preliminarily examine the field pattern of the proposed metasurface to validate its fea-
sibility. The experimental setup is shown in Fig. 7a. Signals are generated from a vector network analyzer (Agilent PNA 
Network Analyzer N5222A) to a subminiature version A (SMA) connector, which is connected to the bottom wire of the 
sample, serving as a dipole source to excite the prototype. The distributions of amplitude and phase of the magnetic 
field are picked up by a small homemade loop antenna mounted in the 3D translational stage above the metasurface. 
The orientation of the loop antenna directly determines the components of the measured magnetic field, i.e., only the 
magnetic field component perpendicular to the antenna can excite current in it and then be picked up. To obtain the 
full maps of different components of field, the orientation of probe is manually altered by three times for measuring Hx , 
Hy and Hz , respectively. During the near-field scanning process, the step widths are set to be 2 mm both in the x and y 
directions. The orientation of the loop antenna and the same initial positioning before each measurement have been 
carefully examined to minimize potential deviation.

Figure 7b photographs the fabricated metasurface. The used structural parameters are consistent with the numerical 
model. The resonant frequency of the third order mode of the metasurface is tuned to 15.8 MHz, which is slightly higher 
than the working frequency of 0.36 T MRI, by choosing 1.2 nF as the value of capacitors. The reason for deliberate detun-
ing lies in that the response of metasurface will be shifted to lower frequency once dielectric objects (e.g., patients) are 
inserted into the core of the MRI system. Measured magnetic field is shown in Fig. 7c in the form of absolute value, which 
is calculated by combining the data of three components. The result of experimental measurement basically agrees well 
with the numerical simulation. To be more precise, the implicit three-order mode pattern, the local maximum at the edges 
of wires, the fluctuation between adjacent wires due to different current distribution and the relatively homogeneous 
distribution can be observed in both magnetic field maps. Meanwhile, some deviation appears, especially the asym-
metry in the y direction. This measuring error may be interpreted by the potential deformation and the inherent surface 
irregularities of the foam host beneath the metasurface, which disturb the distance between the metasurface and the 
probe. This influence would be minimized by carefully examining the layout with the aid of infrared gradienter in future 
experiments. It needs to be pointed out that some crucial performance concerning MRI process are not captured in the 

Fig. 7  a Photograph of the 
experimental setup. Inset 
shows the homemade loop 
antenna serving as magnetic 
field probe. b Photograph of 
the fabricated metasurface. 
Adjacent wires are connected 
by identical capacitors with 
the value of 1.2 nF, as shown 
in the inset. c Measured 
magnitude of magnetic field 
for the third order mode of 
the metasurface at 15.8 MHz 
in the z = 1.5 cm plane
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laboratorial experiment, which should be performed in practical MRI systems in the future to get a complete picture. 
Therefore, on-bench measurements and in vivo (or phantom) imaging experiments remain to be accomplished carefully 
to further examine the performance and safety of the proposed metasurface.

Still, there are two main challenges when scaling up the proposed setup for practical MRI systems. Firstly, the fre-
quency-dependent response of metasurface is not difficult to estimate in laboratory, but it is not the case for the com-
plicated environment inside the MRI room, which requires dynamic calibration and real-time modification. Secondly, the 
enhanced transmitted field may lead to a flip angle exceeding 90 degrees, which generates suboptimal performance 
instead. These problems can be addressed by introducing tunable elements and modifying the RF pulses, respectively.

5  Conclusion

In summary, we propose a compact circuit-based metasurface for improving the RF magnetic field during MRI process. 
Its peculiar mode patterns can be harnessed to boost MRI by redistributing the magnetic field. The third order mode of 
metasurface is selected with a tradeoff between enhancement and homogeneity. Lumped capacitors effectively minia-
turize the footprint of metasurface to a subwavelength scale. Firstly, eigenmode analysis demonstrates the superiority of 
chosen mode. Then, numerical simulations in a mimicked MRI environment with no load or with a head bio-model, assess 
the performance of metasurface by evaluating the transmit field enhancement, field uniformity and electromagnetic 
field exposure. The metasurface enables a 9.36-fold field enhancement in a 28 × 28  cm2 region at 2 cm height without 
losing efficacy until almost 12 cm, and the quasi-uniform field distribution is confirmed at different heights. Finally, the 
magnetic field pattern of a fabricated prototype is experimentally measured to preliminarily validate its feasibility. Our 
work provides a practical and promising way to substantially improve the imaging quality or reduce scanning time in 
low-field MRI, which can be extended to MRI of other field strength so long as the working frequency is tuned to match 
the Larmor frequency for targeted field strength by adjusting the length of metal wires and the parameters of loaded 
capacitors. Considering the proposed metasurface redistributes the field distribution, to avoid potential RF heating and 
excess SAR, the tested sample should be properly positioned and the RF pulse may require adjustments while elaborate 
simulations and pre-clinical experiments should be conducted to guarantee the safety and improve the performance. 
For better deployment in clinical MRI, the proposed metasurface can be further optimized by introducing flexibility [44, 
50] to conformally fit the anatomy of patients, or utilizing nonlinear mechanism [51, 52] to generate a dynamic response 
during different MRI phases, which may circumvent the need for complex modifications and showcase superior perfor-
mance. Moreover, the field-enhancing paradigm can be modified to adapt other application scenarios where powerful 
tailoring of electromagnetic field is desirable, such as power transfer, communications, and sensing.
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