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Metamaterials and MRI: a few concepts

GIDRM Workshop

• Why are Metamaterials a proper application for MRI?

– Metamaterials have an inherent narrow-band response due to the resonant nature

of its constituent elements.

– MRI works with radiofrequency (RF) signals of tens of MHz (up to 3T, and

hundreds of MHz at 7T and beyond) with a bandwidth of tens of kHz.

– Therefore the narrow badwidth of metamaterials does not represent a drawback in

MRI

• The general trend between MRI users (hospitals) is to upgrade to higher magnetic field

strength (usually from 1.5T to 3T) rather than to purchase specific RF coils for their

needs. This is more profitable for the big manufacturing companies than the production

of short series of very specific coils.

System Cost

1.5 T 1 M€

3 T 2 M€

7 T 8 M€

Coils Cost

----- Tens of k€

• Metamaterials offer to the users an improvement in the performance of the RF

technology as a lower-cost alternative to the upgrade to higher field systems.



'Metamaterials and Metasurfaces in 
Magnetic Resonance: From Theory to 

Applications'
3

Metamaterials and MRI: a few concepts

GIDRM Workshop

• One of the most striking properties of metamaterial slabs is

the ability of slabs with e =-1 and m =-1 to behave as a

superlens that focus the electromagnetic field with a

resolution beyond the diffraction limit or subwaveleght (sub-l)

resolution.

• MRI coils operate in the near-field region (up to 3T), so we

are in the realm of the quasistatics and the electric and

magnetic fields are decoupled. Since MRI coils are sources of

magnetic nature, a metamaterial needs to show only m=-1 to

behave as superlens.
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Metamaterials and MRI: a few concepts

GIDRM Workshop

• Acquisition time and Signal-to-noise (SNR) ratio are the

key features in MRI.

• MR images are built from radiofrequency (RF) magnetic field

signals with a wavelength much greater than the size of the

sample. However, in MRI, images are obtained with resolution

below the millimeter. This is possible because MRI does not

make use of Optics to obtain the images but it makes use of

magnetic field gradients to encode the spatial localization of

spin or voxels in the sample.

• Metamaterials can help MRI to obtain extra spatial information

in the sample and this ultimately can reduce the acquisition

time.

• In addition it will be shown how Metamaterials can help to

enhance the SNR.



• In our group we have analyzed metamaterials fabricated by using
capacitively-loaded rings (CLR) that can show different permeability
values for the radiofrequency (RF) magnetic field of the MRI system:

– m=-1 slabs working as lenses with superresolution (sub-l
resolution)

– m=0 slabs for rejection of the RF magnetic field

– m∞ slabs for collimation of the RF magnetic field

• We have studied applications of these structures in the improvement of
the two key features of MRI, Signal-to-Noise Ratio (SNR) and acquisition
time:

– Local enhancing of the SNR of surface coils

– Localization of the Field of View (FOV) in arrays of coils for Paralllel
Imaging (PI): reduction of noise correlation and g-factor in GRAPPA
acceleration technique.

– We have validated our results at 0.3T, 1.5T and 3T systems.

• We have also developed conventional MRI coils for particular clinical
applications.
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Microwave group of the University of Seville
MRI & Metamaterials
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• 4-channel flexible array coil

for ocular imaging at 1.5T

(University Hospital Virgen

Macarena, Sevilla, SPAIN)

Design with integrated low-noise preamplifiers:

Microwave group of the University of Seville
MRI coil developments
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A small tumor (≈1 mm) was 

detected in a volunteer with 

the flexible array*

• Comparison between the 4-channel flexible array and the

head coil + double loop array or ATM coil.

* ESMRMB Conference, Lisbon, 2012

TR=3000ms, TE=56 ms, matrix

384x384, FOV 160x160 mm, slice

3mm

NEX=4

NEX=3, R=2

Microwave group of the University of Seville
MRI coil developments

Flexible array

ATM coil
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• 32-channel 3T orientational head coil (National Paraplegic Hospital,

Toledo, SPAIN). Specific for cifotic patients with reduced cranial mobility:

orientable up to 30º of elevation and  10º from left to right.

