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Magnetic Resonance Imaging

UNIVERSITA DI PISA

« Magnetic Resonance Imaging (MRI) is an established and diffused M
diagnostic methodology based on the nuclear magnetic resonance (NMR)

_t/
_ T
of chemical elements. Myy(t) = Moxye T2

* Miillimetric resolution for in vivo studies, along with an excellent contrast,
especially for soft tissues.

Mz My-ommemeooaa

* Non-invasive and free from ionizing radiation, as opposed to computed M(1-6")

M,(t) =M (1 — e_t/Tl)
tomography. z 0z

* The nuclei of chemical elements presenting a non-zero spin angular
momentum can be excited by an RF magnetic field oscillating according to
the Larmor frequency w; = yB,.

Coil

* When the RF pulse is removed, the total induced magnetization returns to Measured Signal
its original state, and two relaxation times can be defined (T, and T,) , ;

FID

* During the relaxation, the nuclei emit the energy acquired during the RF
stimulation, producing the useful RF signal (Free Induction Decay, FID).
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Mutual coupling problem
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. . ' T T

e Antenna to antenna mutual coupling describes energy absorbed by one antenna's T~
receiver when another nearby antenna is operating. Y

* Mutual coupling is typically undesirable because energy that should be radiated away is

absorbed by a nearby antenna. Z,

e Similarly, energy that could have been captured by one antenna is instead absorbed by a

nearby antenna. @ @
m

* Hence, mutual coupling reduces the efficiency and performance of antennas in both the
transmit and receive mode. Moreover, it spoils the antenna's radiation pattern
(particularly important for antenna arrays).

. = 33
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Decoupling techniques in MRI
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* The mutual coupling is one of the most challenging design tasks also in MR,
both for single frequency arrays and for multiple tuned RF coils.

* These array configurations can be used to expand the Field of View (FOV), to
increase the Signal-to-Noise ratio (SNR), to reduce the total scan time, and to
allow the acquisition from different nuclei (e.g. Double-Tuned configurations).

* Inside the MRI bore, the available space for the RF coils can be very limited: the RF
coils are placed very close to each other, resulting in a high mutual coupling (SNR L
degradation and lowered efficiency);

 The coupling problem has been extensively faced in the literature [1]-[4].

[1] Roemer et al., The NMR phased array. Magn Reson Med 1990; 16: 192-225

[2] Y. Li, Z. Xie, Y. Pang, D. Vigneron, and X. Zhang, “ICE decoupling technique for RF coil array designs,” Med. Phys., vol. 38, no. 7, pp. 4086—4093,
Jul. 2011.

[3] I. R. O. Connell, K. M. Gilbert, M. A. Abou-Khousa, and R. S. Menon, “MRI RF Array Decoupling Method With Magnetic Wall Distributed Filters,”
IEEE Transactions on Medical Imaging, vol. 34, no. 4, pp. 825—-835, Apr. 2015.

[4] M.Alecci, S. Romanzetti, J.Kaffanke, A. Celik, H.PWegener, N.J.Shah, «Practical dsign of a 4 Tesla double-tuned RF surface coil for interleaved 1H and 23Na MRI of rat brain,» JMR, Journal of
Magnetic Resonance, 2006

D. Brizi, "Decoupling Metasurfaces for 7T MRI Double-Tuned RF Coils" 6



Outline

UNIVERSITA DI P1SA

e QOverview on decoupling techniques in MRI

e Distributed Magnetic Traps for Double-Tuned confiqurations

e Metasurfaces’ response homogenization for SNR enhancement

e Conclusions

D. Brizi, "Decoupling Metasurfaces for 7T MRI Double-Tuned RF Coils" 7



Distributed Magnetic Traps (DMT): basic idea
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 We developed a general procedure
to design distributed passive [ , h 4 . )
tors used for the decouplin Mutual coupling Mutual coupling estimation
resona . pling estimation between ‘ between MRI coils and the
of MRI RF coils. MRI coils. single decoupling resonator.
« Miniaturized resonators are placed - J \ /
in between RF coils, determining
their minimum number for
decoupling, minimizing resistive
losses. (" ) 4 , A
Resonators Analytical model to calculate the
* Since there are no physical placement inside - required number of decoupling
connections between the MRI array. resonators.
L J \. J

decoupling resonators and the RF

coils, we obtain a mechanically Flow chart of our proposed decoupling approach
robust set-up.
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Spiral Resonators electromagnetic characterization
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Simulation of R,,,Op (w), L,oop(oo) = oL @) Simulation of the SR
] . X Zy0 calculation by matching loop (W), Ligop (W in the center of the
* Various analytical models have been the probing loop : Ziy With Zj0p probing loop
\

presented in the literature: not

accurate to estimate the lumped RLC

equivalent.

