1' frontiers
in Physics

ORIGINAL RESEARCH
published: 15 April 2020
doi: 10.3389/fphy.2020.00080

OPEN ACCESS

Edited by:
Simo Saarakkala,
University of Oulu, Finland

Reviewed by:
Ji Chen,
University of Houston, United States
Manuel José Freire Rosales,
University of Seville, Spain

*Correspondence:
Bernhard Gruber
b.gruber@ieee.org

Specialty section:
This article was submitted to
Medical Physics and Imaging,
a section of the journal
Frontiers in Physics

Received: 29 November 2019
Accepted: 09 March 2020
Published: 15 April 2020

Citation:
Gruber B, Rehner R, Laistler E and
Zink S (2020) Anatomically Adaptive
Coils for MRI—A 6-Channel Array for
Knee Imaging at 1.5 Tesla.
Front. Phys. 8:80.
doi: 10.3389/fphy.2020.00080

Check for
updates

Anatomically Adaptive Coills for
MRI—A 6-Channel Array for Knee
Imaging at 1.5 Tesla

Bernhard Gruber *#, Robert Rehner 3, Elmar Laistler * and Stephan Zink *

! Division MR Physics, Center for Medical Physics and Biomechl Engineering, Medical University Vienna, Vienna, Auisty
2 A.A. Martinos Center for Biomedical Imaging, Massachusett&eneral Hospital, Harvard Medical School, Charlestown, MA
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Purpose: Many of today's MR coils are still somehow rigid and in exild in their size and
shape as they are intentionally designed to image a speci ¢ matomical region and to
t a wide range of patients. Adaptive coils on the other hand.are intended to follow a
one-size- ts-all approach, by tting different shapes, ard sizes. Such coils improve the
SNR for a wide range of subjects by an optimal t to the anatongal region of interest,
and in addition allow an increased handling and patient coroft as one MRI receive-coil
is maintained instead of multiple.

Material and Methods:  To overcome the SNR losses by non- tting and thus poorly
loaded RF coils, we propose a stretchable antenna design. Kz loop has the ability to
reversibly stretch up to 100% of its original size, to be anaimically adaptive to different
shapes and sizes, and therefore make the coil usable for a wé patient population.
Besides the mechanical challenge to nd a robust but exibleconductive material,
various other problems like frequency and matching shiftsfeect the SNR. Through bench
measurements and MR Imaging at 1.5 T, we investigated diffent stretchable conductor
materials, that t the de ned requirements. Finally, a rigl reference coil and an adaptive
6-channel array for knee imaging at 1.5 Tesla were developet investigate the potential
improvement in SNR.

Results: The material tests identi ed two potentially useful mateais: Highly ductile
copper and a silver-plated stranded copper wire. Althoughthe adaptivity causes a
frequency shift of the resonance frequency, which entailsiivariations of the impedance
that each coil presents to its connected pre-ampli er, thee are strategies to mitigate
these effects. The adaptive array prototype made of partlgtretchable loops, showed an
improved SNR of up to 100% in 20 mm depth from the phantom surfae, and therefore
demonstrates the effectiveness of adaptive coils.

Keywords: adaptive coils, stretchable loop, meandered cond uctor, SNR, one-size- ts all