1. Design 2. Fabrication 3. Tuning and matching 4. Final Assemby

Microwave group of the University of Seville
MRI coil developments
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• 32-channel 3T orientational head coil - SNR test

12-channel head coil (SIEMENS) 32-channel orientational head coil

Microwave group of the University of Seville
MRI coil developments

(spin-echo sequence with GRAPPA R=4)
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Why capacitively-loaded rings?
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• There are different types of resonant elements that can be chosen to implement RF magnetic metamaterials:

Swiss-Roll SRR Capacitively-loaded rings (CLR)

• Swiss rolls do not allow to implement 3D isotropic structures, only 2D.

• Split-ring resonsators (SRR) and capacitively-loaded rings (CLR) allow to implement 3D isotropic cubic arrays:

– SRR: SRRs are photteched in printed-circuit boards but the permittivity values of comercial dielectric

substrates is not high enough to obtain distributed capacitances that make the rings to resonate at MHz

frequencies with cm size.

– CLRs: lumped non-magnetic capacitors provide enough capacitance.
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Resolution of conventional lenses and superlenses

• The spatial distribution of a field source in the source plane can always be expressed

as a sum of Fourier harmonics. Some of these harmonics propagate along the axis of

the lens and other are evanescent and decay exponentially. Propagative harmonics

correspond to transverse wavelengths (lx , ly ) greater than the free-spacewavelength

of the source (l0) whereas evanescent harmonics correspond to transverse

wavelenghts which are smaller:

• Conventional lenses only work over the propagative harmonics restoring its phase at the

image plane whereas evanescent harmonics attenuate and vanish at the image plane.

Therefore the resolution D of the image in conventional lenses is always greater than l0 : D

≥ l0

• Superlenses are devices that can restore the amplitude of evanescent harmonics at

the image plane (only in the near-field region), thus providing subwavelenght (sub-l)

resolution: D < l0 . Metamaterials with m=-1 can behave as superlenses with (sub-l)

resolution for the RF magnetic field (only in near-field region).

 kx , ky < k0 → lx , ly > l0 propagative harmonics

 kx , ky > k0 → lx , ly < l0 evanescent harmonics

E E( , , ) ( , ) exp
,

x y z k k j (kx k y k k k z)]x y

kx ky

y x y
= [- + + - - 0

2 2 2
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Metamaterial superlenses

• The physical mechanism of sub-l resolution is the

amplification inside the superlens of the

evanescent harmonics of the spectrum of the

source.

• The image forms with sub-l resolution only in the

near-field region and the distance between the

source plane and the image plane is twice the

thickness of the superlens.

• The simplest way to implement a superlens is

with a pair of phase conjugated surfaces [Maslovski

et al, J. App. Phys. 2004] supporting surface waves.

• The simplest superlens for RF magnetic field

consists of a pair of coupled arrays of CLRs or

magnetoinductive (MI) lens [Freire, Marqués App.

Phys. Let. 2005], [Freire, Marqués J. App. Phys. 2006]
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Magnetoinductive (MI) lens

• MI waves are backward waves supported by a plane array of resonant loops.

• For weak coupling (|M|/L<<1) there is a flat dispersion relation.

• The array is isotropic in two dimensions.

w/w0

kxa

kya

Dispersion relation:
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Resolution is limited by periodicity: D > 2a

Transfer function of the MI lens

• In general, the field distribution at the image plane of an

optics system can be obtained from the product of the

transfer function of the lens with the Fourier harmonics

of the source field at the source plane:
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Transfer function of the MI lens

• The transfer function of a single array shows a crest that resembles the backward

dispersion relation of MI waves:
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The transfer function is almost

flat at the central frequency
between the MI waves. 