* Hence, we developed a

characterization set-up based on a

S

o~
<

<§ ‘(™) d0017 ‘() daozH

. Analytical
probe loop mutually coupled with the ol € catculation computationof |/ | stozrarameters
y matc ;‘n}g RLC mutual coupling loop Z’ loop?™2J transformation

SR under test; wit (Biot-Savart) 1

* This numerical set-up is assisted by a oo o 1dl <1’ ®;;
magneto-static approach to estimate B(r) = A — 3 M;; = T
the mutual coupling coefficient |7;| g
between the probe loop and the SR. Biot-Savart to compute the B field produced by ~ Estimation of the mutual

the SR which is concatenated in the probe loop coupling coefficient

[5] D. Brizi, N. Fontana, F. Costa, and A. Monorchio, “Accurate Extraction of Equivalent Circuit Parameters of Spiral Resonators for the Design of Metamaterials,” IEEE Trans. Microw. Theory Tech.,
vol. 67, no. 2, pp. 626—633, Feb. 2019.
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SRs e.m. characterization: numerical results
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* Once both the probe loop impedance and its coupling coefficient with the SR are known, the SR’s RLC
equivalent can be retrieved by finding the combination that produces the best fit with the numerical

simulations: 80 —
- - -Fittin
= -'--v--CSTgSimuIation
. . . . =60 r i
Z11(w) = l(RSR + jwLgg + 1/jwCsp _]leoopSR) ” ]leoopSR] + e
B 40 ;
+ Rloop +J(‘)Lloop _](‘)MloopSR %20*
v o
A _ _ | . A e ‘
" rannoonp YA A,MfR A,/Ilo—"pS.R Lsr %00 1s0 200 250 30 350 400 450 500
Lioop — "RS'R“ Frequency (MHz)
+ 1500 ‘ :
- - - -Fittin
@Portl MIOOPSRI: CSR_ % ""*"CST%imulation
§ 1000
Er -
gso e
* The numerically simulated results are in excellent agreement with the 3 DIy
model, demonstrating the reliability of the procedure. O e e s w0 s0 v ase oo

Frequency (MHz)

[5] D. Brizi, N. Fontana, F. Costa, and A. Monorchio, “Accurate Extraction of Equivalent Circuit Parameters of Spiral Resonators for the Design of Metamaterials,” IEEE Trans. Microw. Theory Tech.,
vol. 67, no. 2, BE 626—633, Feb. 2019.
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SRs e.m. characterization: experimental results
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* |n addition to numerical simulations, we . — ‘ ‘ ‘ o
also fabricated prototypes through PCB ., “Swereser: | |BooSauere Shiee
technology of the probe loop and the SRs z,,,
under test. " ol

8 10 12 14 2 4 6 8 10 12 14
Number of turns (N) Number of turns (N)

* We evaluated square and rectangular SRs, °, T
with different number of turns.

2.5 T 130 T T
—Rectangular Spirals
2L - --Square Spirals il 125 - - --Square Spirals |
EI: 15 % 120 -
e g
o 1. G 15 -
0.5 110
105 1 1 1 1 1
0 2 4 6 8 10 12 14
2 14 Number of turns (N)

Number of turns (N)

* The obtained results allowed to infer important information about the behavior of these small resonators
when the number of turns increases.