INTRODUCTION

The past two decades of Magnetic Resonance Imaging (MRI) haneirsegense advances in
various elds, with a focus toward improved sensitivity, mitiodal imaging and of course
reduced scan-time in clinical and research examinationsquiting MRI data is still time
consuming due to long acquisition times, and therefore prémenotion artifacts. Furthermore,
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MRI data acquisition is limited in spatial and temporal resabuti  magnetic coupling with the sample and noise reduction due to
due to the lack of signal-to-noise ratio (SNR). A simplethe smaller volume of tissue being visible for the c6jl [
solution is to apply higher static magnetic eld strength Many theoretical and experimental works suggested to put a
(Bo) [1] to increase the detectable nuclear magnetization, anthrge number of small surface coils as close as possible to the
thus to achieve higher spatial resolution with su cient high imaging volume to achieve a set of advantageous features lik
SNR P]. a high lling factor [6-9]. Because of the importance of coil
While the advancement of gradient coils in strength anddetectors, and the fact that MRI (today) relies on signal deiac
slew-rate ] ensured a speed up in image acquisition, thewith receive arrays, the development of such RF antennas is
improvement of sensitivity with higher eld strengths or well a critical step in gaining SNR, speeding up the acquisition
crafted detector geometries of MRI probes, have always beand therefore improving the patient comfort during every MR
critical [3]. examination [L0-13. To achieve a high SNR, it is important
Back in 1980, Ackerman et al. demonstrated that an improvethat at high Q,ageqvalues, the lling factor is very close toD
SNR could be obtained by placing a small coil on the surface df, to gain the maximum SNR. The magnetic eld lling factor
the sample, close to the region of interegf [The use of small is a ratio, for the magnetic energy stored inside a load ,(e.g.
surface coils in the regime of sample dominated noise enablsample, phantom, patient) to the total magnetic energy stored in
large sensitivity improvements, because it provides botbnger  the coil.
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FIGURE 1 | (A) Schematic of the used test-setup for material measurementsThe setup allows reproducible testing of different condutive materials used for an
adaptive double-loop con guration that can be enlarged/stréched and immediately compared to a rigid reference doubldeop. (B) Two rectangular loops with a
maximum length (z-direction) of 100 mm can be attached to thérame (brown) and enlarged in x-direction by shifting the stis (yellow) in 5 mm steps(C) Simpli ed
RF circuit. (D) Experimental setup with a rigid reference double-loop and atretchable double-loop mounted on the test-frame, placedon the torso-shaped phantom
(see Figure 6) with a main body (blue) lled with per 1,000 mL Bal-oil and 0.011 g MACROLEX blue and an outer compartment (ear) lled with per 1,000 gH,O
dist.: 1.25g N iSOsx6H,0, 5 g NaCl. The coil plug connector in between the two doubledops serves as connector between the test setup and the MRI sanner and
houses the coil code. The test-frame is 3D laser-sinteredS{ratasysObjetEde®00V) using MR-invisible material.
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R
Sample vO|um§%dV load decreases the quality factor of the coil and the magredtic

dev @ [14] By bringing the coB glos_er to the sample, the lling fa_ctor
is increased and the term 2B; in the numerator of the equation

By is the value of the RF magnetic eld once integrated over théor the SNR,
sample and the second time integrated over the total coilmelu p_
. . . Usg; 211 VMyyjBij
As an approximation ¢ can also be seen as: SNRD Signal 1y xy Bt @)

€
UnNoise 4kTe 1fRe

i D

Total Volume

2
o @
R is maximized, which results in an optimized SNR. Many factors
where determine the SNR available in an MR experiment. In Equation
4 the Usjgnal considers the SNR for a single voxel voluth¥,
Qunloaded with the assumption that the elds of the magnet and the coils a
Q=D Qioaded ©) constant over the voxel. The properties of the sample and thg coi

contribute to the SNR through the resistance at the coil teais
is the unloaded Q-value divided by the loaded Q-value of théR; ) and the sensitivity pattern of the coil. The noise signal
coil element and P is the input RF power. The introduction of aUnoisein any MRI experiment is basically thermal noise generated

4 mm :
Special foam . Highly Ductile
Copper

FIGURE 2 | (A) The four investigated stretchable material candidates. Aighly reversible exible special foam padding was used, to spport the stretchable materials.
The pre-ampli er on the feed boards are already attached(B) Four differently sized rigid double-loops used as a referee. (C) Stretchable double-loop made of
CuBe-Strain springs.(D) Highly ductile copper AP9121R DuPontVPyralu¥® exible laminate. The material is a double-sided, 35nm copper-clad exible laminate. (E)
Amotape® Conduct Elast. #45756. A 6 mm wide stranded copper wire made of 7 single strands wittan area of 0.078 mn? each. PTFE insulated and connected with
3 elastic threads made of Elastane gimped with PA66 (620dte€ 78/2dtex). (F) Amotape® Conduct Elast. #45792 with same speci cations as Amotape® #45756

but with 19 single strands.
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by the receiver coil and the sample scaled to the bandwidttl usehe second part, the performance of a 6-channel adaptive array
in detecting the signall[5. for 1.5T is compared with a rigid reference array (Similarhe t

So, by improving the lling factor, the coil resistanBg;, also  15-channel Tx/Rx knee coil array from QED). Both arrays were
calledequivalent-series-resistance (E&Rhinimized by making tested using three di erent sized knee phantoms, representing
the unloaded Q high, and the sample resistaRgéthrough the various realistic knee sizes. Parts of this work have ajréadn
induced eddy current losses in the conductive sample) can h@esented at conferencel] 37).
minimized by choosing the coil size to match the target Fidld o
View (FoV).

Designing a coil array to t close to the region of interest MATERIALS AND METHODS
is quite easily achieved, but to use the same coil with meltipl\jaterial Tests

patients that vary in size and shape, is challenging. It ré&guir The key challenge in designing anatomically adaptive loofs is
the coil array to be shape/form adaptive. Mechanical exipilit g reversibly stretchable coil conductors, which have dopra

of the RF array is advantageous as in most cases the shape %WE/ slightly worse properties than the used standard ( at)avir
size of dierent body anatomies varies signi cantly, but mos \yiip respect to electrical conductivity.