• The transfer function for the two coupled arrays of a MI lens shows two crests [Freire,

Marqués, JAP 2006]:
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MI lens: image formation

Typical response: 

S21 at x=y=z=0

Field distribution at the image plane: the image is transferred only at 

the central frequency between the MI waves (frequency of resonance of 

CLRs):
Freq. 140 MHzMI Waves Freq. 130 MHz

Frequency of 
resonance of 
a single CLR

L oop probe

Network analyzer

M I L ens

• Experimental check of the transfer of the image of a squared loop antenna:

Distorted image at the

frequency of the MI waves
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3D m=-1 metamaterial lens

• To image 3D sources a 3D isotropic array of CLRs must be implemented

• The 3D array can be first modelled as a homogeneous or continuous slab where the mutual

inductance between coplanar rings (Mc) and coaxial rings (Ma) are the main parameters in the

permeability:

m

• A more accurate model is required to obtain m=-1 at the desired

frequency [Jelinek, Marqués and Freire, J. Appl. Phys. 2009]
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3D m=-1 metamaterial lens

GIDRM Workshop

• A m=-1 slab can transfer to an image plane (z=2d) the RF magnetic field created by a coil at a

source plane (z=0):

• Application in MRI: by virtue of the Reciprocity Theorem, a coil at z=0 can detect trough the m=-1

slab the field created by spins at z=2d. The m=-1 slab has the ability to virtually approach the

source to the detector.

Z=0 Z=2dd

Image
plane

Source
plane
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3D m=-1 metamaterial lens

• First experimental demonstration of the ability of the m=-1 slab to transfer the RF magnetic field in MRI

[Freire, Jelinek, Marqués, App. Phys. Lett. 2008].

– A three-inch coil images the knees of a volunteer in a 1.5T GE system

– The coil is placed far from the m=-1 slab to avoid mismatch and detuning of the commercial coil.

Coil Coil
Lens
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SNR 𝑥, 𝑦, 𝑧 =
𝐵+(𝑥, 𝑦, 𝑧)/𝐼𝑁+1

𝑅𝑠 + 𝑅𝑚

GIDRM Workshop

SNR calculation for metamaterial lenses

• We developed a method for the calculation of the Signal-to-Noise

Ratio (SNR) of a surface coil loaded with a discrete array of CLRs

and a sample. We termed Discrete Model to this method to

distinguish from the homogeneous model. The SNR is calculated

as the ratio between the total field B+ produced by the coil and the

rings per unit current in the coil (signal), and the square root of

the sample losses (Rs) and the metamaterial losses (Rm)

[Algarin, Freire, Marqués, New J. Phys. 2011] :

Sample

Metamaterial

Coil

• At the frequency which corresponds to m=-1, both the homogeneous and the discrete model predict a 

mínimum for the input resistance and a zero for the input reactance introduced by the metamaterial in the

coil, but only the discrete model agrees with the measurements, both for the impedance values and 

the frequency. 

Experiment
Homogenous model
Discrete model

Zero reactance at 

63.6 MHz (1.5T)Minimum resistance

at 63.6 MHz (1.5T)



21GIDRM Workshop

1.5T 3T

WITHOUT

LENS

WITH

LENS

• Measured and calculated SNR maps in 1.5T and 3T systems, with and without MI lens. There is a gain in

SNR up to 3 or 4 cm inside the phantom [Algarín, Freire, Breuer, Behr, J. Magn. Reson., 2014].

MI lens Coil

SNR calculation for metamaterial lenses
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Magnetic field

lines of a coil

in vacuum

GIDRM Workshop

m=0 and m∞ slabs

A m=0 slab works

as an electric

wall rejecting the

RF magnetic field

A m ∞ slab works

as a magnetic wall

collimating the RF 

magnetic field

• m=0 and m∞ slabs can help to increase locally the SNR of surface

coils.
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Implementation of m=0 and m∞ slabs

• It is necessary to implement these slabs as switchable slabs which 

can be automatically switched to show m=1 under the strong field of 

excitation to not distort it and m=0 or m∞ under the weak field 

coming from the tissue.