[5] D. Brizi, N. Fontana, F. Costa, and A. Monorchio, “Accurate Extraction of Equivalent Circuit Parameters of Spiral Resonators for the Design of Metamaterials,” IEEE Trans. Microw. Theory Tech.,
vol. 67, no. 2, pp. 626—633, Feb. 2019.
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Analytical framework for coils decoupling
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* We developed an analytical framework based on the previous /\
YY"
flow chart; M3 Ly M3

A
aagg!
T~
N

* We modeled all the interactions between two generic MRI RF
coils (elements 1 and 2) and N spiral resonators used as
Distributed Magnetic Traps (element 3);

 Specifically, the SRs are considered placed far from each other, To compensate
thus neglecting their respective mutual coupling coefficients: the reactive
the N equations relative to them can be condensed in a single component

condition. . ;
] - i NM,-M,-.X real component
213234 VARYAY. wWa1 M;, = @01 152373
Zi — /Z Zip — /233 J@o01M12 R% + wi X%

I %
L3231 < L3237 [é]ﬁ"{ M NZ > M7 R3 ‘
<_ZZl B /Zg 222~ /qu_ 0=—92 52873 wo1My3M>3

RS + w§, X3
\ 3 0143 -\
We imposed the mutual coupling between RF coils equal to zero —

To minimize the

[6] D. Brizi et al., "Design of Distributed Spiral Resonators for the Decoupling of MRI Double-Tuned RF Coils," in IEEE Transactions on Biomedical Engineering, vol. 67, no. 10, pp. 2806-2816, Oct.
2020, doi: 10.1109/TBME.2020.2971843.
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Physical interpretation: effective permeability
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Mutual coupling between coils i and j immersed
in a medium with a permeability u, :

D, .
_HT‘ l]0='urM

Mijeff Y tjo
l

@ The SRs insertion changes the magnetic
properties of the medium in which the RF
coils are immersed:

4 , )
Liz,ep = JOUy (WM, =

= jwM;,

@ We can define an effective magnetic

permeability as a function of the system
lumped elements:

-

( w?NMy3M;3X5 JoNM;3M33R3 )

1 — _
M, (R3 + w?X%) M;,(R3 + w?X%)

- J

[6] D. Brizi et al., "Design of Distributed Spiral Resonators for the Decoupling of MRI Double-Tuned RF Coils," in IEEE Transactions on Biomedical Engineering, vol. 67, no. 10, pp. 2806-2816, Oct.

2020, doi: 10.1109/TBME.2020.2971843.

\_

(@) = 1 (@) — jul (@) =

1 —
< M12(R§ + w2X32)

w?NMy3M;3X5 ) . W?NM;3M;3R;
— ]
My, (R + wZX@

@

When the effective permeability is
nulled (SRs diamagnetic behavior), we
have the decoupling condition:

M=t =t |
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Numerical test-case: Double-Tuned configuration

We implemented, as a test-case, a Double-Tuned RF coil for a 7T MRI scanner, tuned at the Larmor frequencies of the
proton (*H) and the sodium (*3Na);

We designed a 6-turn SR with external dimensions of 13.7 mm x 6.7 mm, Without filter

0
resonating at 300 MHz, satisfying the analytically-required specifications. g5 ::;;2::3::2:: '-.::
E_m | ...S11 together ‘E::
% _____ S,, together E:'
515" :
G & 20 i
' With _ | | | ‘ | |
WIthOUt Cq . 2550 100 150 200 250 300 350 400
filter Port 1 w8 fllter Frequency (MHz)
C9
. With filter
i _821 without SRs | | ‘ ........................
(b) %?'10 i ---8,,, with SRs
Before the DMT insertion, a relatively large mutual coupling exists between the ¢* | ">
. . ] ©-30 2 =
two loops and a considerable upshift of the proton coil can be observed; P e
. . . . » 5ol
The filter presence is able to drastically reduce the coupling (20 dB ZZ

improvement), restoring the correct 'H resonance frequency. e eyt

[6] D. Brizi et al., "Design of Distributed Spiral Resonators for the Decoupling of MRI Double-Tuned RF Coils," in IEEE Transactions on Biomedical Engineering, vol. 67, no. 10, pp. 2806-2816, Oct.
2020, doi: 10.1109/TBME.2020.2971843.
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Experimental measurements
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* Finally, we fabricated a prototype of the Double-Tuned test-case coils,
exploiting PCB technology;
* Both the RF loops and the decoupling SRs are layered on the same
substrate;

* The filter proved efficient in the decoupling, and in good agreement
with simulations.