RF coils are rigid and only t a speci ¢ anatomical region and oy typical metallic wire, stretching results in irreveisib
only certain patient sizes. Form-adaptive RF coil arrays im@rovy|astic deformation beyond a few percent of elongation. A
the electromagnetic coupling between sample and coil, prov“@‘ertain reversibility of a change in length can be achieved b
a higher lling factor, and therefore, potentially improvedtRF mounting a wire with a certain length reserve (e.g., meaeder

receive e ciency, if the mismatch and expected frequencit&i  gyle) on an elastic material. In addition, this materiabshd
not exceeding the bene ts.

Allowing adjustable coil geometries requires equally i
solutions for m'tlgatmg upcoming parasmc e ect like Inc_:m TABLE 1 | Measurement points and xed/calculated geometrical valuesdr the
mutual coupling between elements and frequency shifts. AS &perimental setup.
result of these shifts in center frequency and the variation

coupling, the source impedance presented to the pre-ampli ep®tching X Y d a _ Length
changes, which leads to SNR loss. Several approaches tdmitidgf] [mm] (mm] (mm] [mm] #-direction [mm]
the e ects of coil coupling and frequency shifts, like broadde 60 190 100 14.0 100
-band matching [ 6] have already been more or less implemented,, 70 209 110 15.4 100
inthe eld. Another approach is to automatically tune and miatc ,, 80 208 120 16.8 100

the coil array [7-20. Previous work have already shown the,, 90 247 130 182 100

feasibility of mechanical adaptation of the receive coil lte t
body part of interest. A rst approach of exible COi|S, where a X is thhe Islngth of the str?tc:at;le s;lgrrent. )(leS th;z distarcgdb(;tw;een theI ends of thletvt;/
stretchable segments of the double oop. is the total width of one element. a is the
mercury lled tube by Malko ?t aIZ{l] was used to .form a IOOp' overlap distance between the two coils (see alsdrigure 1A).
Other works on adaptive coils include a transmit-receivechea
array that permits bending to adjust its diamet&?], a sliding
mechanism varying the diameter of a conical coil arrangeimenragLE 2 | Materials used for stretchable areas. Amotap® #45756 and
for wrist imaging P3. A stretchable coil array for knee imaging Amotape® #45792 provide the stretchability of the stranded wire by tfee elastic
at 3T, which utilized braided copper wire mounted on an elasti¢'astane threads.
textile substrate was mtroduceo_l cite Nordmeyer-Massteale  pesignation Properties
[23. Compared to a standard rigid knee array, the stretchable
8 channel array introduced an overall SNR loss of 20%. Lat@motape®Conduct 6 mm wide stranded copper wire consisting of 7 single
on on-coil digitization avoiding cabling and increase patie FElast.#45756 strands with an area of 0.078 mn? each; PTFE
comfort [24] was used with the stretchable copper braid. Further g}i‘;zzoxizo;:&w"e 8 elastic threads made of Elastane
approaches focused on mechanical exibility, which is o ergd b Amotape® Conduct as above, but 19 single strands
several coil designs like screen-printed exible MRI recedsc .o 45792 '
[2_@’ or the exible/rigid PC_BS PG 27). Ongoing _re_search On_ Highly Ductile Doubled-sided, copper-clad laminate;
coil elements made of coaxial cable looks promising, esneC|a|:opper—AP9121R polyamide composite copper foil with 0.0508 mm
due to the low inter-element coupling2f-30]. Such elements DuPont™ Pyraluxo AP dielectric thickness and 35mm copper thickness
oer a large range in exibility, potentially enabling wearal exible laminate
colil arrays, but limitations like the dependency of the remoce CuBe; strain-spring Wire thickngssd D 0.5 mm; Outer diameterDe D 5.9
frequency to the permittivity of the dielectric, and theredcto e 'i:;;déa;”oeﬁzirzl@ie""l;gtsfgg‘ ;%Elizmmm”?'
. . . . . . ] -a . il
Lhefdlar]me'Fer of f:oaxzal cable introduce limitations thatedeto tensile strength 950N/mm?2
e further investigated.
The present work addresses mechanical and electrical issggg,w"e is poven into the t:f:a‘:f_ iglag“eé:‘defed Wa(y (Z‘?Eiguf:;??ﬂ and a”‘;WZIa
- . . 0 reversible eongatlon. e nignhly uctile copper (seeigure Is not stretchable
of anatomlca”y adaptlve. coil arrays..ln the. rst part, the m’pt per se, but provides high exibility without any drawbacks in conductivity throgh its
of partly-stretchable coil arrays is investigated along@sidth  \ave-like arangement within a foam sheet of 5mm thickness. The lasaterial tested
material tests of conductive materials used as coil elesnént are CuBe; strain-springs (seeFigure 2C).
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be “MR silent,” which means that there is no contribution to The double-loop arrays with rectangular loops were
the MR signal from this material. To restore the original stat manufactured on FR-4 ( berglass cloth with a ame-resistant
after stretching, the wire has to allow enough elasticityl anepoxy resin) using the simplied circuitry illustrated in
ideally should mechanically behave like a spring. Standidyr  Figure 1C
conductive materials like copper, silver, gold, aluminum ever The reference loops and the xed parts of the partly-
too pliable for this task. Materials like iron or steel would stretchable loops were made of 6 mm wide adhesive copper
fulll the strength requirement, but they are ferromagneti tape with a copper thickness of 7@n. Thin or very narrow
and therefore not suitable for MRI. An option in between copper traces increase the loops resistance thus lowering the Q
would be austenitic steel, which is not ferromagnetic and/alue, while a wider or thicker copper trace may cause eddy
would provide enough strength, but has low conductivity. Wecurrent heating,B;-distortions and/or self-shielding1{]. 16-
developed several mechanical concepts, published in a lealwg thick tin-plated copper wire bridges were used to overlap
patent [33]. One of the most promising approaches thereof isat the cross sections of each loop, minimizing capacitance
the partly-stretchable-loepconcept (se&igures 2A,C—F used between the two loop traces. Segmenting capacitors were used
in this work. to provide a homogeneous current distribution over the loop,
Four dierent reversibly stretchable materials werereduce the E- elds induced into the sample load through vgéta
investigated (se@able 2 and used for the construction of splitting between the capacitors, reduce the stray elds edus
stretchable double-loops (seEigure 2A). The loops were by the split voltages which in uence the load dependence of
realized with a stretchable area of length x and a width ofi@0  the resonance frequency and nally reduce capacitive cogplin
(z-direction) (sed-igure 1A). The stretchable double-loops with as well as parasitic capacitance between loop and sample. Each
loop sizes according tdable 1were compared to four standard loop was tuned to the resonance frequency of 63.6 MHz (1.5T)
double-loops (seEigure 2B) as reference. using a torso-shaped phantom with a main body (blue: per