• Each ring has a pair of crossed diodes in parallel with the capacitor 

to switch off the slab in transmission. Under the strong excitation 

field, the high electromotive force induced in the rings makes the 

diodes to drive and then the capacitors are short-circuited, so that 

the split-rings behave like simple closed metallic rings.

6 x 6 x 1 unit cells slabs
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SNR of a squared coil 9 cm in lenght in a 1.5T system in the presence and in the

abssence of a 𝜇 = 0 slab. The sample is a squared phantom 12x12x18 cm3

[López, Freire, Algarín, Behr, Jakob and Marqués, Appl. Phys. Lett., 2011]

GIDRM Workshop

m=0 slab: MRI experiment

50 % SNR Increasing

Without m=0 slab
With m=0 slab

Coil

Coil

Sample

Sample

m
=

0
 s

la
b



*M.A. López, M.J. Freire, J.M. Algarín, V.C. Behr, P.M. Jakob and R. Marqés, Appl. Phys. Lett., 98, 2011.
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m=0 slab: MRI experiment (volunteer)

C
o

il
C

o
il

m=0 slab

SNR increases



'Metamaterials and Metasurfaces in 
Magnetic Resonance: From Theory to 

Applications'
26GIDRM Workshop

m∞ slab: MRI experiment

SNR of a squared coil 9 cm in lenght in a 1.5T system in the presence and in the

abssence of a 𝜇∞ slab. The sample is a squared phantom 12x12x18 cm3

[López, Freire, Algarín, Behr, Jakob and Marqués, Appl. Phys. Lett., 2011]

Coil

Sample

m


∞
sl

ab

Coil

Sample

Without m  ∞ slab
With m ∞ slab

SNR increasing
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Resolution of 3D m=-1 slabs

Closed symmetric Periodic Open symmetric

GIDRM Workshop

• We study now the resolution of 3D arrays of CLRs by analyzing the

transfer function of the following structures:
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𝑇 𝜔, 𝑘 =
4𝜇𝑒−|𝑘|𝑑

(𝜇 + 1)2𝑒|𝑘|𝑑 − (𝜇 − 1)2𝑒−|𝑘|𝑑

GIDRM Workshop

• For comparison purposes let us first consider the transfer function of 

an homogeneous losless slab:

Resolution of 3D m=-1 slabs

Cuts for several values of l= 2/k as an integer number of a
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 =
2𝜋

𝑛
> 𝑘0 · 𝑎

2d

Periodic

Periodic

𝑘𝑥 = 0

l𝑦 = 𝑛 · 𝑎

GIDRM Workshop

Resolution of 3D m=-1 slabs

• We obtain the transfer function with CST Studio computing the
transmission coefficient of oblique incident plane waves in a unit
cell [Algarín, Freire and Marqués, Metamaterials 2011]
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Closed symmetric Periodic Open symmetric

Resolution of 3D m=-1 slabs

The transfer function shows resonances which may distort the image due to the disproportionate excitation of 

some spatial harmonics. There is a low-pass filter behavior even in absence of losses due to the discrete 

nature. Only the periodic structure has a frequency pass-band free of resonances, similar to the transfer 

function of a homogeneous slab. This suggests that the periodic structure can provide the minimal resolution.

Homogeneous or

Continuous slab
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Homogeneous slab (calculations)

Closed simetric (measurements)

Periodic (measurements)

GIDRM Workshop

Resolution of 3D m=-1 slabs

Unit cells

The periodic structure provides
the minimal resolution, which is
5 unit cells for this lens of 2 unit
cells of thickness: D3d

• To check the predictions of the analysis of the transfer function, the resolution is obtained from the image of a 

pair of small circular probes theoretically for a homogeneous slab and experimentally for 3D discrete arrays

[Algarín, Freire and Marqués, Metamaterials 2011].

Unit cells

Unit cells Unit cells
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Parallel MR Imaging (pMRI) applications

• In a MRI system, the phase and frequency encoding of the

spatial localization of spins with gradients provides mm

resolution at tens of cm inside the tissue. This encoding process

is time consuming and prevents to obtain MR images in real time

(although some MR sequences such as the echo-planar

sequence are very fast, but the SNR is degraded).