0 : ‘
—With SRs
-10 - 1 - - -Without SRs]

ww /€T

-70 | | | | | | u
50 100 150 200 250 300 350 400

Frequency (MHz)

[6] D. Brizi et al., "Design of Distributed Spiral Resonators for the Decoupling of MRI Double-Tuned RF Coils," in IEEE Transactions on Biomedical Engineering, vol. 67, no. 10, pp. 2806-2816, Oct.
2020, doi: 10.1109/TBME.2020.2971843.
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Analytical model extension to MRI RF coils arrays

UNIVERSITA DI P1SA Without filter
0
— S,
 We designed a test-case: a %_20 o8y
. — S
3-coil planar *H array for 7 g 2
-40
T MRI scanners. £
©
] ] o -60 - -
A proper decoupling filter »
using coupled spiral %570 280 290 300 310 320 330

resonators as unit-cells has
been added;

Frequency (MHz)

* As evident from the
numerical simulations, the
coupling level passed from
-4.7 dB to around -20 dB
thanks to the filter action.

Y
o

A
o

S Parameter (dB)

=

270 280 290 300 310 320 330
Frequency (MHz)

D
o

[
e
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Experimental measurements

We also  fabricated a
prototype of the previous
design, exploiting PCB
technology;

As evident, the experimental
measurements acquired at the
workbench are in good
agreement with simulations;

As mentioned, the possibility |

to print the decoupling spirals
on the same dielectric
substrate of the RF coils leads
to a mechanically robust and
repeatable fabrication
process.

Without filter

N
o

S-Parameters (2)
-L U
o

N
o

A
o

S-Parameters ()
(:\) 1
o

0
o

\ i Y 3 QG

QPG Dag s
-60 .( @‘ ' ?'I'H
-80 | I I I

270 280 290 300 310 320 330

Frequency (MHz)
With filter

-10

270 280

290 300 310 320 330

Frequency (MHz)
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Magnetic metasurfaces in MRI
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* The design of magnetic metasurfaces generally follows the classical
electromagnetic theory:

¢ Split ring resonator
» The array is considered infinite in extent;

» The response of the metasurface is studied for an impinging
plane wave.

 However, in practical applications, these hypotheses are commonly not _
satisfied (especially at relatively low frequency); [9]

 Consequently, metasurfaces do not practically behave as

[7] theoretically predicted;

e Hence, we introduce an analytical framework to control the
response of magnetic metasurfaces:

v Avoiding truncation effect (response homogenization);

e v' Overcoming plane wave hypothesis.

[7] Rizza, Carlo, et al. "Harnessing Surface Plasmons for Magnetic Resonance Imaging Applications." Physical Review Applied 12.4 (2019): 044023.

[8] D. Brizi et al., "A Compact Magnetically Dispersive Surface for Low-Frequency Wireless Power Transfer Applications," in IEEE Transactions on Antennas and Propagation, vol. 68, no. 3, pp.
1887-1895, March 2020, doi: 10.1109/TAP.2020.2967320.

[9] Zhao, Xiaoguang, et al. "Intelligent Metamaterials Based on Nonlinearity for Magnetic Resonance Imaging." Advanced Materials 31.49 (2019): 1905461.
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Magnetic metasurfaces’ response homogenization
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v' M active RF coils interacting with a passive metamaterial slab.

By referring to the RF coils with the first M indices
and with the following N indices to the elements of

v' The slab can be assumed to be comprised by N resonant unit-cells. @ the array
yan Zy Zl(N+M) l, V
N+M . . . .
_-_ Z | _Cjzij . . :
i=(M+1). =t ., with i=(M+1),...,(M+N) L vy Zyi(nem) I _ |V
Z(M+1)1 Z(M+1)M Z(M+1)(N+M) rC(lv|+1)|x1 0
Unit-cells’ loading conditions : : : : :
Z Z Z C I 0
- (M+N)1 (M+N)M (M+N)(M+N) (M+N) " x
ComyZmnmsn) T Cmsz)Zmsnmaz) T | —0 ~ o
o FCn LMy man) ' ;
. Com e Zm2ym ) + S Zimraymsz) T o - By expressing the currents in the
Imposing resonant et Gy Ze x metasurface’s unit-cells as: @
condition for each unit-cell: () U . =cl, with i=M +1,...M +N
@ ComsnyZmanymsn) T Cms2Zmenymsz) T | —o
e FCn) L (manymn) '
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Numerical test-case (1)
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(Ii =cl,,
By manipulating the coefficient c¢; corresponding to the array elements, we N+M
can obtain the desired current distribution; - Z Cjzij
* By setting all the coefficients as 1, we can homogenize the metasurface’s Zn =— il
response (each unit-cell with the same current). \_ G

 We developed a numerical test case to verify the theoretical model:

v A solenoid as RF coil exciting the metasurface;

v" A 5x5 metasurface made by spiral resonators.