180mm shell ' ““
(A) Phantom Size (size L) Feed Board +
(4.1L) — Preamplifier

for 1.5T

Coil baseplate

(Equivalent to
15Ch (Tx/Rx) QED'
knee coil array

SLC pogo-pin
connection

Lower shell with
2 rigid loops

Baluns

Housing for the
antenna sheets

Feed boards with
plugged PreAmps

FIGURE 3 | (A) 3D rendering of the reference array mounted on the lower shielith the largest knee Phantom L (4.11)(B) The lower shell houses two channels that
can be electrically connected to the upper four channels usig spring-loaded pins melted into the laser-sintered loweshell. Suchpogo-pins (preci-dip SA, Delemont,
Switzerland) offer a low resistance military standard corattion with high mating cycles and excellent performance ahtigher frequencies like MRI. The lower shell
contains cable traps (blue and yellow) to reduce common modeurrents on the shield.(C) 4-channel adaptive array with 4 stretchable elements, wereach loop is
made of Amotape® #45792, with a stretchable area between the feed-boards of D 60.1 mm. The 4-channel adaptive array is connected to the 2-hannel lower shell
for measurements. Together they make the 6-channel adaptévarray. The lower shell can be used along with the 4-channeldaptive array or the 4-channel rigid array.
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1,000 mL Bayol-oil and 0.011 g MACROLEX blue) and an outebaluns, reducing common mode currents on the shield of the
compartment (clear: per 1,000 @B dist.: 1.25gNiS® 6H>O, coaxial cables, were added and tuned to the Larmor frequency
5g NaCl) (seéigure 1D). The experimental setup (séégure 1D) was placed in the
The stretchable double-loops were mounted on a 3D laseMRI and with every stretchable double-loop con guration and
sintered (ObjetEden500V, Stratasys, Rechovot, Israetief(@ee the corresponding reference double-loop noise and signal data
Figures 1B,D, which allows the stretching of the loop material was acquired one after another. For every con guration, 2
in discrete steps of 5mm in x-direction (the stretching in y- measurements were performed: per stretched position (4 stretch
direction is also performed, as the frame is attached to theoints, sedable 1, column 1) signal and noise data was acquired
phantom's surface). The overlap between two loops is constaniith the reference and the stretchable double loops.
and provides optimal overlap decoupling for a stretching of 15% SNR images were generated from signal- and noise datasets,
(xD 75 mm). acquired on a Siemens MAGNETOM Aera 1.5 Tesla MRI
Bench and MRI measurements were performed with 0, 10, 28canner with software platform Syngo MR E11 (Siemens
and 30% stretching (s€kable 1). The stretch area x is xed to Healthcare GmbH, Erlangen, Germany). To obtain the SNR
start at 60 mm. The geometrical properties are calculated witimages, a standard spin-echo sequence OOE.5ms, TRD
Equation 5 and 6, which result from an array design of a 18300 ms, Fo\MD 300 mm, TAD 1:20 min, slice thickned3 5 mm,
channel adaptive knee array with 3 rows of 6 rectangular loopcq. matrixD 256 256, voxelD 1.2  1.2mm, bandwidth