• It has been suggested that metamaterial lenses could be used to

substitute the gradients encoding process by an “optical”

procedure. This would make it posible to obtain MR images in

real time.
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Parallel MR Imaging (pMRI) applications

• Due to the discrete nature of the

structure, for a periodicity a, the

low-pass filter behavior of the

transfer function limits its

resolution to D6a = 3d.
Therefore, for a metamaterial nes,

the thickness, the resolution and

the imaging distnace are of the

same order:

– A metamaterial lens with a of the order of centimeters (cm) would

image at a few cm inside the sample and with cm resolution.

– Metamaterial metamaterial discrete lenses cannot replace the

gradients system to obtain mm resolution at cm inside the sample.

• But metamaterials can help to improve an MR image acceleration technique

known as Parallel MR Imaging (pMRI).

• For a metamaterial lens of thickness d the imaging distance is 2d.
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Parallel MR Imaging (pMRI) applications

• pMRI is a technique that makes use of arrays of coils to accelerate the

acquisition time: each coil covers a distinct region in the full field of view

(FOV) of the image and a composite image is obtained.

• In pMRI it is desirable to prevent overlap of FOVs of adjacent coils.
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Parallel MR Imaging (pMRI) applications

• MR SNR maps obtained in a phantom demonstrated that the FOV of each coil can be

distinguished using a m=-1 lens (SNR maps in the above results were normalized to the

same escale for comparison) [Algarin, Freire, Lopez, Lapine, Jakob, Marques and Behr,

Appl. Phys. Lett., 2011]

Phantom

Lens

Coils

Phantom

Coils

With lens

Without lens

Two-channel array of squared coils 12 cm in 
lenght loaded with a lens and a phantom

12 cm

Resolution

D=6a=9cm
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Noise correlation in pMRI

• In MRI arrays of resonant coils, the neighbor coils must be magnetically

decoupled to avoid detuning between them.

• This is achieved by different ways:

– Overlap of adjacent coils

– Capacitive decoupling with a shared capacitor

– Preamplifier decoupling of non-adjacent coils

• But there is still an electric coupling between

magnetically decoupled coils.
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Noise correlation in pMRI

• Noise correlation in arrays of coils is given by the

coupling or reaction between the electric fields

generated by the magnetic fields by virtue of

Faraday’s law.

• In a array of coils, the side lobes produced by the

coils are the main source of noise correlation

adjacent elements.

Loop

Phantom

• The low-pass filter behavior of the transfer

function of the lens allows the transfer of the main

lobe of the field coil but prevents the transferring

of the side lobes inside the phantom due to its

strong spatial variations, thus reducing the noise

correlation.

Loop

MIL

Phantom

[Algarín, Breuer, Behr and Freire, IEEE Trans. Med. Imag., 2015]
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𝑘𝑒 =
𝑅12

𝑅11𝑅22

GIDRM Workshop

Noise correlation in pMRI

• The reaction between electric fields of two adjacent coils can

be calculated as:

𝑅𝑖𝑗 = 𝜎න
𝑉

𝑬𝑖 𝑥, 𝑦, 𝑧 · 𝑬𝑗
∗ 𝑥, 𝑦, 𝑧 𝑑𝑉

• It is useful to define an electrical coupling coefficient:

SNR =

𝑝1
2

𝑅11
+

𝑝2
2

𝑅22
−

𝑘𝑒
2

𝑅12
𝑝1𝑝2

∗ −
𝑘𝑒
2

𝑅12
𝑝1
∗𝑝2

1 − 𝑘𝑒
2

• For coils magnetically decoupled, the SNR at a pixel in the composite

image can be calculated from the signals at each individual coil as: SNR = ҧ𝑝𝑇 · ധ𝑅−1 · ҧ𝑝

• And for a two coils array:

• Ke can be calculated by means of the Discrete Model.