 The RF solenoid has an 18 cm diameter, with 5 turns realized with lossy copper
wire;
* Itis made resonant at 6 MHz by adding an 81-pF capacitor.

D. Brizi, "Decoupling Metasurfaces for 7T MRI Double-Tuned RF Coils"
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Numerical test-case (2)
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* A 5x5 metasurface made by spiral resonators;

* Each element is an 8-turn spiral coil, with a 4 cm diameter, made by lossy

copper wire.

* In a first configuration, each unit-cell is made resonant at 6 MHz, adopting a

560pF capacitor (standard configuration)

— 610

1
* 1600 .
5
e 2 1590
9o —
(]
2, 580 &
(@) °
o O
3 570
£4
>
Z 560

5

550

1 2 3 4 5
Number of elements

METASURFACE

Then, we applied our theoretical model, aiming at homogenizing the currents
flowing in each unit-cell, independently from the position inside the array;

By choosing ¢=1 for each cell, we calculated the capacitors to be added in
each cell.

g=EE o with i =(M +1),..,(M +N)
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Response homogenization: results
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* We obtained an excellent agreement between the theoretical assumptions and the numerical results:

Standard configuration
Current [mA] -20
|
12.0 -10

(A/m)
0.1

0.08

0.06

0.04

Y Axis (mm)
o

0.02

-20 -10 0 10 20
X Axis (mm)

Homogenized configuration

20 (A/m)

0.1

Current [mA]
1250
I 11.25
1000
8.75
750
625
5.00
3.75

250
I 1.25
0.00

0.08
0.06
0.04

0.02

0 10 20
X Axis (mm)

v' The standard configuration (unit-cells equally loaded) shows

strong truncation effect: only the central element is perfectly
resonating;

On the other hand, the homogenized configuration presents the
cells with the same circulating currents; hence the truncation
effect is avoided;

This significantly affects the magnetic field distribution, which is
particularly more uniform in a larger area for the second case;

MRI can benefit from such approach: a more uniform field over
a larger area can increase the SNR and the FoV.

Moreover, such feature can be extremely important in
enhancing the misalignment robustness in WPT applications;

D. Brizi, "Decoupling Metasurfaces for 7T MRI Double-Tuned RF Coils"
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Arbitrary control: results

UNIVERSITA DI PISA

* An interesting possibility is also the arbitrary manipulation of the current distribution within the 2D array: reconfigurability

Beam-steering 1

Current [mA] (Aim)
m

B |
[FYRES]
[ASN=2]
==
N
o

-
o

- 0 v This can be achieved by choosing opportunely the current
R coefficients c; (and, consequently, the capacitive loads);
16.0 c 0.15
12.0 £ . e . e - .
| 5o 2 01 v' For instance, it is possibile to enhance the current amplitude
v " 10 005 only for certain unit-cells, while switching-off the others;
2 e o e e v We show, for instance, the beam-steering capability of the
X Aods (mm) metasurface; eventually, any field distribution can be recreated.
Current [mA] -20 (A/m)
B 55000

50.000 -10
45.000
40.000
35.000
30.000
25.000
20,000

I 15.000
10.000

0

Y Axis (mm)

10

0.35
03 N+M
o - > - G4,
Z, = ’=(M”é‘¢' . with i=(M+1),...(M+N)
0.1 i
" 0.05

-20 -10 0 10 20
X Axis (mm)
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Conclusions
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v' We proposed an innovative method for RF MRI array coils decoupling exploiting passive resonators as filtering
elements;

v' The solution optimizes the decoupling performance, minimizing the resistive losses in the structure;

v In particular, the possibility to print on the same dielectric substrate both the MRI coils and the filter results in
a mechanically robust transceiver design;

v In addition, we presented an analytical framework to choose the reactive loads in order to homogenize the
metasurfaces’ response;

v This capability can be extremely useful for enhancing the magnetic field uniformity and, consequently, the
Field of View and Signal-to-Noise ratio;

v" Future development will be directed to apply these solutions to real-scenario applications, moving from the
pure experimental to the clinical practice.
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Conclusions
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