elements (se€able lline 1). D 130 Hz/pixel) with a 90 and a 180 RF pulse was applied.
For the noise measurement, the RF excitation pulse was set
% StretchingD Yn - Yo (5) to zero, whereas _for the signal mgasurement the RF excitation
700 was set automatically. The acquired data were exported and
D y 40 6 then reconstructed o ine MATLAB (MATLAB, The Mathworks,
XD 1g MM ®)  Natick, MA, USA).

SNR was calculated using tBeim-of-Squares (So®)ethod

Stretching of the adaptive loops changes the loop's inductandéeal for high input SNR36] and theMaximum Available (MA)
and resistance and is therefore expected to cause a shifein tmethod [15).
resonance frequency. Therefore, the partly-stretchabledavere
tuned and matched to the Larmor frequency at 1.5 Tesla (63.6 2 XN, 2
MHz) at the center between the maximum and minimum length SNRosD 2 2 lede
of the stretchable areas corresponding to a stretching ofBFro
x D 75mm). The four reference double-loops were individuallySNRsosvalues as calculated in Equation 8, are equal to the SNR
tuned to and matched. Capacitor values for all built doublepl®  for optimal combining with unknown coil sensitivities. The MA
can be seen iffigure 12 method describes optimal coil combination, were sensigsiti

The inductance of each loop is estimated from the totahre known. By multiplying the pixel value in each coil with
capacitance and the resonance frequency. The coil reséstanc the complex conjugate of the coil sensitivity for that channel,
estimated from the measured Q-factor. Q-values for each loosumming over all channels, and dividing this sum with the sum
were measured at a distance of 20 mm with an S21 measuremaitthe squared coil sensitivity in all channels, an optimaiseo
on the network analyzer (E5071C, Keysight TechnologiegaSa decorrelated (noise pre-whitened) combination method isduse
Rosa, CA, USA) using a double-loop probe with75dB Any phase added by the coil itself is removed and the signal
decoupling. To estimate the e ect of stretching on inter-elemne is summed up. This method is also known Bsweighted coil
coupling, the coupling coe cient k was measured using thecombination [].
two-mode-frequencies method:

(8)

Adaptive Knee Array

£2 C 2. Based on the results of the material test, the best performing
kD '; phase ‘;m' phase (7)  material was used for further investigation. A preliminatydy
fin phase Fani phase of the knee geometryl00 mm up/down the knee centem
25 patients from Europe and U.S.A. showed a diameter range
with fin phase D fpﬁ and fanti phase D ﬁﬁ of 102-169 mm for European knees and 110-211 mm for U.S.

[34, 35. The upper frequency and the lower frequency mode ar&nees. Standard coils like the 15-channel Tx/Rx knee coil 0y QE
measured on the network analyzer, with an S21 measuremerfQuality Electrodynamics, May eld village, Ohio, USA) haae
assuming that the resonant frequencfgsare identical for both limited inner diameter of 173mm and eld of View (FoV) in
loops, as well as the capacitance and the inductance valueslirection of around 200 mm. This diameter limitation make
for both loops are the same. The center-to-center distance fahe knee a good object to demonstrate the performance of a
rectangular loops to achieve optimal inductive decoupling.8 0 one-size- ts-all adaptive coil array approach

d [6€], but due to the stretching of elements, the decoupling To investigate the potential SNR improvement, a 6-channel
between elements changes. Residual coupling was suppresseddagive-only array for 1.5 Tesla was developed. It consists of 4
pre-ampli er decoupling. Active detuning using an LC paralleladaptive channels (s&égure 3C) and a rigid 2-channel bottom
circuit was implemented to detune the loop during transmiida part (seeFigure 3B). As reference, a rigid 4-channel reference
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180 mm shell
(size L)