[Algarín, Breuer, Behr and Freire, IEEE Trans. Med. Imag., 2015]
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Noise correlation in pMRI

Numerical Measurement

Ke 0.13 0.14

Numerical Measurement

Ke -0.17 -0.17

• There is a good agreement between the calculated values and the measured

values obatined from the covariance in MR noise maps in a 1.5T system for an

array of two capacitively decoupled coils:

• ke is always positive for a conventional array of coils.

• The MI lenses provide a negative decoupling !!

• ke<0  R12<0  SNR increases

[Algarín, Breuer, Behr and Freire, IEEE Trans. Med. Imag., 2015]

𝑘𝑒 =
𝑅12

𝑅11𝑅22
;SNR =

𝑝1
2

𝑅11
+

𝑝2
2

𝑅22
−

𝑘𝑒
2

𝑅12
𝑝1𝑝2

∗ −
𝑘𝑒
2

𝑅12
𝑝1
∗𝑝2

1 − 𝑘𝑒
2
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Coil 1 Coil 2

E-lines

E-lines

Coil 1 Coil 2

𝑅𝑖𝑗 = 𝜎න
𝑉

𝑬𝑖 · 𝑬𝑗
∗𝑑𝑉 > 0

𝑅𝑖𝑗 = 𝜎න
𝑉

𝑬𝑖 · 𝑬𝑗
∗𝑑𝑉 < 0

Noise correlation in pMRI: physical meaning of ke<0

• ke is positive (negative) for very short (long) distances between coils. This can be

made apparent by means of the following extreme examples:

Negative reaction

Positive reaction
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Noise correlation in pMRI: physical meaning of ke<0

• Since MI lenses focus the magnetic field pattern, the FOV of the coils do not

overlap but they are clearly separated, as it happens when the coils are taken far

one from another:

• The electric field pattern will be also more localized around the coils and the effect

will be similar to increase the distance between coils.

[Algarín, Breuer, Behr and Freire, IEEE Trans. Med. Imag., 2015]
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Noise correlation in pMRI: g-factor

• In pMRI, after image reconstruction with SENSE or GRAPPA, the SNR of the 

accelerated image (SNRac) is decreased with respect to the SNR of the conventional 

acquisition (SNRcon) by the square root of the acceleration factor R of the acquisition 

as well as by an additional coil-geometry dependent factor known as the g-factor.

• The g-factor results in a spatially-variant noise enhancement due to the noise 

propagation through the reconstruction method and depends on the encoding 

capability of the receiver array.the SNR of the accelerated image.

• For both SENSE and GRAPPA, the analytical expressions for the g-factor contain 

explicitly the noise correlation coefficient.

• The ultimate effect of a negative ke is to reduce the g-factor and then to 

increase the SNR of the accelerated image.

[Algarín, Breuer, Behr and Freire, IEEE Trans. Med. Imag., 2015]
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1.5T 3T

Without

lenses

With

lenses

GIDRM Workshop

pMRI: g-factor

A gradient-echo sequence was used to obtain signal maps and 

noise-only maps. With these data, g-factor maps for a GRAPPA 

reconstruction with acceleration factor R = 2 were obtained. 

The lenses reduces the g-factor.

[Algarín, Breuer, Behr and Freire, IEEE Trans. Med. Imag., 2015][Algarín, Freire, Breuer, Behr, J. Magn. Reson., 2014]
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Conclusion

• Capacitively-loaded ring (CLRs) metamaterials in the form of 

m=-1 (lenses), m=0 or m∞ slabs can help to locally increase

the SNR of surface coils in different configurations.

• In addition CLR metamaterial lenses can still increase the

SNR of the accelerated image in Parallel Imaging.
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Future work

• Analysis of SNR of surface coils loaded with MI lenses at 7T.

• 7T birdcage coil loaded with a metasurface of CLRs for hot

spot reduction in the center of the birdcage (as an alternative

to wires or ferroelectrics).

• m=0 slabs for 1.5T birdcage coils.

• MI lens of uncoupled rings at 1.5T, 3T and 7T.

• Suppression of residual artifacts with lenses in pMRI.