Baseplate
mounted to the
patient table

Array size
S M L L
R 140 mm shell
P N (size S)
A o
Phantom "
Size S (2.4L) e Grooves to fit
the adpative

antenna

2-channel
(rigid)
lower shell

Phantom size
M

FIGURE 4 | (A) 3D CAD rendering of the adaptive array test setup with 4 strehable (upper shell) loops and 2 rigid loops in the bottom sHe The adaptive array is
evaluated using three differently sized knee phantoms ofz L (180 mm diameter, 4.11), M (160 mm diameter, 3.21), and 40 mm diameter, 2.41).(B) To directly
compare the 4-channel adaptive array with the four stretchiale loops to the 4-channel reference array (each one connedb the 2-channel lower shell upon each
measurement), a shell of size 180 mm is 3D laser sintered anti¢ adaptive loops are mounted on it, while the three differely sized knee phantoms (L, M, S) were
imaged.

array (seeFigure 3A) with an inner diameter of 180 mm, the was< 18dB, pre-ampli er decoupling>20 dB, and matching
size comparable to a single-row of a commercial 15ch knee cgil20dB. The stretchable areas of the adaptive array were made
(Quality Electrodynamics, May eld, OH, USA) was construtte of 6 mm wide Amotap& Conduct Elast. #45792. The same
which could also be attached to the rigid 2-channel bottonmtpar properties as evaluated during the material test, were medsur
The setup is mounted on a baseplate of the 15-channel knegain for the knee array in the presence of the other loops, while
coil, which is attachable to the patient table (d&gure 3A). inductively decoupled.
The four adaptive channels can be attached to three di erent Finally, SNR was measured for the three phantom sizes using
sized shells with grooves to t the feed boards, similar te th the adaptive and the reference array using the same spin-echo
phantoms (seerigure 4A). Geometrical decoupling was pre- sequence as for the material tests. The smallest con guraif
adjusted during construction and is maintained with thetomh  the adaptive array was used to acquire signal and noise iméges o
part for both arrays. the phantom size S (140 mm). The 2nd con guration was used to

Three di erently sized phantoms with 140 mm (size S, 2.41)jmage phantoms S and M and the largest con guration was used
160 mm (size M, 3.21), and 180 mm (size L, 4.11) diameter eadio image all three knee phantoms (d&gure 4B). The acquired
lled with per 1,000 gH,O dist.: 1.25dN iSQ; 6H»0,5g NaCl data were exported and reconstructed o ine (MATLAB, The
were used for MR imaging. All housing parts including the threeMathworks, Natick, MA, USA).
phantoms, were 3D laser sintered using the (ObjetEden500V,
Stratasys 500V, Rechovot, Israel). The experimental setupeca RESULTS
seen inFigure 4B,

All loops were tuned and matched to 63.6 MHz and+50 Material Tests
The adaptive loops were adjusted at a stretching of 13.34%he goal of the material tests was to identify a suitable nelte
which equals the diameter of the phantom size M. Decouplindul lling the needs of an adaptive coil array. The CuBe2 Strai
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FIGURE 6 | The Signal-to-Noise ratio (SNR) of the three different stiehable materials, compared to each other. The SNR was meased in a region of interest (ROI of
5 5 pixel) at 20 and 60 mm depth from the coil. The SNR losses weracquired from the SNR maps, calculated with the maximum avkible method, the stretchable
double loop in the different stretching states compared wh the SNR maps of the corresponding reference double loop. Tétorso-shaped phantom consists of a
main body (blue) lled with per 1,000 mL Bayol-oil and 0.011 g MCROLEX blue and an outer compartment (clear) with per 1,009H,O dist.: 1.25g NiSO,  6H,0,
5g NacCl).

Springs were found to introduce a too high inductance and werewith equivalent sizes. Complete measurement data is listed i
therefore, not further evaluated. theFigure 11

All tested materials were su ciently stretchable to covaet The results of SNR measurements in the MR scanner are
envisioned element size. Bench measurement results for tils@own inFigure 6. In most cases and on average, the stretchable
rigid double-loop array and the three stretchable doulded loops with Amotap& #45792 showed the least loss in SNR (8/9%
arrays are summarized ifigure 5 and show the dependence in 20/60 mm depth, respectively) as compared to the rigid double
of the following parameters on the amount of stretching:coil array.
Qioaded (Figure 5A), Qunioaded (Figure 5B), Qratio (Figure 50, .
coupling coe cient k(Figure 5D), shift in resonance frequency Adaptive Knee Array
(Figure 5B, inductive decoupling(Figure 5P, pre-amplier For the adaptive knee array also Amot&p&45792 was used.
decoupling (Figure 5G), matching (Figure 5H), coilCsample The measured shift in resonance frequencies for the 4 siabte
resistance (loaded)Figure 5I), and unloaded coil resistance l00ps within the adaptive array when stretched from a knee
(Figure 5). All coils showed a shift in resonance frequencydiameter of 140 to 180 mm, ranged from 66.39 to 61.23 MHz.
of about 125kHz per mm elongation by stretching (seeThis corresponds to a stretching of up to 26.68% from the aayi
Figure 5B). Amotape® #45792 showed consistently highest Q-array size, the stretchable lengthghange from 60.1to 91.5 mm.
ratio, best inductive and preampli er decoupling. The loopsThe overall size of an adaptive loop varies between 9G6 mm
with Amotape® #45792 showed coupling coe cients and coil (un-stretched) and 122 60 mm (fully stretched). This resulted
resistance values in the unloaded and loaded cases whittha frequency shift of 164 kHz per mm elongation, which is
lie between the values of the other materials. All measuredomparable to the 128kHz per mm as measured during the
parameters of the stretchable loops were compared to rigid loopBaterial tests for Amotap® #45792.
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FIGURE 7 | SNR comparison for the adaptive and rigid knee arrays for dérent phantom sizes. The SNR was measured at three represégtive points: at the center
of each phantom, 25 mm away from the lower shell and 25 mm awayrém the top of each phantom. The experimental setup is illusated in Figure 4B .

Q-ratios for all loops of both the rigid reference and the at maximum stretching, as expected from the results of the
adaptive knee array were larger than 2, and therefore in sampieaterial tests.
noise dominance. The unloaded coil resistanRgsiunioadedOf (Matching) ranged from 43.0to 18.1 dB for the reference
the individual antenna elements for the 180 mm knee phantonarray. The adaptive array adjusted for the size M phantom
ranged from 0.84 to 1.39 (reference array) and from 0.99 to was matched between23.4 and 16.7 dB. At minimum and
2.13 (adaptive array)Rcoiljoaded fOr the same phantom size maximum stretching of the adaptive array loops, matching was
ranged from 2.38 to 3.67 (reference array) and 2.51 to 479 completely o between 1.6 to 2.4 dB. Same results were
(adaptive array). achieved with thepre-ampli er decouplingThe reference array

The coupling factor kQoadeq between the loops of the showed reasonable pre-amplier decoupling values of 22.0 to
reference arrayanged from 0.048 to 0.125 and from 0.14 t029.8 dB, whereas the loops of the adaptive array, from minimal
1.27 for theadaptive arrayFor the adaptive array this is higher to maximal stretching of the individual elements, rangednfrr
than expected, which can be explained by the higher numbet2.6 to 26.69 dB. Adjusted to the size M phantom, pre-ampli er
of channels and their closer positioning as compared to thelecoupling for the adaptive array ranged from 19.6 to 26.5 dB,
setting with 2 loops during the material tests, i.e., eaclplooand is comparable to the values of the reference array.
was not only inuenced by the direct neighbor, but also by Figure 7 illustrates the SNR images acquired with the
all others. reference and the adaptive array using the three dierent

Inductive decouplintanged between 16.7 and 26.9 dB for thephantom sizes. SNR values were measured in single voxels in th
reference array and between 36.8 and 13.9 dB for the adaptim@ddle transverse slice at three di erent depths from the aoe,
array. The best decoupling in the adaptive array was achievedlative to the knee phantom size used. In a direct comparison
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between the adaptive and the reference array using phantan siis not exceeding 0.4 in any con guration of the referencelue t

L, the SNR of the adaptive array was worse at 20 mm below ttelaptive array (seeigure 10.

knee phantoms surface (from the top), compared to the reference In Figure 8 one can see the SNR comparison between the
array. The SNR values in the center are just slightly wonsthéd  arrays using the three di erent knee phantoms. Comparing at
adaptive array. When using smaller phantom sizes, the adaptiygantom size L, it is evident that the adaptive array stretdioed
array, tuned and matched to phantom size M, achieves equaizes S, M and L (but always tuned and matched for array size M
SNR values at the phantom center and much higher SNR valuasd phantom size M) performs worse 10 to 40%) than the
especially below the surfaces of the phantoms. Noise camelat reference array (tuned and matched for array size L and phranto

Array Size
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FIGURE 8 | SNR images of the adaptive and the rigid knee array comparedteach other using different phantom (knee) sizes. A SNR gaor loss at the ROl is
indicated with “C” and “ " symbol and the corresponding percentage value.
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FIGURE 9 | MRI images of the individual channels from the 6¢ch adaptivereay, imaging the right knee of a volunteer. Image 3 (1st row,r8 column) and 4 (2nd row,
1st column) are from the 2 channels in the lower shell. The inge was acquired using a spin-echo sequence in sagittal origation (TED 15ms, TRD 300 ms, FoVD
180mm, TAD 1:16 min, slice thicknessD 2 mm, acq. matrixD 256 256, voxelD 1.2  1.2mm, bandwidth D 130 Hz/pixel).

size L). However, as expected due to the closer t to the sample, Figure 9 shows sagittain vivo MR images of the knee

an SNR gain of 29% (array size M, phantom size S), 40% (arragnter using the adaptive array, displayed as uncombinedesingl
size M, phantom size M), or 100% (array size S, phantom size &8)annel images, and the combined image. The imaged knee
was observed in the voxel near the adaptive part of the arraysad a very small diameter of 100mm at the center, even
SNR in the center of the phantoms was approximately equal temaller than the smallest size con guration of the adaptirrey

the rigid array, and a consistent 5-10% SNR gain was found f¢i30 mm), therefore, the optimal t of the adaptive array was
the voxels near the rigid bottom part. not reached.
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FIGURE 10 | Noise Correlation Images of the adaptive and the rigid knee ey on the three different phantoms.

DISCUSSION stretchable materials were investigated and a material 1
strands of meandered conductors on an elastic substrate was

An approach for size- and shape-adaptable receive elemerignti ed as the best-performing solution in terms of decoimg
using partly-stretchable conductors is presented and itsifiddly ~ and achievable SNR. A similar material with only seven stsand
for in vivo MR imaging is demonstrated. Four dierent showed slightly worse performance due to its higher equitale
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FIGURE 11 | All measured values in the laboratory of each double-loop usg the materials described inTable 2 (except CuBe;, strain springs) with the experimental
setup described inFigure 1D .

series resistance. A solenoidal spring from CuBe2 was eeatludaverage stretching con guration. Evidently, a reductiontioé
from performance tests since it exhibited a too high induckan stretchable area would lead to lower frequency shift, but
which would have required impractically low capacitance galu would on the other hand limit the range of patient sizes
to achieve resonance at the Larmor frequency. In directhat could be imaged. Additional techniques to compensate
comparison of the best stretchable double-loops torigidreafee  for the change of coil characteristics upon stretching would
double-loops, the SNR loss is below 10% on average. A 6-chanbe bene cial, especially at extreme positions of elongation
knee array prototype with two rigid and four stretchable eletse away from the optimized size. Tuning and matching could be
was developed and a thorough comparison to geometricallgestored by automatic tuning and matching techniques. The
identical rigid standard loop coil arrays was performed. Aapproach of using varactor-diodes as voltage-controllednigin
considerable SNR gain of up to 100% was demonstrated, whielements to match the impedance of the coil elements has been
shows that the e ect of better conformity to the sample outwsigh introduced very early 7, 37]. They were also used to design
the SNR penalty for stretchable coils. This penalty arises frem a closed-loop with automatic tuning and matching circuitr fo
facts that the stretchable coils exhibit inherently highait lbosses a exible EPR surface resonatoBg, or a microcontroller-
and can only be optimized in a single state of stretching imer based automatic tuning technique for MR(]. The drawbacks
of resonance frequency, matching, and decoupling. Thetingul are that the procedure took about 1min to complete, and
variation in impedance by stretching a ects the optimum noiseinvolved a physical disconnection of the local coil from
matching to the preampli er, thus degrading SNR. the scanner. A later approachiq for microcontroller-based
To minimize these e ects, the stretchable loops were tunedutomatic tuning of electronics, allowed tuning in the snan
and matched, and their geometrical overlap optimized in arin under 1s, but can only handle frequency shifts up to 10%,

Frontiers in Physics | www.frontiersin.org 14 April 2020 | Volume 8 | Article 80



Gruber et al. Anatomically Adaptive Coils for MRI

FIGURE 12 | Component values for all built rigid and stretchable loops.

yet still, this technique could be a promising candidate for This work aims at investigating a novel technology for

further investigation. stretchable and exible RF coils. To enable the presented
A possible solution to handle the increased inductivemethodology for practical application or clinical use, undedieab

coupling introduced due to the frequency shift when stretfchi e ects of coil stretching, such as frequency shift, mismatet a

the coil, would be achieved by departing from single coiimperfect decoupling are yet to be handled.

resonances and rather operate in response plateaus between

multiple resonance peakslf]. The advantage of inductive DATA AVAILABILITY STATEMENT

decoupling is its broadband decoupling e ect. A mechanical

system introducing the required variation of the overlapThe datasets generated for this study are available on sedue
area between adjacent elements upon the stretching woutfle corresponding author.

possibly maintain good decoupling and improve SNR. However,

measurements of the coupling coe cient in this work showed ETHICS STATEMENT

that non-ideal decoupling was not a major concern in
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